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Abstract of the Dissertation

The Nature of Optically-Luminous Stellar Clusters
in a Large Sample of Luminous Infrared Galaxies

by
Tatjana Vavilkin
Doctor of Philosophy
in
Physics
Stony Brook University

2011

Luminous Star Clusters (SCs) are fundamental building blocks of galaxies, and they
provide basic information regarding the mechanisms of star formation and the process of
galaxy formation and evolution. In my PhD thesis project I investigate properties of young
SCs in a sample of 87 nearby Luminous Infrared Galaxies (LIRGs: Lig > 104 L) imaged
with the Hubble Space Telescope Advanced Camera for Surveys at 0.4um and 0.9um. Many
LIRGs are observed to be ongoing mergers of gas-rich disk galaxies. They contain extreme
starbursts and hence are expected to host particularly rich and luminous populations of SCs.
This project represents the largest sample of galaxies with uniformly characterized properties
of their SC populations.

A large fraction (~ 17%) of the cluster population is younger than 10 Myr. There is
uncertainty in the determination of the ages of the bulk of the SCs due to an age-extinction
degeneracy - the majority of the detected cluster population may have ages of up to a few

hundred Myr. The median SC luminosity function index of the LIRG sample is oo = —1.8,
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which is in a good agreement with previously published studies in various galaxy types.
This sample contains some of the most luminous clusters observed so far, with M,
exceeding —17 mag. LIRGs follow the “brightest cluster - star formation rate” correlation
observed for lower luminosity star-forming galaxies quite closely, although a large degree
of scatter possibly due to extinction and over-estimation of Star Formation Rates (SFRs)
in galaxies containing an Active Galactic Nucleus (AGN) is present. Thus, the size-of-
sample effect and the observed high SFRs are responsible for high luminosity of SCs found
in LIRGs. The specific luminosity 77 (F435W) — SFR(far-IR + far-UV) relation observed
for nearby non-interacting spiral galaxies is not applicable to LIRGs. However, a weak
correlation of specific luminosity 77, (F435W) — SFR(far-UV) is apparent. No clear trend of
SC properties with the merger stage of the LIRG is observed; although in late merger stages
the degree of the extended star formation diminishes and the centrally concentrated nuclear
starburst or an AGN dominate the energy output of the LIRG. Galaxies with HII-region like
(i.e., starburst like) nuclear spectra exhibit higher specific frequency T, specific luminosity
Ty, and M7, values compared to galaxies where an AGN is present. In a sub-sample
of the 15 most cluster-rich LIRG systems, auto-correlation functions reveal a hierarchical
spatial distribution of SCs; correlation functions with GALEX near-UV and Spitzer IRAC
8um images show an overlap of near-UV emission and locations of optically visible clusters
and no apparent correlation with mid-IR emission (i.e., embedded star formation). Thus,
optically visible young SCs and UV emission represent un-obscured star formation which
appears to be unassociated with the bulk of the star formation that takes place in dusty

central regions of LIRGs.
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Chapter 1

Introduction

Most stars are born embedded within giant molecular clouds as a member of an aggrega-
tion of a few hundred to about a million coeval stars. The majority of these “embedded stellar
clusters” dissolve after the surrounding gas has been blown way and give rise to the stellar
field population. The most dense Star Clusters (SCs) can survive, however, for a prolonged
period of time and, once visible at optical wavelengths, can be observed at great distances,
providing insights into star formation in a wide variety of galaxy types and environments. In
my PhD thesis project I set out to determine the basic properties of luminous star clusters
in a large sample of nearby Luminous Infrared Galaxies (LIRGs: Lig > 104 L); many of
these systems are ongoing mergers of gas-rich disk galaxies exhibiting high Star Formation
Rates (SFRs), and hence are expected to host rich populations of star clusters. In this intro-
ductory chapter I provide an overview of the properties of SCs and LIRGs that are relevant
to this work and describe the motivation, scientific goals and the extent of this thesis.

1.1  Young Massive Star Clusters

1.1.1 Scientific Motivation

Young Massive Clusters (YMCs) are dense aggregations of a few hundred to about a
million coeval stars; they have ages of few Myr to 1 Gyr and are gravitationally bound at
least at the time of their formation. The investigation of star clusters is closely connected
to several fundamental research areas in astrophysics, most notably, the mechanisms of star
formation and the process of galaxy formation and evolution.

Star clusters are, of course, interesting in their own right as fundamental building blocks
of galaxies; physical processes involved in their formation and dynamical evolution are com-
plex and not well understood. A realistic theoretical model has to take into account the
effects of stellar evolution, external gravitational fields, and the rapidly varying gravita-
tional potential in the early phases of cluster evolution (Clarke, 2010; Kruijssen et al., 2011).
These types of numerical simulations are an active research area and have to be substan-
tiated by observational results. The densest, most massive YMCs have properties (masses
and sizes) expected of proto-globular clusters, and it has been suggested that old Globular
Clusters (GC) are the end stage of YMC evolution (Schweizer, 1987; Ashman & Zepf, 1992).
Thus YMCs provide insights into GC formation that was once thought to have taken place
exclusively in the early Universe (Peebles & Dicke, 1968; Fall & Rees, 1985).
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The formation of stars is inseparably linked to that of star clusters. Fragmentation of
molecular clouds, a key process in star formation, also preferentially results in SC formation.
According to estimates of Lada & Lada (2003) the total SFR in embedded clusters in the
solar neighborhood (~ 3 x 10%> Mg Myr~! kpc™2) is comparable to the total SFR of field
stars in the Milky Way (3 — 7 x 103 Mg, Myr~—! kpc™2), indicating that 50% — 100% of stars
may form in a clustered mode. A large fraction (70% — 90%) of embedded clusters dissolve
within a short (< 10 Myr) period of time as the removal of the natal gas causes all but
the densest clusters to become un-bound; the member stars become part of the general field
stellar population. During the subsequent evolution some clusters are destroyed as well by
interactions with molecular clouds, tidal stripping by the gravitational field of their host
galaxy or several other processes (e.g., Whitmore, 2009).

For relatively nearby, resolved clusters, the stellar population can be studied in detail.
Since in most cases SCs can be considered Simple Stellar Populations (SSPs), meaning that
the member stars of a cluster formed at the same time and have the same metallicity, SCs are
uniquely suited to study stellar luminosity, mass functions and stellar evolution. Relatively
high stellar densities in cluster cores facilitate interesting dynamical events, such as stellar
collisions, binary formation and disruption, which in turn lead to the formation of exotic
objects such as blue stragglers, X-ray binaries, radio pulsars etc. (Portegies Zwart et al.,
2010).

Star clusters are useful tracers of the star formation history of their host galaxies. Some
of the most massive SCs survive for prolonged periods of time and, being very luminous,
can be readily identified and studied at great distances. Because temporal spectral evolution
of clusters as SSP can be modeled by evolutionary population synthesis models, SCs are
relatively easy to age-date from multi-band photometry or spectroscopy. SCs are especially
useful for diagnosing intense episodes of star formation induced by mergers and other dy-
namical interactions. Cluster age statistics can isolate starburst events in time and trace
the propagation of recent star formation across the full extent of galaxies, thus providing
constraints to numerical simulations of merging galaxies (Chien et al., 2007; Chien, 2010;
Chien & Barnes, 2010).

1.1.2 Demographics of Star Clusters
The Milky Way Galaxy

Clusters in the Milky Way Galaxy have been traditionally categorized into two distinct
groups: globular clusters and open clusters.

The Milky Way Galaxy contains approximately 150 GCs. They have ages comparable to
the age of the Universe (~ 12—13 Gyr), are roughly spherical with 10*—10° member stars and
have a mass range of 10* Mg to 10° M. The metallicity distribution of GCs in the Galaxy
is bimodal, with both peaks at subsolar values. The metal-poor clusters ([Fe/H]~ —1.5)
are associated with the Galactic Halo, and the more metal-rich clusters ([Fe/H]~ —0.5) are
associated with the bulge of the Galaxy; these two populations are believed to represent two
episodes of cluster formation.

Open star clusters are comparably young, typically younger than 1 Gyr, have solar or
above solar metallicities and are mainly found in the now metal enriched Galactic spiral



arms. They have almost no central concentration, contain a few tens to thousand of stars
and have the mass range of 102 My — 10* M.

A relatively recent discovery is the presence of YMCs in the Milky Way, star clusters in
the mass range of globular clusters but with ages of open clusters. The nearest examples of
YMCs in the solar neighborhood are Westerlund 1, Arches and Quintuplet clusters near the
Galactic Center (Clark et al., 2005; Figer et al., 1999, 2002).

The Local Group

The Large and Small Magellanic Clouds, our nearest extragalactic neighbors, contain a
large number of SCs, both old GCs and YMCs. One of the most remarkable objects is the
giant starburst region 30 Doradus with its central star cluster R136 in the Large Magellanic
Cloud. The two other Local Group spirals, M31 and M33, host populations of young and
old star clusters that appear to be roughly equivalent to the Milky Way open and globular
clusters. Observations of resolved clusters in the Local Group make it possible to assess their
stellar content, velocity dispersion and radial profiles (e.g., Goudfrooij et al., 2011b,a).

Beyond the Local Group

Prior to the launch of the Hubble Space Telescope (HST), only a handful of barely re-
solved candidates for YMCs in nearby, star-forming galaxies were known. These observations
include the starburst galaxy M82 (van den Bergh, 1971; O’Connell & Mangano, 1978), six
unresolved bluish knots in the recent merger remnant NGC 7252 (Schweizer, 1982), inter-
acting galaxy NGC 1569 (Arp & Sandage, 1985), the nuclear clusters of NGC 1705 (Melnick
et al., 1985) and NGC 1140 (Gallagher & Hunter, 1987), ten barely resolved knots in merger
NGC 3597 (Lutz, 1991) and the starburst NGC 1705 (Meurer et al., 1992).

The launch of the Hubble Space Telescope led to a revolution in the field of SC research,
increasing greatly the number of detected SCs as well as the number of galaxies accessible
to a detailed study of their SC populations. Cluster systems of hundreds to thousands of
SCs were detected in merger remnants such as NGC 4038/9 (Whitmore & Schweizer, 1995),
NGC 7252 (Whitmore et al., 1993) and NGC 3256 (Zepf et al., 1999), which allowed a
statistical approach to the study of SC properties.

Young star clusters have now been observed in a wide variety of environments: normal
spiral galaxies, starburst galaxies, dwarf and irregular galaxies, nuclear star bursts, tidal tails
and most notably in merging and starburst galaxies, systems where vigorous star formation
is occurring. An extensive compilation of SC observations can be found in Whitmore (2003)
and Larsen (2006b) reviews, and here I will highlight only a few most interesting examples.

Mergers / Interacting Galaxies

Interacting galaxies with high SFRs appear to host the richest populations of luminous
and massive SCs, possibly due to high gas densities achieved during the merger.

One of the best-studied examples is the ongoing merger of NGC 4038/4039, “the Anten-
nae” system. This pair of disk galaxies is one of the nearest (z = 0.0055, Dy, = 24.3 Mpc)
and youngest examples in the Toomre Sequence (Toomre, 1977) of merging galaxies. Its rich
SC population has been extensively studied in many wavelength regimes and has provided
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valuable insights into properties, formation and evolution of SCs, e.g., NGC 4038/9 is one of
the few galaxies where the cluster mass function (number of clusters as a function of stellar
mass) has been determined (Zhang & Fall, 1999). The typical half-light radius of SCs in
NGC 4038/9 is ~ 4 pc (Whitmore et al., 1999) and brightest clusters have My ~ —15 mag
(Whitmore & Schweizer, 1995). The Antennae hosts a rich population of YMCs: very young
clusters with ages < 5 Myr, slightly older clusters with ages 5 — 10 Myr, a SC population of
~ 100 Myr, intermediate-age clusters (~ 500 Myr) that probably formed during the initial
encounter of the two galaxies, as well as old globular clusters originating from the progenitor
galaxies (Whitmore et al., 1999). Zhang et al. (2001) examined the connection between
star clusters (broken into three age groups) and properties of the interstellar medium by
means of a two-point correlation function between the positions of star clusters and fluxes at
various wavelengths (from X-rays to radio). The young embedded clusters (ages ~ 5 Myr)
appeared to be more associated with long-wavelength radiation (mid-infrared and longer),
while clusters with ages ~ 10 Myr or older were rather correlated with short-wavelength
radiation (far-UV and X-ray). Autocorrelation functions of young star clusters exhibited a
power-law behavior with slopes in the range —0.8 to —1.0 up to a distance of ~ 1 kpc, which
indicates a “clustered” distribution of young star clusters. In a recent article Whitmore
et al. (2010) find the cluster Luminosity Function (LF), down to the observational limit of
My ~ —7 mag, and the mass function for clusters younger than 3 x 108 yrs to be essentially
the same: a single power law with the indices o = —2.13 and 3 = —2.10, respectively. Also,
the LF for intermediate-age clusters (~ 100 — 300 Myr) shows no bend or turn-over down to
My ~ —6 mag.

The SC population in NGC 7252, a somewhat more advanced merger system than the
Antennae, has ages between 650 Myr and 750 Myr (Miller et al., 1997) and contains one of
the most massive clusters detected so far. Both, photometric and dynamical measurements
of the cluster W3 have been used to derive a mass of ~ 8 x 107 M, (Maraston et al., 2004).
With a halflight radius of ~ 17.5 pc, this object is much larger than a normal star cluster,
and may be more closely associated with the “Ultra Compact Dwarf Galaxies” (Hilker et al.,
1999; Drinkwater et al., 2003).

Surace et al. (1998) examined a sample of nine Ultraluminous Infrared Galaxies (ULIRGs:
Lig > 10'20 L) imaged with the Wide Field Planetary Camera (WFPC2) onboard of the
HST. The images revealed between 4 and 31 compact, blue knots of star formation per
object. Several knots have Mg > —15 mag, corresponding to masses 10> My — 10° Mg, and
the estimated ages range from few 107 to 1 x 10° yrs. Given the distance of these systems
(0.042 < z < 0.163) and an average knot radius of ~ 65 pc, most of these star-formation knots
are cluster associations, consisting of several unresolved clusters, rather than individual SCs.
Despite the high luminosity of these star-formation knots they are not significant contributors
to the extremely high bolometric luminosity of these galaxies, providing typically only about
2% of the bolometric luminosity of their host galaxy. Surace et al. (1998) concluded that
any ultraluminous starburst should be much more luminous, massive, and dense than the
identifed starbursts knots and is therefore likely to be very different from the starburst that
is detected optically. As a follow up, near-infrared ground-based imaging of 30 ULIRGs was
obtained. Surace & Sanders (1999) and Surace et al. (2000) found no new hidden embedded
knots besides these previously observed optically. This led Surace & Sanders to conclude
that that either there is no population of moderately embedded star-forming knots in these
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galaxies or any additional knots are either extinguished by greater than Ay, = 25 mag or are
intrinsically less luminous than the optical knots.

(Dwarf) Starburst Galaxies and Irregular Galaxies

Young star clusters are also found in many starburst galaxies, although in somewhat
smaller numbers than in merging galaxies. The overall cluster properties are similar to those
in mergers, with ages as young as few Myr (e.g., 4 — 6 Myr in NGC 4214, Leitherer et al.
(1996); 2.5 Myr in NGC 5253, Calzetti et al. (1997)) and as massive as 10° Mg — 10° M
(e.g., in NGC 253, Watson et al. (1996) and in NGC 1569, Hunter et al. (2000)). Meurer
et al. (1995) performed an extensive study of nine starburst galaxies obtained with HST
Faint Object Camera (FOC). All nine of the galaxies contained young SCs and on average,
20% of the total UV flux originates from the clusters. The LF's are approximated by a power
law with index av ~ —2.

Some of the starburst galaxies show evidence for interactions with other galaxies, e.g.,
the starburst in M82, a prototypical starburst dwarf galaxy, appears to have been triggered
by a tidal interaction with its larger neighbor M81. The galaxy M82 has been long known to
harbor several bright knots (van den Bergh, 1971), which were later confirmed by O’Connell
et al. (1995) who found about 100 clusters in HST/WFPC images concentrated in the inner,
relatively dust free 100 pc of the galaxy. Since M82 is viewed nearly edge-on and is heavily
extinguished, the total number of young clusters is likely to be much higher. An example of
a starburst unlikely to be triggered by an interaction is NGC 5253, which is quite isolated;
its nearest neighbor, M83, is located at a distance of ~ 600 kpc (Harris et al., 2004).

A peculiar feature of some dwarf starburst galaxy cluster system’s is a discontinuity in
the luminosity function. For example, in NGC 1569 the two brightest clusters, NGC 1569-A
and NGC 1569-B, are more than 2 magnitudes brighter than the next fainter one (O’Connell
et al., 1994). This feature is even more prominent in NGC 1705 which has only a single
bright cluster, and in NGC 4214 which exhibits a gap of ~ 1.5 mag from the brightest two
clusters to the next fainter one (Billett et al., 2002).

Spiral Galaxy Disks

Young SCs have also been found in the disks of quiescent, normal spiral galaxies similar
to the Milky Way.

For example, Chandar et al. (1999a,b,c) have used HST/WFPC2 observations to study
young compact clusters in M33. They found 44 SCs with ages ~ 100 Myr and masses in the
range 6 x 10?2 Mg, to 2 x 10* My, which is below the typical masses of GCs. Thus, although
young compact clusters appear to currently form in M33, they do not qualify as “super” star
clusters seen in mergers / starburst galaxies.

In addition to containing a nuclear starburst, M83 is also known to host a rich population
of young star clusters throughout the disk (Bohlin et al., 1990; Larsen & Richtler, 1999;
Chandar et al., 2010b), the most massive of which have masses of several times 10° M.
An even more extreme cluster is in NGC 6946, with a dynamical mass estimate of about
1.7 x 10® Mg, (Larsen & Richtler, 2000).

A detailed ground-based study of young massive clusters in 21 nearby non-interacting



spiral galaxies, carried out by Larsen & Richtler (1999); Larsen (1999); Larsen & Richtler
(2000), found rich SC populations in about half of the sample. The age distributions of
SCs show no obvious peaks, indicating that massive clusters are formed as an ongoing
process in the quiescent environment of these galaxies rather than in bursts. A follow-up
study with HST/WFPC2 of six spiral galaxies (Larsen, 2002b) found LF power-law slopes
of —2.4 < a < -2.0.

Nuclear Regions

YMCs have been identified in several nuclear and circumnuclear starburst regions, often
associated with barred spiral galaxies and arranged in spectacular ring-like structure. Maoz
et al. (1996) studied 5 circumnuclear star-forming rings in large nearby galaxies (NGC 1079,
NGC 1433, NGC 1512, NGC 2997, NGC 2548) using the HST/FOC and found that as
much as 15% — 50% of the UV emission originates from compact, young star clusters. They
estimated the masses of SCs up to about 10> M, and the luminosity function was consistent
with a power-law with slope oo ~ —2. Other examples of nuclear SCs include: the nuclear ring
of NGC 1326, an early-type barred spiral in the Fornax cluster (Buta et al., 2000), NGC 253
with the brightest SC of My ~ —15 mag and an inferred mass in excess of 1.5 x 10% M
(Watson et al., 1996), M83 (Harris et al., 2001), NGC 1097 and NGC 6951 (Barth et al.,
1995).

Tidal Tails

YMCs have been detected in tidal tails of several merging galaxies, although not all tidal
tails contain SCs. In a sample of four mergers (NGC 3256, NGC 3921, NGC 4038/4039 and
NGC 7252) Knierman et al. (2003) found a large number of SC in only one, the western tail
of NGC 3256. The tails of NGC 7252 and NGC 3921 have small populations of SCs, and
NGC 4038/9 appears to have essentially no clusters in the tails. A study of 17 tidal tails in
12 interacting galaxies was conducted by Mullan et al. (2011), SC candidates were detected
in 10 tails. Other examples of systems containing SCs in tidal tails are NGC 5548 (Tyson
et al., 1998) and Stephan’s Quintet (NGC 7317, NGC7318A and B, NGC7 319, NGC 7320)
(Gallagher et al., 2000).

Young SCs are observed in a variety of different environments where active SF is present.
The properties of the YMCs appear to be similar, e.g., the luminosity function is approxi-
mated by a power-law with the index o ~ —2. The number of clusters and the magnitudes
of the brightest clusters seem to scale with the SFR of the host galaxy (Whitmore, 2003;
Larsen, 2002a; Bastian, 2008). The finding that all star forming galaxies appear capable
of making YMCs suggests that no special conditions are required to produce clusters, the
underlying physics of the cluster formation mechanism is largely the same, and the size-of-
sample effect is responsible for the large number and high luminosity of SCs in mergers and
starburst galaxies.



1.1.3 Brief Review of Star Cluster Properties

The amount of recent progress in SC research is extensive, and thus cannot be properly
covered in this introduction. The field of SC research encompasses theoretical models and
numerical simulation of cluster and star formation, cluster evolution and destruction, obser-
vations of resolved clusters in the Local Group and large populations of unresolved clusters
in distant galaxies. A recent series of publication in the “Philosophical Transactions of the
Royal Society” provides a good overview of the current status of research in the SC field
(Larsen, 2010; Lada, 2010; de Grijs, 2010; Portegies Zwart et al., 2010; Bruzual, 2010; Clarke,
2010). Here I review key properties most relevant to this work.

Cluster Formation and Evolution

Star cluster formation and evolution are a subject of considerable investigation efforts
and significant debate. The underlying physical processes of star and cluster formation in
Giant Molecular Clouds (GMCs) are not well understood. Progress in the field of SC dy-
namical evolution is hampered by absence of large samples with reliable age estimates, in
particular in galaxies with high SFRs.

Cluster Formation

Star clusters form within giant molecular clouds in massive, dense structures or cores
inside GMCs. The massive dense cores are gravitationally unstable; this leads to further
fragmentation, then to the collapse and formation of protostellar seeds which grow by ac-
creting surrounding dense gas and become protostars. The exact physical processes that
lead to the formation of dense cores, the fragmentation and collapse are not well under-
stood. This scenario is supported by observations at infrared wavelengths of star forming
regions and heavily obscured star clusters. For a review of embedded star clusters see Lada
& Lada (2003) and Lada (2010).

Since SC formation is closely associated with GMCs, the SC distribution is expected to
reflect the spatial distribution of the parent GMCs. The structure of GMCs is self-similar
(also referred to as scale-free, hierarchical or fractal) on a wide range of scales. Individual
protostellar cores can be grouped into cluster-forming clumps, GMCs are themselves part
of a larger hierarchy of structure in the interstellar medium and tend to be organized into
giant molecular complexes, which are located along the spiral arms in spiral galaxies. Thus,
the spatial distribution of the young SC population is expected to show the same amount
of hierarchy as the fractal medium from which they formed (Elmegreen, 2008, 2011), which
agrees with findings by Zhang et al. (2001) and Scheepmaker et al. (2009).

Star cluster formation appears to be particularly efficient during violent star-forming
episodes triggered by galaxy collisions and close encounters. de Grijs (2004) go as far as
naming SC formation “a major or even dominant mode of star formation in violent starburst
events”. While low-mass clusters trace star formation quite universally, the more long-lived,
massive clusters seem to form preferentially in the context of violent star formation. The
reason for this is likely related to the higher gas densities and pressures achieved during a
merger. In addition to the increased frequency of molecular cloud collisions in interacting
galaxies, molecular clouds get shock-compressed by external pressure allowing them to grow



denser and more massive; both factors considerably enhance star formation (e.g., Jog &
Solomon, 1992; Barnes, 2004; Ashman & Zepf, 2001).

Current numerical merger simulations rely on two different star formation mechanisms:
the “density-dependent” (e.g., Schmidt, 1959; Kennicutt, 1998) and the “shock-induced”
(e.g., Scoville et al., 1986; Jog & Solomon, 1992). The two star formation prescriptions differ
in their predictions of the timing of the onset of SF during the merger and of the spatial
distribution of star-forming regions.

The “density-dependent” numerical simulations (e.g., Mihos & Hernquist, 1994, 1996),
that parametrize the SFR as a function of the local gas density (Schmidt law), predict that
most SF is strongly concentrated toward the central region of the merger remnant since
the process of rapid gas funneling to the central region reduces the supply of gas needed
to produce SF elsewhere. These simulations can explain the central starburst observed in
the (Ultra-) Luminous Infrared Galaxies, however, they underestimate large-scale SF that
is observed in many galaxy mergers. For example, according to Barnes (2004), the density-
dependent models for NGC 4676 (“The Mice”) predict a moderate increase in SF delayed
until after the 1st apocenter as galaxies fall towards each other, followed by a strong nuclear
SB when the galaxies finally merge.

The “shock-induced” SF models (Barnes, 2004), that consider SF triggered by shocks,
predict a wider spread, spatially-extended bursts of star formation. Shock-induced SF mod-
els respond promptly to external disturbances, while in density-dependent models the SF
activity is delayed until sufficient gas density has build up. The larger spatial extent of SF in
shock-induced models is, in part, a consequence of the earlier onset of activity in such models,
since the gas is more widely distributed at earlier times. For example, in the shock-induced
model of NGC 4676 (Barnes, 2004) a first sharp burst of star formation occurs at the 1st
pericenter as the disks interpenetrate. A second rise in the SFR follows during the apocenter
when galaxies are flying apart, but the amplitude of this SB depends on the geometry of the
encounter (Chien, 2010, Figure 1). The 2nd pericenter produces another SB, and the final
SB occurs as galaxies merge, this last SB is concentrated within the nuclear region.

In both merger simulation models the timing and strength of SB episodes during the
merger process are strongly depend on the properties of progenitor galaxies (mass ratio,
amount of gas, bulge/disk ratio (Mihos & Hernquist, 1996)) and the geometry of the en-
counter (inclination, prograde vrs retrograde collisions).

The “density-dependent” and “shock-induced” models predict significantly different star
formation histories and distributions in merging galaxies, thus a study of the spatial distri-
bution of SCs with known ages should be able to discern between these two models.

Cluster Disruption

The evolution of a SC is divided into two main phases (7) “infant mortality” followed by
(i) secular evolution.

Upon formation, new stars will immediately begin to disrupt their surrounding gaseous
environments, terminating SF and initiating the first phase of cluster’s dynamical evolution.
Gas is expelled from the cluster through outflows, ionizing radiation and winds from massive
stars, with radiation pressure from massive stars as the dominant gas-evacuation mechanism
(Krumholz & Matzner, 2009) and later (after several Myr) supernovae explosions. As the
cluster loses mass, stars in the cluster find themselves in a gravitational potential well that
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suddenly becomes shallower. The important point is that the removal of mass happens
on a timescale shorter than the crossing timescale of stars in the cluster (Goodwin, 1997).
Therefore, stars cannot immediately adapt to the lower potential (they need a few crossing
times to do this) and many stars will have a velocity higher than the one dictated by virial
equilibrium. As a result the cluster will expand, a certain fraction of stars will leave the
cluster and, if enough mass is lost, the cluster will become unbound. The embedded phase
with high dust extinction lasts only a few Myr (e.g., Larsen, 2010) and ends with the cluster
emerging from the enshrouding gas cloud, becoming optically visible but possibly an unbound
system. The “infant mortality” phase duration is about 10 — 30 Myr. The main factor that
determines the survival of a cluster is the Star Formation Efficiency (SFE). SFE is defined
as the mass fraction of the giant molecular cloud that is turned into stars; a comparison
of the stellar content of embedded clusters with the mass of their surrounding cores yields
star-formation efficiencies of typically between 10% and 30% (Lada & Lada, 2003). If a
cluster’s SFE is less than about 30%, independent of the mass of the cluster, the cluster is
likely to become unbound (de Grijs & Parmentier, 2007).

If the SC survives the first phase of “infant mortality”, the gas-free star-depleted cluster
is back into viral equilibrium within about 50 Myr and enters the “secular evolution” phase.
The combined internal effects (mass loss through stellar evolution, internal 2-body relax-
ation) and external effects (interactions with the tidal field associated with the underlying
galactic gravitational potential, external shocks such as encounters with spiral arms, GMC
or GC on eccentric orbits, passages through the galactic disk or near the bulge) lead to tidal
stripping and evaporation of a fraction of the low-mass stars, thus resulting in the gradual
dissolution of the star cluster.

Two different schools of thought concerning the SC evolution after the first ~ 10 Myr cur-
rently exist: the mass-dependent approach from the “Utrecht group” and mass-independent
from the “Baltimore group” (Lamers, 2009). The scenario of the “Baltimore group” or the
“Universal” model is largely based on observations of cluster masses and age distributions in
NGC 4038/9 (Fall et al., 2005, 2009; Whitmore et al., 2007, 2010), SMC and LMC (Chandar
et al., 2006, 2010a) and M83 (Chandar et al., 2010b). According to this model, internal pro-
cesses (e.g., infant mortality, 2-body relaxation) dominate the cluster disruption and hence
are relatively universal. The disruption rate does not depend on cluster mass and roughly
80% — 90% of all remaining clusters are destroyed during each decade in age. The resulting
(mass-limited) age distribution is observed to decline inversely with time as dN/dt o t~1.
The “Utrecht group” or “Environment Dependent” model (Boutloukos & Lamers, 2003;
Gieles et al., 2006¢; Lamers et al., 2005b,a; Larsen, 2006a; Bastian et al., 2011), based on
age and mass distributions of luminosity-limited cluster samples in different galaxies (SMC,
M51, M33, M83), proposes that the dominant processes are environmental (e.g., tidal shear,
GMC interactions), and hence vary dramatically for each galaxy. In this model, the disrup-
tion is mass-dependent and the dissolution time follows a simple scaling relation with cluster
mass and environment. It appears that in some galaxies, e.g., LMC, the disruption is less
efficient and clusters live longer, and in other galaxies, e.g., M51, the disruption time scale is
shorter. Observations can be interpreted following both models, taking into account factors
such as incompleteness, evolutionary fading and variation in SFR.



Deriving Cluster Ages: Evolutionary Population Synthesis Models

Ages of star clusters can be estimated using a variety of different techniques.

The most accurate method of determing ages is to obtain high resolution high S/N spec-
troscopy of individual SCs in order to compare the age- and metallicity-sensitive spectral fea-
tures with the appropriate modeled spectra. However, this approach is very time-consuming,
and can be applied only to a limited number of bright clusters in a small number of galaxies.
Another shortcoming of this method is a strong bias towards the youngest and most massive
objects in spectroscopic cluster samples.

For a young cluster population, imaging Ha emission in a narrow-band filter can be used
to provide an age constraint. The presence of Ha emission itself indicates that a cluster is
younger than 10 Myr, since the O and B stars required to ionize the gas only live for this
long and the size of the Ha ring around a cluster can give an age estimate.

The most widely used method is photometric: it involves obtaining photometry of clusters
in several filters and comparing the observed magnitudes and colors with those predicted by
evolutionary population synthesis models. A clear advantage of this method is the efficient
age-dating of large samples of SCs.

The underlying assumption of evolutionary population synthesis models is to regard star
clusters as simple stellar populations: a SC is composed of stars which formed within a
short time (< 10° yrs), and individual stars have the same initial chemical composition.
SSPs can be modeled theoretically relatively easily, and their temporal evolution can be
calculated accurately. Three basic ingredients are necessary for evolutionary population
synthesis models: stellar evolutionary tracks, stellar atmosphere models or observed spectral
libraries and the Initial Mass Function (IMF) that specifies the original distribution of stellar
masses (e.g., Salpeter, 1955; Miller & Scalo, 1979; Kroupa et al., 1993; Chabrier, 2003).
A set of stellar evolutionary tracks describes the evolution in time on the Hertzsprung —
Russell diagram of stars of different mass and metal content. At each time step isochrones
in the theoretical Hertzsprung — Russell diagram are computed using isochrone synthesis.
The number of stars at each position along the isochrone is obtained from the assumed
stellar IMF. Spectra of individual stars (from stellar atmosphere models or observed spectral
libraries) are summed up to give a model grid of integrated spectra as a function of the age
of the stellar population and its metallicity. By convolving the integrated spectra with filter
response functions, artificial magnitudes and colors are synthesized, which can be compared
with observed magnitudes and colors.

Many evolutionary population synthesis models are available today, (e.g., Leitherer et al.,
1999; Bruzual & Charlot, 2003; Anders et al., 2003; Maraston, 2005). Most of these models
have a different treatment of the Red Giant Branch (RGB) and Asymptotic Giant Branch
(AGB) phases, resulting in large differences in the model output (such as intrinsic color)
at certain ages where these phases become important (e.g., between 200 Myr and 1 Gyr
for the AGB phase and between 1 — 2 Gyr when the RGB develops). SC ages in this
thesis were estimated using Bruzual — Charlot evolutionary population synthesis models
(Bruzual & Charlot, 2003) under the assumption of an instantaneous starburst with solar
metallicity and a Salpeter IMF. The isochrone synthesis code of Bruzual & Charlot (2003)
computes the spectral evolution of a stellar population based on Padova 1994 stellar evolution
prescription and STELIB, a library of observed stellar spectra. The output of the model
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(spectral energy distribution) was convolved with the ACS F435W and F814W filter response
functions in order to obtain magnitudes and colors in these filters, and scaled with the mass
of a cluster. Since photometric measurements in only two filters are available, the color-
magnitude diagrams suffer from color-age and extinction-age degeneracies. A more detailed
discussion of my approach to SC age-dating can be found in Chapter 3.3.5.

Photometric measurement in several filters make the age estimates more precise and pro-
vide independent means of solving for the age and the reddening caused by dust extinction.
For example, Whitmore et al. (1999) use UBVI photometry to derive reddening-free Q pa-
rameters and to determine ages for the clusters in NGC 4038/9. According to Alvensleben
(2004), in order to recover ages, metallicities and extinctions for YMCs, a long wavelength
basis from U band through NIR is necessary and the availability of U band photometry is
crucial, whereas one NIR-band J, H, or K is important for determination of cluster metal-
licities.

Luminosity Function

The Luminosity Function (LF) is a relatively easy to determine and thus widely used
parameter to describe SC populations. The luminosity function is defined as the number of
clusters per unit luminosity (dN/dL). Essentially all studies of the LFs of young clusters
have found them to be well approximated by a power-law distribution:

N(L)dL x L*dL

with values of the exponent « in the range of —1.7 to —2.4 (Larsen, 2002b; Whitmore,
2003) and o ~ —2 index as general consensus (Portegies Zwart et al., 2010). There is a
hint that the LF tends to be slightly steeper at the bright end (Whitmore et al., 1999;
Larsen, 2002b; Gieles et al., 2006a), although the evidence is not conclusive and a recent
Whitmore et al. (2010) article finds no steepening in the LF in NGC 4038/9, contrary to
Whitmore et al. (1999). The measurements of LF indices are complicated by incompleteness
and contamination effects that can be difficult to fully control.

The LF indirectly provides information about the underlying cluster Mass Function (MF),
the number of clusters per mass interval, although practical implementation is not straight-
forward since the LF of a cluster population consists of clusters with different ages, masses
and metallicities. Since the mass-to-light ratios are strongly age-dependent, an accurate
determination of cluster masses requires reliable age information for each individual cluster.
In order to construct a cluster MF, it is necessary to accurately age-date large numbers of
clusters.

So far, MFs have only been constrained for a few well-studied systems. In general, the
cluster MF can be approximated by a power-law relation:

N(M)dM < MPdM

In NGC 4038/9, Zhang & Fall (1999) found the power-law exponent 5 ~ —2 over the mass
range 10* Mg to 10% My, similar to the MF of young LMC clusters. Bik et al. (2003) find
B = —2.1 over the range 10* M, to 10° M, for M51, and de Grijs et al. (2003) find 8 = —2.04
and f = —1.96 in NGC 3310 and NGC 6745. Other studies have found possible evidence
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for a truncation of this power law at the high-mass end (Gieles et al., 2006b; Bastian, 2008;
Larsen, 2009). Even if LF and MF appear similar, it is important to recognize that they
are not the same and their similarity leads to important conclusions about cluster formation
and evolution. According to Fall (2006), LF is a power law with the same exponent as MF
because the MF is a power law and is statistically independent of the age distribution of
SCs, i.e. clusters form with dN(M)/dM o M~? and are then disrupted during the “infant
mortality” phase at a rate independent of the mass of the cluster.

The LF of old GCs is remarkably different from the LF of YMCs. The GC LF is a
Gaussian distribution with a peak (or “turn-over”) at a magnitude of My = —7.4 mag, and
a standard deviation oy of 1.2 — 1.4 mag (e.g., Harris, 1991; Harris et al., 2001). The shape
and the turn-over magnitude of GC LF is universal among galaxies and shows only a weak
dependence on the size, the morphological type, the metallicity and the environment of the
host galaxy (Harris, 1999; Whitmore et al., 2002).

The key issue of the proposed evolutionary connection between the old GCs and YMCs
is whether the power-law cluster LF of YMCs will evolve into a bell shape similar to the LF
of old GCs. Fall & Zhang (2001) suggest that the dynamical evolution of the cluster system,
which makes the fainter, less massive clusters disrupt more quickly, will transform an initial
power-law mass distribution into the bell-shaped MF seen in old GC systems.

Since the power-law LF and MF have no characteristic scale, there is no meaningful
physical division between low-mass open clusters and higher-mass “super” clusters. Thus
it appears that there is no fundamental difference between the physical processes behind
formation of clusters of various masses. Another property following from the o = —2 power
law LF is that the luminosity of the most luminous cluster, L,,q., increases linearly with
the total number of clusters, N, and is determined by sampling statistics (Whitmore, 2003;
Larsen, 2002b). A similar scaling between L,,,, and the SFR was found by Weidner et al.
(2004) and Bastian (2008). With the brightest clusters simply forming the tail of a continuous
distribution, no special physical conditions are needed to form “super” clusters.

Specific Frequency and Specific Luminosity

Specific frequency and specific luminosity are two relatively easily measured quantities
that are correlated with the richness of a cluster population within a galaxy. They were first
defined for old GC populations by Harris & van den Bergh (1981) and Harris (1991).

Specific frequency Sy is a function of the number of clusters and the luminosity of the
galaxy

SN = Ny X 100'4(MV+15)

(Harris & van den Bergh, 1981), where N is the total number of globular clusters and My
is the absolute visual magnitude of the galaxy. Because the shape of the GC LF is well
approximated by a Gaussian distribution, N, may be estimated with reasonable accuracy
even if the faintest clusters cannot be directly observed.

Specific luminosity Sy is a measure of the percentage of flux contributed by clusters

Lc usters
S, =100 x —ut
Lgalaxy
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(Harris, 1991), where Lepysters 1S the total luminosity of GCs in a galaxy and Lgaax, the
total luminosity of the galaxy itself. The effects of incompleteness at the faint end of the
luminosity distribution are minimal; for a Gaussian shaped LF, 90% of the light originates
from clusters brighter than the peak of the LF. The advantage of specific luminosity over
specific frequency is that specific luminosity is independent of the distance modulus and
reddening effects.

Elliptical galaxies have much higher specific frequency values (Sy ~ 2 —6) (Harris, 1991;
Elmegreen, 1999) of old GCs than spiral galaxies (Sy < 1). Schweizer (1987) and Ashman
& Zepf (1992) suggest that a large number of SCs form during a merger of two gas-rich disk
galaxies that will produce high Sy values in the resultant elliptical merger remnant.

Unlike old GCs that have a Gaussian luminosity distribution and therefore a well defined
total number of clusters, young clusters have an exponential distribution, and the number of
clusters counted in a galaxy depends on the detection limit of the data. Larsen & Richtler
(1999) define Ty, a quantity equivalent to specific frequency Sy, for young clusters

TN _ Ncl % 100.4(MB+15)

where Mp is the B-band absolute magnitude and N,; is the number of young clusters above
a certain limiting magnitude.
The specific luminosity 77, is defined accordingly

Lc usters
Ty, = 100 x —<ut
Lgalaxy

(Larsen & Richtler, 2000), where Lejysters is the total luminosity of young clusters and Lgajaxy
the total luminosity of the galaxy.

As in the case of GCs, the specific luminosity of YMCs is independent of the distance
modulus and is also relatively insensitive to incompleteness at the faint end of cluster lumi-
nosity distribution.

Larsen & Richtler (2000) found a relation between specific luminosity 77 (U) and the
SFR per unit area, Ygpr, for YMCs in a sample of 21 nearby non-interacting spiral galaxies.
T1,(U), which is a proxy for cluster formation efficiency, increases steadily with Y srg and led
Larsen & Richtler (2000) to conclude that “The cluster formation efficiency seems to depend
on the SFR in a continuous way, rather than being related to any particularly violent mode
of star formation”.

1.2 Luminous Infrared Galaxies

A large population of “infrared galaxies”, in which the infrared emission dominates the
optical emission, was discovered in the 1980s after an all-sky survey was conducted by the
Infrared All-sky Satellite (IRAS; Neugebauer et al., 1984). Luminous Infrared Galaxies were
defined to be infrared galaxies with Lig[8 —1000um] > 10! L, with Ultraluminous Infrared
Galaxies (Lig[8 — 1000um] > 10 L) constituting the high luminosity end of the LIRG
population. The bulk of the objects discussed in this dissertation are LIRGs, and I will refer
to both LIRGs and ULIRGs, collectively as LIRGs.
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Luminous Infrared Galaxies play an important role in the star formation history of the
Universe. The space density of LIRGs was much higher in the past and exceeded the density
of optically selected galaxies (Sanders et al., 2004). LIRGs are major contributors to the
Cosmic Infrared Background and a large fraction of present-day stars were formed in LIRGs
(Elbaz et al., 2005; Le Floc’h et al., 2005).

Luminous Infrared Galaxies emit most of their bolometric luminosity (up to 90%) in the
far-infrared. The origin of the strong IR emission is dust heated by intense star formation
and / or an Active Galactic Nucleus (AGN), although the relative fraction of SF/AGN
contribution is difficult to disentangle. Studies of LIRGs in the local universe have found
that a large fraction are merging and interacting systems (e.g., Kim et al., 2002). Numerical
simulations have shown that the merger process is responsible for tidal dissipation that drives
material from gas-rich progenitor galaxy disks towards the nucleus, fueling an intense burst
of star formation and/or an AGN (Mihos & Hernquist, 1994, 1996; Barnes & Hernquist,
1996; Barnes, 2004).

IR galaxies show systematic trends as a function of total far-infrared luminosity; more
luminous systems are more likely to appear to be merger remnants or interacting pairs,
and the percentage of LIRGs with AGN-like nuclear spectra increases systematically with
increasing infrared luminosity (Kim et al., 1995, 2002). ULIRGs, at the high luminosity
end of the LIRG population, exhibit many features such as emission line diagnostics and
dominant unresolved nuclear power sources that suggest an AGN is the dominant contributor
to their total energy output. On the other hand, the majority of LIRGs show signatures of
ongoing star formation such as enormous molecular disks, reddened blue continua, strong
absorption features of young stars in near-IR spectra and mid-IR emission lines diagnostic
diagrams consistent with SF, and appear to be predominantly powered by a starburst (Genzel
et al., 1998; Petric et al., 2011). AGN activity and starburst activity often occur at the same
time since nuclear concentrations of molecular gas can feed a starburst as well as a massive
central black hole, thus explaining a connection between AGN activity and co-evolution of
black holes and stellar bulges (Magorrian et al., 1998; Ferrarese & Merritt, 2000; Gebhardt
et al., 2000).

Local LIRGs are unique laboratories for studying intense SF, offering insights into its
physical properties as well as processes that trigger star formation and its link to galaxy
mergers. Additionally, LIRGs are thought to be local counterparts of high-redshift sub-
millimeter galaxies observed with SCUBA (Smail et al., 1999; Barger et al., 1999), which
are regarded to be major contributors to high-redshift star formation. Thus, LIRGs may
provide insight into high-redshift star formation and serve as a test-bed for the viability of
various star formation tracers (i.e., PAH, UV and radio luminosities); these correlations, if
successful, can be applied to dusty star-forming galaxies at cosmological distances.

1.2.1 GOALS

Luminous Infrared Galaxies contain large quantities of dust that is responsible for re-
processing the UV radiation from SB and/or AGN and conceals the true nature of the power
source. Hence, a multi-wavelength approach to studying these galaxies is the best manner
in which to gain insight into the physical processes in these highly dust enshrouded systems.

The Great Observatories All-sky LIRG Survey (GOALS; Armus et al., 2009) probes local
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LIRGS at multiple wavelengths, combining data from Chandra, GALEX, HST, Spitzer, the
VLA and ground-based optical imaging and spectroscopy.

The GOALS sample was drawn from the JRAS Revised Bright Galaxy Sample (RBGS;
Sanders et al., 2003). The RBGS is a complete sample of extragalactic objects with 60um
flux densities above 5.24 Jy, covering the entire sky surveyed by IRAS at Galactic latitudes
|| > 5°. RBGS contains 629 objects out to a maximum redshift of z = 0.088 (median
z = 0.008), among them 181 LIRGs and 21 ULIRGs. These 202 objects with Lig > 10! L,
constitute the GOALS sample. The galaxies in the GOALS sample span the full range of
nuclear spectral types (Type-1 and Type-2 Seyfert, LINERs, and starbursts) and interaction
stages (major mergers, minor mergers, and isolated galaxies). The size of the sample and
the proximity of the objects, combined with the broad wavelength coverage, allow a study of
their physical processes in great detail. In particular, the GOALS survey is intended to assess
the nature of star formation and AGN activity as a function of merger stage, luminosity and
optical depth.

1.3 Thesis Objectives

As outlined in Chapter 1.2, Luminous Infrared Galaxies are natural laboratories for
studying intense star formation and related processes. Due to the high SFRs of LIRGs, they
are expected to host particularly rich and luminous populations of star clusters.

Eighty-seven LIRGs with Lig > 10" Ly in the GOALS sample were imaged with the
Hubble Space Telescope Advanced Camera for Surveys (ACS) Wide Field Channel (WPC)
at 0.4pm (F435W) and 0.9um (F814W). The completeness of the survey, combined with
the high resolution (~ 0.1”) and large field of view (3.4 x 3.4°) of the HST/ACS images
makes the HST GOALS data set the best sample for studying optically-visible luminous star
clusters in luminous starburst galaxies.

At the distance of these systems (0.009 < z < 0.088), SCs are unresolved and are visible
as point-like luminous sources within their underlying host galaxies. Accordingly, the focus of
this PhD thesis is the determination of the collective properties of unresolved SC populations
such as young cluster specific frequency, specific luminosity, the cluster luminosity function
and cluster ages.

The current work represents the largest sample of galaxies for which the properties of
SC populations have been determined in a uniform fashion, and it significantly enlarges the
number of galaxies, in particular in the high SFR range, studied in this manner. The size
of the sample allows an identification of possible trends of SC properties with merger stage,
SFR and nuclear activity type.

The availability of GOALS multi-wavelength data makes it possible, for a limited number
of most cluster-rich and near-by galaxies, to assess the connection of optically visible young
SCs with star formation indicators across the spectrum. Tracing the spatial distribution of
star-forming regions at different wavelengths sheds light on the issue of whether the optical
star formation as traced by clusters is just the optically visible components of embedded
star-forming regions.

A comparison of SC properties in LIRGs with SC systems found in nearby lower lu-
minosity galaxies permits an assessment whether star and cluster formation in the violent
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environments of luminous galaxy mergers is fundamentally different than in quiescent galax-
ies.
To summarize, the objectives of this PhD thesis are to:

(i) determine collective properties of star clusters such as young cluster specific frequency
T'v, specific luminosity 77, the cluster luminosity function, ages and spatial distribution

(71) investigate how the derived cluster properties relate to host galaxy properties such as
the merger stage, SFR and nuclear activity type

(i17) correlate the spatial distribution of star clusters and star formation tracers such as UV
and mid-IR emission

(iv) compare properties of star clusters found in LIRGs with studies in other systems.

This dissertation is organized as follows: Chapter 1 is the Introduction, Chapter 2 de-
scribes the data reduction and the cluster detection algorithm, Chapter 3 presents the anal-
ysis of the cluster-rich sample of 15 LIRGs, Chapter 4 extends the analysis to the complete
87 HST-GOALS LIRGs and Chapter 5 provides a summary.
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Chapter 2

Observations, Data Reduction and Cluster Detection
Procedure

2.1 Observations

Hubble Space Telescope observations of a complete sample of 87 GOALS LIRGs with
Lig > 1014 Ly (PID #10592, “An ACS Survey of a Complete Sample of Luminous Infrared
Galaxies in the Local Universe”, PI A. Evans) were obtained during a 2005 — 2006 (HST
Cycle 14) campaign. The galaxies were imaged with the Advanced Camera for Surveys
(ACS) Wide Field Channel (WFC). The large field of view of the WFC (202" x 202") allows
the extended tidal features and galaxy pairs to be imaged at high resolution of ~ 0.1”.
One galaxy was observed per orbit in the ACCUM mode with three 420 sec integrations in
F435W filter and two 360 sec integrations in F814W filter using the LINE dither pattern.
The observations are summarized in Table 2.1.

2.2 Data Reduction

The data products available from the Multimission Archive at STScl (MAST) were ini-
tially reduced using the standard STScl calibration pipeline that removes instrumental sig-
natures, subtracts a dark image, performs flat-fielding, removes cosmic rays when combining
associated images, removes geometric distortion and calibrates the images. Due to the small
number of exposures, the cosmic ray removal in the standard STScl pipeline was ineffective;
a significant number of cosmic ray-affected pixels remained. The visible bias level offsets
between the four quadrants of the images presented an additional concern.

In order to address these issues following steps were taken:

1) The reprocessing began with the FLT files downloaded from the HST archive. The FLT
files are the dark image subtracted, flat-fielded, calibrated individual exposures that are the
end product of the CALACS package of the STScl pipeline.

2) As a first step to removing cosmic rays, the routine lacos im (van Dokkum, 2001) was
executed on the FLT files. This algorithm uses the Laplacian edge detection method to
identify cosmic rays due to the sharpness of their edges. The routine is more effective on
non-drizzled images, since drizzling smooths the edges. Pixels adjacent to cosmic rays were
also flagged in order to remove residual halos. All the flagged pixels were replaced with a
median value calculated in a 10 x 10 pixel box surrounding the flagged pixel.
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3) In order to remove bias level offsets between the four quadrants of an image, the sky was
estimated and subtracted separately for each quadrant.

4) The reprocessed individual exposure files were then passed on to the MULTIDRIZZLE
task (Koekemoer et al., 2002; Fruchter & Hook, 2002) in the PyRAF /STSDAS package that
removes geometric distortion and combines the dithered individual exposures into a final
calibrated image. The same set of parameters as in the STScl pipeline was used, except no
sky subtraction was performed (see step 3).

5) Further cosmic ray removal was performed with the jerrej2.cl task for IRAF as described in
Rhoads (2000). This routine convolves the image with a spatial filter consisting of a Gaussian
(approximating the point spread function) minus a delta function. Strongly negative pixels
in the convolved image are flagged as cosmic ray hits. The few remaining cosmic rays were
removed by eye using imedit in IRAF.

6) As the final step, the HST images were rotated such that North is up and East left,
F435W and F814W images aligned, and the 2MASS catalogue positions of several bright
stars in each LIRG field were used to apply WCS corrections to each image. The typical
WCS correction was about 1” and the resultant average astrometric precision is 0.1”.

2.3 Cluster Detection Procedure

2.3.1 Detection

The detection of star clusters was performed on images prior to rotation (before step 6
in Chapter 2.2) in order to eliminate possible effects of rotation on counts in pixels and thus
on photometry.

Due to the large FOV of the ACS, the images cover not only the entire galaxy and its
extended features, but also contain a good deal of foreground stars and background galaxies.
The foreground stars are used to create a PSF model, make precise WCS corrections and to
determine the expected percentage of contamination of foreground stars to the number of
detected clusters.

The large FOV makes it also a necessary first step to mask the portion of the image
over which the galaxy subtends and the cluster detection will be performed. Masks were
created to outline the galaxy to ~ 24.5 mag/arcsec? surface brightness in the F814W images.
This is approximately the surface brightness level that can be traced “by eye” and encloses
essentially all of the visible galaxy features.

Masks were created by first median smoothing the F814W image using a 40 x 40 pixel box
(in order to remove small-scale features), and then by boxcar smoothing with a 50 x 50 pixel
box. The IRAF routine IMREPLACE was used to set pixel values below the chosen cut-off
to 0 (i.e., the sky portion of the image) and above to 1 (the galaxy). The few remaining
bright stars outside of the galaxy were removed by hand with IRAF IMEDIT. The mask
image was then multiplied by the science image, leaving only the galaxy area above 0. For
each galaxy, the F814W mask was applied to both the F435W and F814W science images.

Once the masks were applied, the routine Source Extractor (Bertin & Arnouts, 1996) was
executed to identify potential clusters in each image. The parameters for SExtractor were set
rather generously in order to find as many candidate sources as possible. Source Extractor
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was also used to fit and subtract the non-uniform background, i.e. the underlying galaxy, for
SC photometry. Weight maps created by MultiDrizzle were also used for detection purposes.

All sources detected with SExtractor were passed on to IDL routines to apply a set of
selection criteria. To be deemed viable, a cluster candidate had to (i) be detected in both
F435W and F814W filters (7i) have full width at half the maximum intensity, FWHM, in
the range of 1.7 — 4 pixels and (7)) have a signal-to-noise, S/N, greater than 5.

Centroids of the SExtractor positions were computed with the IDL procedure CNTRD.
The FWHM of each candidate was calculated with the procedure RADPROF that fits a
Gaussian in a 5 x 5 pixel box. While the objects with high S/N have FWHM of about 2 — 3
pixels, the FWHM of low S/N objects exhibit a lot of scatter. The range of FWHM between
1.7 and 4 includes also faint sources that appear point-like while excluding fuzzy extended
sources.

An example of the detected clusters is shown in Figure 2.1. The left panel shows the
original F435W image. In the right panel, the underlying galaxy is subtracted and clusters
are marked with circles. The images were inspected by eye to ensure that the detected
sources were indeed point-like and located within the galaxy. Obvious stars and galaxy
nuclei were removed.

2.3.2 Cluster and Galaxy Photometry

Accurate cluster photometry is complicated by the non-uniform light distribution of the
underlying galaxy. Source Extractor was used to map and subtract the background (i.e.,
the underlying galaxy) by computing a bi-cubic-spline interpolation over background values
estimated in a 9 x 9 pixel grid. The mesh size was chosen to be large enough not to be
affected by clusters but small enough to reproduce the small scale variations of the underlying
galaxy. Such a mesh size did an efficient job of removing the galaxy and minimizing the
creation of holes surrounding clusters during the extraction. In order to minimize the flux
contribution from clusters to the galaxy map, detected clusters were masked out before
fitting the background with SExtractor.

Cluster photometry was performed with the IDL routine APER in a 0.3"” (6 pixels)
diameter aperture after the underlying galaxy was subtracted by Source Extractor. The sky
uncertainty was measured in an annulus 0.25” — 0.5” (5 — 10 pixels) and used to calculate
signal-to-noise and photometric uncertainty for clusters. Aperture corrections, applied to
each cluster, were determined for each image by following the procedure outlined in Sirianni
et al. (2005). Bright stars in each image were used to create a PSF and to calculate the
fraction of encircled flux in a 0.15” radius aperture as compared to 0.5” aperture. After
that the correction values from 0.5” aperture to infinity (Table 5 of Sirianni et al. (2005))
were added. The derived aperture corrections are in good agreement with the measured
values listed in Table 3 of Sirianni et al. (2005). Since the FHWM of high S/N clusters
are comparable or only marginally larger than the ACS PSF (~ 2 pixels, depending on the
filter), all clusters were treated as unresolved and PSF aperture corrections were uniformly
applied. Even in two of the nearest galaxies (NGC 3256 and NGC 3690), clusters are only
very slightly resolved and the above procedure for aperture corrections produces less than a
0.1 mag difference.

All magnitudes are in the VEGAMAG magnitude system — ACS/WFC zero points are
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25.793 mag for F435W and 25.536 mag for the F814W filter!. Absolute magnitudes and
colors of SCs were calculated taking into account the effect of foreground Galactic extinction
(see Table 2.1) using the values calculated following Schlegel et al. (1998) and provided by
the NASA/IPAC Extragalactic Database (NED).

The cosmology adopted throughout this dissertation is consistent with Armus et al. (2009).
The systemic heliocentric recession velocities were corrected according to the flow model of
Mould et al. (2000) that accounts for the three major attractors in the local universe (Virgo
Supercluster, Great Attractor, Shapley Supercluster) and adopting Hy = 70 km s~! Mpc™1,
Oy = 0.28, and Q) = 0.72 based on the five-year WMAP results (Hinshaw et al., 2009), as
provided by NED.

The accuracy of our photometric measurements was tested while assessing the efficiency of
the detection algorithm (see Chapter 2.3.4). Artificial stars of known magnitudes were added
to the image, and the detection procedure and photometry measurements were performed
and compared to the original values. For clusters brighter than an apparent magnitude of
25, the average photometric error was determined to be less than 0.10 mag.

To measure total fluxes of each galaxy, the masks described in Chapter 2.3.1 were used.
The flux inside the mask was calculated. The background level was measured outside of the
masked galaxy and its contribution was subtracted. The flux of foreground stars, present
inside the masked region in several galaxies, was also measured and subtracted. Photometric
uncertainties were calculated taking into account the error from the count rate and sky
variance.

2.3.3 Contamination by Foreground Stars

Foreground Galactic stars and distant galaxies are present throughout the ACS images.
In order to account for the level of contamination, the assumption was made that fore-
ground stars in each magnitude range are evenly distributed throughout each ACS/WFC
image. Thus, one can account for the contamination along the line-of-sight to the galaxy by
measuring the magnitudes of objects in the “sky portion” of each image. To this end, the
cluster detection procedure (Chapter 2.3.1) was applied to the sky portion of each image.
The number of detected sources per magnitude bin was then normalized by the ratio of the
image area covered by the galaxy and the sky. The degree of contamination varies widely
between 3% and 90%, depending on Galactic latitude of the galaxy, the with a median of
~10%

2.3.4 Completeness

The efficiency of the detection algorithm was tested using the IRAF ADDSTAR routine.
This routine adds artificial stars to the image with a uniform distribution in positions and
magnitudes. The apparent magnitude range was chosen between 18 and 27 mag, and a
PSF created from bright stars in the image was used. In order to avoid overcrowding, the
number of artificial stars added to the image did not exceed 10% of the detected clusters

IFor revised ACS zero-points posted on 2009 May 19 see http://www.stsci.edu/hst/acs/analysis/
zeropoints
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(i.e., only 10% of the number of detected objects was added to the image). The detection
procedure described in Chapter 2.3.1 and photometry (Chapter 2.3.2) were then performed
on the images with added stars, and the number and magnitudes of recovered objects were
recorded. This procedure was repeated 100 times per galaxy in order to build up good
statistics. A completeness function, i.e. the fraction of recovered objects as a function of
apparent magnitude, was calculated for each galaxy; an example of the completeness function
is shown in Figure 2.2. The cluster detection for the F435W and F814W images is found to
be complete at the 50% level at apparent magnitudes of ~25.5 and ~25.0, respectively.

The images were not subdivided into areas with different surface brightness / background
levels, as is sometimes done for nearby, large galaxies like NGC 4038/4039 (e.g., Whitmore
et al., 1999). Since artificial stars were distributed randomly, and the detection of artificial
stars was performed over the same area of the image as cluster detection, the completeness
function reflects the overall cluster detection efficiency in a given galaxy, and will therefore
be appropriate for all but the relatively small regions of very high background.

Due to the time consuming nature of this procedure, it was performed only in 16 LIRGs:
the 15 members of the cluster-rich sample described in Chapter 3 and Mrk 266 (Mazzarella
et al, 2011). For the rest of the LIRGs the average of the 16 completeness functions was
calculated; this “average” completeness function is shown in Figure 2.2 panel b).
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Table 2.1. HST/ACS Observations of the HST-GOALS Sample
Observation  Exposure Time (sec) Extinction
Name Dataset® Date F435W F814W Ap (mag) A; (mag)
NGC 0034 JOCV010*0 2006 Jul 05 1260 720 0.116 0.052
Arp 256 JOCV020*0 2006 May 23 1260 720 0.156 0.070
MCG+12-02-001 JOCV030*0 2005 Sep 04 1500 880 2.681 1.205
IC 1623 JOCV040*0 2006 Jul 12 1260 720 0.069 0.031
MCG-03-04-014 JOCV050*0 2006 Jul 10 1260 720 0.094 0.042
CGCG 436-030 JOCV060*0 2005 Aug 26 840 720 0.157 0.071
IRAS F01364-1042  J9CV070*0 2005 Dec 05 1260 720 0.093 0.042
ITI Zw 035 JOCV080*0 2005 Aug 26 1260 720 0.269 0.121
NGC 0695 JOCV090*0 2005 Aug 23 1260 720 0.388 0.174
MCG+05-06-036 JOCV100*0 2006 Jul 22 1275 730 0.339 0.153
UGC 02369 JOCV110*0 2006 Jul 22 1260 720 0.442 0.199
IRAS F03359+1523 JICV120*0 2005 Oct 14 1260 720 1.128 0.507
ESO 550-1G 025 JOCV130*0 2006 Aug 31 1260 720 0.178 0.080
NGC 1614 JOCV140*0 2006 Aug 14 1260 720 0.663 0.298
ESO 203-1G001 JOCV150*0 2006 Apr 28 1350 780 0.044 0.020
VII Zw 031 JOCV160*0 2005 Sep 03 1500 880 0.425 0.191
IRAS F05189-2524  J9CV170*0 2006 Aug 13 1275 730 0.126 0.057
IRAS 0522341908 JOCV180*0 2005 Nov 01 1260 720 2.781 1.250
MCG+08-11-002 JOCV190*0 2005 Sep 05 1350 780 1.301 0.585
IRAS F06076-2139  J9CV200*0 2005 Nov 14 1260 720 0.301 0.135
ESO 255-1G007 JOCV210*0 2006 Apr 19 1350 780 0.162 0.073
AM 0702-601 JOCV220*0 2005 Sep 19 1425 830 0.487 0.219
IRAS 07251-0248 JOCV230*0 2005 Nov 05 1260 720 0.487 0.219
IRAS 08355-4944 JOCV240*0 2005 Sep 08 1350 780 3.589 1.614
NGC 2623 JOCV250*0 2005 Nov 29 1275 730 0.177 0.080
ESO 060-1G 016 JOCV260*0 2006 Apr 15 1485 870 0.467 0.210
IRAS F08572+3915 J9CV270*0 2005 Dec 09 1305 750 0.115 0.051
IRAS 09022-3615 JOCV280*0 2006 Jun 07 1305 750 1.742 0.783
IRAS F09111-1007  J9CV290*0 2005 Nov 01 1260 720 0.287 0.129
UGC 04881 JOCV300*0 2005 Dec 05 1320 760 0.075 0.034
UGC 05101 JOCV310*0 2006 Jan 29 1440 840 0.144 0.065
ESO 374-1G 032 JOCV320*0 2005 Nov 06 1290 740 0.381 0.171
IRAS F10173+0828 J9CV330*0 2005 Dec 01 1260 720 0.112 0.051
NGC 3256 JOCV340*0 2005 Nov 06 1320 760 0.524 0.236
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Table 2.1.

— Continued

Observation  Exposure Time (sec) Extinction
Name Dataset® Date F435W F814W Ap (mag) A; (mag)
IRAS F10565+2448 J9CV350*0 2005 Nov 15 1260 720 0.066 0.030
MCG+07-23-019 JOCV360*0 2005 Nov 20 1320 760 0.038 0.017
IRAS F11231+1456 J9CV370*0 2005 Nov 20 1260 720 0.127 0.057
NGC 3690 JOCV380*0 2006 Mar 19 1425 830 0.072 0.032
IRAS F12112+40305 J9CV390*0 2006 Feb 20 1260 720 0.092 0.042
IRAS 12116-5615 JOCV400*0 2005 Sep 07 1425 830 1.984 0.892
UGC 08058 JOCV410*0 2006 May 11 1425 830 0.041 0.018
CGCG 043-099 JOCV420*0 2005 Dec 23 1260 720 0.126 0.057
ESO 507-G070 JOCV430*0 2006 Feb 26 1260 720 0.592 0.266
NGC 5010 JOCV440*0 2006 Feb 26 1260 720 0.282 0.127
IRAS 13120-5453 JOCV450*0 2006 Jun 04 1425 830 1.702 0.765
VV 250a JOCV460*0 2006 May 11 1440 840 0.097 0.043
UGC 08387 JOCV470*0 2006 Jan 11 1290 740 0.054 0.024
NGC 5256 JOCV480*0 2005 Nov 17 1350 780 0.056 0.025
Arp 240 JOCV490*0 2005 Dec 21 1260 720 0.119 0.054
UGC 08696 JOCV500*0 2005 Nov 17 1425 820 0.036 0.016
NGC 5331 JOCV510*0 2005 Dec 23 1260 720 0.129 0.058
IRAS F14348-1447  J9CV520*0 2007 Jan 03 1260 720 0.525 0.236
IRAS F14378-3651  J9CV530*0 2006 Feb 17 1305 750 0.311 0.140
VV 340a JOCV540*0 2006 Jan 07 1260 720 0.183 0.082
VV 705 JOCV550*0 2005 Nov 14 1320 760 0.113 0.051
ESO 099-G004 JOCV560*0 2006 Apr 14 1440 840 2.496 1.122
IRAS F152504-3608 JICV570*0 2006 Jan 25 1305 750 0.082 0.037
UGC 09913 JOCV580*0 2006 Jan 06 1260 720 0.219 0.098
NGC 6090 JOCV590*0 2005 Sep 18 1380 800 0.085 0.038
IRAS F16164-0746  J9CV600*0 2006 Feb 14 1260 720 1.155 0.519
ESO 069-1G006 JOCV610*0 2006 Apr 09 1485 870 0.381 0.172
IRAS F16399-0937  JI9CV620*0 2006 Feb 04 1260 720 1.879 0.845
NGC 6240 JOCV630*0 2006 Feb 11 1260 720 0.330 0.148
IRAS F17132+5313  J9CV640*0 2005 Sep 18 1380 800 0.090 0.040
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Table 2.1. — Continued
Observation  Exposure Time (sec) Extinction
Name Dataset® Date F435W F814W Ap (mag) As (mag)
IRAS F17138-1017  J9CV650*0 2006 Mar 31 1260 720 2.978 1.339
IRAS F17207-0014  J9CV660*0 2006 Apr 04 1260 720 1.485 0.668
IRAS 1809040130  J9CV670*0 2006 Mar 30 1260 720 2.296 1.032
IC 4687 JOCV680*0 2006 Apr 08 1425 830 0.433 0.195
IRAS F18293-3413  J9CV690*0 2006 Apr 01 1290 740 0.613 0.276
NGC 6670 JOCVT700*0 2005 Oct 31 1425 830 0.206 0.093
VV 414 JOCV710*0 2006 Mar 11 1515 890 0.609 0.274
ESO 593-1G008 JOCV720*0 2006 Mar 20 1260 720 0.550 0.247
IRAS F19297-0406  JO9CV730*0 2006 Jul 22 1260 720 2.396 1.077
IRAS 1954241110  J9CVT740*0 2006 Apr 18 1260 720 0.969 0.436
IRAS 2035142521  J9CV750*%0 2006 Apr 15 1275 730 0.846 0.380
CGCG 448-020 JOCV760*0 2006 Apr 15 1260 720 0.360 0.162
ESO 286-1G019 JOCV770*0 2006 Mar 28 1320 760 0.186 0.084
IRAS 2110145810  J9CV780*0 2005 Nov 03 1425 830 2.471 1.111
ESO 239-1G002 JOCV790*0 2006 Jul 16 1350 780 0.042 0.019
IRAS F22491-1808  J9CV800*0 2006 May 04 1260 720 0.154 0.069
NGC 7469 JOCV810*0 2006 Jun 12 1260 720 0.297 0.134
ESO 148-1G002 JOCV820*0 2006 Mar 22 1425 830 0.078 0.035
IC 5298 JOCV830*0 2006 Aug 16 1275 730 0.372 0.167
ESO 077-1G014 JOCV840*0 2005 Aug 18 1485 860 0.165 0.074
NGC 7674 JOCV850*0 2006 Jun 10 1260 720 0.254 0.114
IRAS F23365+3604 J9CV860*0 2006 Jun 12 1305 750 0.468 0.210
IRAS 2343645257 JOCVR70*0 2005 Nov 02 1380 800 1.178 0.529
MRK 0331 JOCV880*0 2006 May 30 1260 720 0.337 0.152

a7 is replace by 1 for F435W, 2 for F814W filter

Note. — Column 1: Name of the optical source. Column 2: Name of the dataset in
MAST archives. Column 3: Observation date. Columns 4 and 5: Exposure times in F435W
and F814W filters. Columns 6 and 7: Foreground Galactic Extinction following Schlegel et
al. (1998), available from NED. B band corresponds closely to F435W filter and I band to
F814W filter.
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Figure 2.1: HST/ACS F435W images of VV 340b. (a) The original image of the galaxy.
(b) The image of the galaxy after the underlying galaxy has been subrated by SExtractor;
identified clusters are designated with blue circles.
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Figure 2.2: Star cluster detections completeness functions for the F435W filter (solid line)
and the F814W filter (dashed line). (a) NGC 0034 (b) Average of 16 galaxies.
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Chapter 3

Properties and Distribution of Optically-Luminous
Stellar Clusters in Nearby Cluster-Rich Luminous
Infrared Galaxies

This chapter examines properties of star clusters in a sample of 15 cluster-rich nearby
LIRGs. FEach galaxy contains > 140 clusters, and in total over 7000 luminous star clus-
ters were detected in this sample. First, basic properties of SCs (number of SC, median
(F435W—F814W) color of the cluster population, specific frequency, specific luminosity, lu-
minosity function, the magnitude of the brightest cluster and the fraction of age-dated young
clusters) are determined. Then I examine the connection of specific luminosity and the mag-
nitude of the brightest cluster with the SFR; these correlations were established for normal
spiral galaxies (in case of specific luminosity) and for various galaxies in a wide SFR range.
Finally, I inspect the spatial distribution of SCs and correlate SC locations (i.e. optically
visible star formation) with mid-IR and near-UV emission.

3.1 Sample Selection

The sample of LIRGs discussed in this chapter is selected from the HST optical survey
(Evans et al., in prep.) of a complete sample of 87 Lig > 10''* Ly LIRGs in the Great
Observatories All-Sky LIRG Survey (GOALS; Armus et al., 2009). GOALS consists of all
LIRGs in the flux limited (i.e., feoum > 5.24 Jy) IRAS Revised Bright Galaxy Sample (RBGS;
Sanders et al., 2003), and contains 202 objects with Lig > 10'! L out to a maximum redshift
of z = 0.088 (median z = 0.008). The LIRGs imaged at F435W and F814W with HST exhibit
a wealth of point-like luminous sources superimposed on the underlying galaxy — these are
all candidate luminous star clusters and cluster associations, although some are inevitably
foreground Galactic stars. Using the detection procedure described in Chapter 2.3.1, SCs
were extracted in the complete sample of all 87 galaxies imaged with HST.

The primary goal of the this chapter is a detailed study of the nature of luminous star
clusters in a substantial sample of LIRGs. To achieve this, the following are required: (i) the
LIRGs in the sample must contain a sufficient number of clusters visible per galaxy to
build up robust statistics and (7i) the LIRGs must be at a low enough redshift to allow for
comparisons to be made between the spatial distribution of the detected clusters and the
lower resolution GALEX UV and Spitzer mid-IR emission. As a result, the selection criteria
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are naturally biased towards relative nearby, “face-on” LIRGs.

The sample selection was chosen as follows: The distribution of the number of clusters per
system (i.e., galaxy pairs were counted as one system) is shown in the histogram in Figure 3.1.
Three LIRGs (NGC 3256, NGC 3690 and NGC 5257) are absent from this histogram due to
a very large (>800) number of clusters. The first and highest bin of the histogram contains
19 galaxies (=~ 22% of the HST-GOALS sample) with less than 20 clusters. The distribution
falls off gradually until the 120 — 140 bin and rises slightly again in consequent bins. This
second “peak”, comprised of systems with 140—220 detected clusters, and a tail with systems
containing > 220 clusters constitute the cluster-rich LIRGs sample that is the focus of this
chapter (20 systems ~ 23% of the HST-GOALS sample).

In Figure 3.2, the number of clusters per system is plotted versus redshift for the HST-
GOALS sample. The systems in the cluster-rich sample are designated with triangle symbols
and are located in the upper left corner (> 150 and z < 0.033). There is a moderate
correlation (Spearman rank correlation coefficient r, = —0.60 with significance 7.2 x 1071°)
between the number of SCs and the redshift of the galaxy. This is expected due to the
decreasing metric resolution and the decreasing sensitivity to faint cluster detection as a
function of increasing redshift.

The presence of a “break” at ~ 140 clusters in both figures reflects a transition in appear-
ance of galaxies; i.e., from large, well resolved galaxies to smaller and mostly more distant
galaxies with less details. For this reason, a limit of 140 clusters as the main selection crite-
rion for the current sample was chosen. While this criterion only selects a small fraction of the
total HST-GOALS sample, it allows for a more robust statistical analysis of the optically-
visible cluster population in each galaxy. This criterion also naturally limits the redshift
range of the systems in a manner that allows detailed morphological analysis and multi-
wavelength comparisons. Specifically, the redshift range of this sample is 0.009 < z < 0.034
(NGC 3256 being the closest and VV 340 the most distant), corresponding to a luminosity
distance range of Dy, ~ 38.9 Mpc — 157 Mpc and a median redshift of z = 0.02 (85.5 Mpc).
Analysis of SCs in the complete HST-GOALS sample is presented in Chapter 4.

For LIRGs comprised of two or more galaxies, at least one of the galaxies has to fulfill the
selection criterion of more than 140 clusters. Two systems, NGC 5331 and CGCG 448-020,
have more than 140 clusters in total, but the individual galaxies contain less than 100
clusters. Three LIRGs, NGC 6240, IC 4686/7/9 and IRAS 2035142521 that also fulfill the
selection criterion (175, 243 and 174 clusters, respectively) are located in crowded star fields
(i.e., ~ 20% of detected clusters could be foreground Galactic stars, see Chapter 2.3.3), and
therefore are not included in this analysis.

The resultant sample of 15 LIRGs analyzed in the this chapter is presented in Table 3.1.
For LIRGs containing two or more distinct galaxies, the galaxies have been individually
tabulated. Of the present sample, six LIRGs are galaxy pairs, resulting in a total of 21
individual galaxies. Two galaxies within a galaxy pair, VV 340a and NGC 7674A, contain
too few clusters, 14 and 0, respectively, therefore cluster analysis is performed only on 19
galaxies. Note that a cluster analysis of NGC 2623 and IC 0883 have been presented in
previous publications, i.e., Evans et al. (2008) and Modica et al. (2011), respectively.
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3.2 Results

3.2.1 Host Galaxy Optical Morphology and Photometry

Host galaxy photometry in F435W and F814W filters was measured following the pro-
cedure outlined in Chapter 2.3.2, and the results are listed in Table 3.2. The absolute
magnitudes range between —19.62 mag to —21.79 mag in the F435W filter and —21.56 mag
to —23.40 mag in F814W, with median values of —21.20 mag and —22.76 mag, respectively.
The optically brightest galaxy in this sample is NGC 0695.

Figure 3.3 shows the ACS/WFC F435W images of the sample; LIRGs are arranged in
an approximate merger stage sequence. It should be noted that an exact order is difficult to
establish. The sample encompasses objects in different interaction stages: from an apparently
undisturbed disk of NGC 0695, through widely separated galaxy pairs with either intact
disks (VV 340, NGC 7674, NGC 6786 / UGC 11415) or asymmetric disks and tidal tails
(NGC 7469, NGC 5257/8, Arp 256), to systems with two distinguishable bodies in a common
envelope (NGC 3690, IC 1623) and advanced mergers with disturbed morphology and long
prominent tails (IC 0883, NGC 1614, NGC 2623, NGC 3256, NGC 0034, Arp 220). In this
chapter, VV 340, NGC 7674, NGC 6786, NGC 7469, NGC 5257, Arp 256 are referred to as
early merger stage systems; NGC 3690, IC 1623, IC 0883, NGC 1614, NGC 2623 are mid-
merger stage systems; and NGC 3256, NGC 0034, Arp 220 are late merger stage systems.
The early merger stage systems in this sample are dominated by face-on spirals, the mid-
merger stage systems have irregular amorphous bodies and long tails, while the late merger
stage systems have somewhat more regular and symmetrical appearance but still display
clear signs of a merger event.

The infrared luminosity of LIRGs in this sample is Lig = 10114871228 T, with Arp 256
being the least luminous LIRG and Arp 220 being the most luminous. The median lumi-
nousity of the sample is Lig = 10119 L. The sample includes only one ULIRG, Arp 220;
other ULIRGs in the GOALS sample have fewer detected clusters due to their large dis-
tances. In four galaxy pairs (VV 340, NGC 7674, NGC 7469, Arp 256), most of the IR flux
is attributed to only one galaxy. In the case of VV 340 and Arp 256, the IR-bright galaxy
contains less detected clusters than the companion. In NGC 6786 and NGC 5257, the IR
fluxes are approximately equally divided between both galaxies (see also Mazzarella et al.,

in prep.).

3.2.2 Cluster Properties
Number of Clusters

The number of detected clusters per galaxy shows a variation of an order of magnitude,
between ~ 150 and ~ 1700, with the median of 296 (see Table 3.3, Column 2). In NGC 3256
and NGC 3690, the closest galaxies in the sample, the number of clusters exceeds by far the
rest of the sample.

The number of detected clusters may not reflect the intrinsic cluster population of a
galaxy. Several observational factors such as distance, angular size of the galaxy, orientation
and possibly the amount of dust obscuration affect our ability to detect SCs. For obvious
reasons, the number of detected clusters strongly depends on the distance of a galaxy (see also
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Chapter 3.1, Figure 3.2). The lower limit on the cluster number as selection criterion favors
nearby well-resolved galaxies with large angular size. The median angular size (measured in
masks described in Chapter 2.3.1) of LIRG systems in this sample is about double the size
of the other systems in the HST-GOALS sample: ~ 1 arcmin? versus ~ 0.4 arcmin? (median
of the complete HST-GOALS sample, excluding the 15 cluster-rich systems). Orientation
affects angular size and extinction, with face-on galaxies having larger sizes and also less
dust obscuration, therefore most galaxies in the sample are viewed face-on. The amount of
dust obscuration seems also important, for example in the highly reddened ULIRG Arp 220
relatively few clusters are detected.

There is no straight-forward correlation between the number of clusters and the merger
stage, Lir or optical magnitude of the galaxy.

Luminosity Distribution

Figures 3.4 and 3.5 show the distribution of absolute F435W and F814W magnitudes of
clusters in each LIRG. The absolute magnitudes of detected clusters range typically between
about —8 mag and —16 mag in both, the F435W and F814W, filters.

The faint end of the brightness distribution is a consequence of the detection limit and
the distance of the sample. Given the redshift range 0.009 < z < 0.034, the distance modulus
is 32.95 mag < (m — M) < 35.98 mag with a median (m — M)yeq = 35.07 mag. At the
detection limit of ~ 26 apparent magnitude, the absolute magnitudes of clusters are expected
to be limited to about —7 mag and —9 mag for most of the galaxies in the sample, which
is in good agreement with the measurements. The decrease in the number of clusters at the
faint end of the brightness distribution is caused by the decreased detection efficiency; when
corrected for completeness the distribution keeps rising (Chapter 3.3.4).

The most luminous clusters are found in NGC 7469 (Mpy35w = —17.0 mag) in a circum-
nuclear ring, and in a spiral arm close to the nucleus of NGC 6786 (Mp4zsw = —16.7 mag).
The least luminous clusters are found in Arp 220; the brightest cluster member in Arp 220 has
an absolute magnitude of Mpy35w = —12.2 mag. The magnitudes of the brightest cluster
in each galaxy is listed in Table 3.4. Particular care was taken to remove galactic nuclei
and obvious Galactic stars. Although stars posing as bright clusters cannot be completely
excluded, all bright clusters have colors (mpsssw — mpsiaw) < 1.5, consistent with them
being young clusters. The largest number of bright (Mpsssw < —12 mag) clusters is found
in NGC 0695, and they constitute 35% of the complete cluster population in this galaxy.
Arp 220 has the least number of bright clusters, only 0.5% of its cluster population have
Mrpazsw < —12 magnitude.

In galaxies in early merger stages (i.e., the face-on spirals NGC 0695, NGC 5257, Arp 256,
NGC 7674) bright clusters are located in spiral arms in high surface brightness regions and
are often grouped in star cluster complexes. In mid-merger stages (NGC 3690, IC 1623)
SCs are also located in high surface brightness regions. In late mergers stages (NGC 0034,
IC 0883, NGC 2623) bright clusters are found dispersed through-out the main body of the
galaxy.
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Cluster Colors

Figure 3.6 shows histograms of the number of clusters versus the (F435W — F814W)
colors of clusters. The cluster colors are in the range —0.5 < (F435W — F814W) < 3 with
the highest bin between 0.5 to 1. Clusters with (F435W — F814W) > 2.0 are either heavily
extinguished or foreground stars (see Chapter 3.3.5).

A median (F435W — F814W) color of all clusters in each galaxy was calculated; the color
range is between 0.43 and 1.13; the values are listed in Table 3.3. The galaxies with the
reddest median cluster color are Arp 220 and IC 5283 | while Arp 256 and IC 1623 have the
most blue median cluster colors. The median cluster color for the entire sample is 0.72+0.19.

3.3 Analysis and Discussion

3.3.1 Specific Frequency

Specific frequency of young clusters Ty was introduced in Chapter 1.1.3. Following Larsen
& Richtler (1999) definition
TN — Ncl X 10044(MB+15)

where Mp is the B-band absolute magnitude of the galaxy and N is the number of young
clusters above a certain limiting magnitude, I calculate the specific frequency of SCs in the
cluster-rich LIRGs sample, limiting to clusters brighter than —9 mag in F435W. The F435W
filter matches closely the Johnson B-band; an absolute magnitude of M gy351y = —9 mag cor-
responds roughly to the 50% completeness and is also a brightness threshold for individual
stars. The completeness correction is applied to the number of clusters (see Chapter 2.3.4),
and the resultant corrected Ty values are as listed in Table 3.3. The errors were calcu-
lated using the Poisson statistics of the cluster counts and photometric errors in the galaxy
magnitudes.

The distribution of T values is shown in Figure 3.7. The T values range between 0.67
in NGC 0034 and 1.73 in NGC 3690 with a median of 1.14 £ 0.30. While the number of
clusters in NGC 3256 (~ 1700) exceeds the other galaxies in the sample by almost a factor
of 10, the T of 1.30 is just slightly above the median of the sample.

Table 1 of Larsen & Richtler (2000) lists Ty values for a sample of 21 nearby spiral
galaxies. While the limiting magnitude is somewhat comparable to ours (M, < —8.5 mag
and My < —9.5 mag for “red” and “blue” population of clusters), Larsen & Richtler (2000)
used ground based observations that cover only the central parts of the galaxies and the
number of clusters was not corrected for completeness. The highest T value in the Larsen
& Richtler (2000) sample is 1.77 (NGC 5236) and is consistent with the highest value of 1.73
(NGC 3690) in the present sample. The median Ty value in Larsen & Richtler (2000) is
0.45+0.53 and is smaller than in the cluster-rich LIRGs sample (1.14 £ 0.30). While 60% of
galaxies in Larsen & Richtler (2000) sample have T values less than 0.5, all galaxies in the
cluster-rich LIRGs sample have values above 0.5. Even keeping in mind the shortcomings
of the comparison, it appears that the specific frequency Ty is enhanced in this sample of
LIRGs as compared to local spirals.
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Elliptical galaxies have much higher values of the specific frequency Sy for their popu-
lation of old globular clusters; i.e., in the range of Sy ~ 2 — 6 (Harris, 1991; Elmegreen,
1999) as compared to spiral galaxies (T <1). Schweizer (1987) and Ashman & Zepf (1992)
suggest that a large number of SCs form during a merger process of two gas-rich disk galaxies
leading to a high Sy for elliptical galaxies. The Ty values for young clusters discussed in
this section cannot be compared directly to values of Sy for old globular clusters for various
reasons. For example, the majority of young clusters may disperse with time, and additional
clusters may be continuously forming during the merger process. Further, the My of the
galaxy will change with time due to fading of the underlying stellar population with age.
Although merging LIRGs show higher T values as compared to local spirals, the infant
mortality of young clusters is very high; roughly 80 - 90% are expected to dissolve in each
logarithmic decade of time, meaning that only about 1 in 1,000 clusters with mass greater
than 10* M, will survive to become an old globular cluster (Whitmore, 2004). As Ty values
at the present stage suggest, more clusters need to be formed in order to account for the
high Sy of an elliptical galaxy .

3.3.2 Specific Luminosity

Specific luminosity T, a measure of the percentage of flux contributed by clusters, is

written in the form
Lclusters

Ty, =100 x )
galaxy
(Harris, 1991; Larsen & Richtler, 2000), where Lejysters 1S the total luminosity of clusters and
Lgalaxy the total luminosity of the galaxy.

The specific luminosity is independent of the distance modulus. It is also relatively
insensitive to incompleteness at the faint end of cluster luminosity distribution because most
of the cluster flux originates from a handful of the brightest clusters. On average, only the
brightest 12% of SCs in the entire SC population are responsible for 80% of F435W flux
from clusters, with the two extremes being observed in NGC 7469 (the brightest 1.7% of
SCs) and Arp 220 (the brightest 52% of SCs).

The specific luminosities are listed in Table 3.3. Errors were calculated by taking into
account uncertainties in both cluster and galaxy photometry. The contribution of visible clus-
ters to the total flux in F435W filter varies between 0.5% (Arp 220) and 7.3% (NGC 7469),
with a median of 3.4 &+ 2.0%. For the F814W images these numbers are 0.3% (Arp 220) to
3.5% (IC 1623), with a median of 1.9 + 0.9%. Arp 220 has the least contribution of flux
from clusters, possibly due to a very high amount of dust extinction. The specific luminos-
ity distribution in F435W and F814W images is plotted in Figure 3.8. The histogram of
T (F435W), the specific luminosity 77, in F435W images, shows a rather uniform distribu-
tion with a small peak in the 3 — 4% bin, while the 77, (F814W) values have a smaller range
and peak in the 1 — 2% bin.

Table 1 of Larsen & Richtler (2000) lists 77, values in the U and V filters for nearby
spiral galaxies and starburst/mergers. Our T}, values are significantly higher than Larsen &
Richtler (2000) values for spiral galaxies (median for U is 0.5 and for V is 0.3) and are in
the starburst/merger galaxies range.
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Larsen & Richtler (2000) find an upward trend of specific luminosity 77, (U) with SFR
calculated using FIR IRAS fluxes and a correlation between T (U) and Xgrr (SFR per
unit area) for nearby spiral galaxies. Figure 3.9 shows a plot of the specific luminosity
T, (F435W) versus SFRs calculated in Howell et al. (2010) using IRAS FIR and GALEX
FUV fluxes (SFR total, panel a)) and GALEX FUV fluxes only (SFR UV, panel b)). The
T1.(F435W) versus YXspr (SFR per unit area) for respective SFRs is plotted in Figure 3.10.
Panel a) in both figures shows no clear trends, the Spearman rank correlation coefficients are
r, = 0.18 with significance 0.5 and ry, = —0.19 with significance 0.4 for SFR total and Xgrg
total, respectively. Panel b) exhibits an upward trend in 77, (F435W) with increasing SFR
UV (Spearman rank correlation coefficient ry = 0.70 with significance 8.1 x 107*) and Xgrg
UV (Spearman rank correlation coefficient r, = 0.56 with significance 1.2 x 1072). Unlike
in Larsen & Richtler (2000), the scatter in the plotted data does not decrease when using
Y.srr instead of SFR. A possible source of scatter in 77 (F435W) versus SFR or X gpg plots
are uncertainties in the estimation of SFRs due to the AGN contribution.

Larsen & Richtler (2000) list 77,(U) and T (V) values, thus in order to compare Larsen
& Richtler (2000) T, values with T7,(F435W) values of the cluster-rich LIRGs sample, an
extrapolation to 7.(B) values is needed. The galaxy magnitudes were calculated using
B—V galaxy colors listed in Table 2 of Larsen & Richtler (2000) and the SC magnitudes
were extrapolated assuming a mean cluster color of B—V= 0.2. Although this estimate is
somewhat crude, it nevertheless allows a direct comparison presented in Figure 3.11. The
T1.(B) data points for nearby normal spiral galaxies from Larsen & Richtler (2000) are
designated with triangles, and the T7,(F435W) values of the cluster-rich sample are points.
The two populations are disconnected; the Larsen & Richtler (2000) sample has lower SFRs
and shows an upward trend, while the cluster-rich LIRGs sample has higher SFR values but
no trend emerges.

In the present LIRGs sample, unlike in the Larsen & Richtler (2000) nearby spiral galaxies
sample, no correlation between T7,(F435W) and SFR or Xgpg derived from FIR fluxes is
found. In LIRGs, the IR luminosity that is used to derive SFR originates for the most part
in the nuclear region and not in the extended main body of the galaxy where SCs are located.
Instead, a trend of T7,(F435W) with SFR or Ygrr derived using FUV fluxes emerges. FUV
emission arises from young, massive, un-obscured stars, the same type of SF that is traced
by young SCs (see Chapter 3.3.7 and Chapter 3.3.8).

3.3.3 Brightest Clusters

Table 3.4 lists the absolute F435W magnitudes, the (F435W—F814W) colors, ages and
masses of the most luminous cluster found in each galaxy. The age and the mass of the
cluster were derived following the method described in Chapter 3.3.5. Eleven clusters
have (F435W—F814W) < 0.5 resulting in ages younger that 7.6 Myr. Seven clusters have
0.5 < (F435W—F814W) < 1.0 and one cluster (F435W—F814W)= 1.36, they suffer from a
color-age degeneracy, and the smallest masses and consequently youngest ages were assumed
in this analysis. No correction for extinction was performed due to difficulties in determin-
ing the extinction to each SC, as described in Chapter 3.3.5. The brightest clusters are
young, with ages varying between 4.8 Myr and 8.3 Myr with a median of 7.6 Myr. The
masses of brightest clusters vary between 1.1x10% My and 5.8x10°% My, with a median of
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1.5x10% M. The ages are upper limits and the masses are lower limit estimates due to
unknown extinction.

The present LIRGs sample contains some of the most luminous clusters observed so
far. As described in Chapter 3.2.2, NGC 7469 (Mps35,w=—17.1 mag) and NGC 6786
(M pa3s5w=—16.7 mag) harbor the brightest clusters in our sample; the median of the sample
is M py35w=—15.4 mag. For comparison, the brightest individual cluster in the Local Group,
30 Dor/R136 in the Large Magellanic Cloud, has My = —11.1 mag (Hunter et al., 1995),
and W3 in NGC 7252 (Schweizer & Seitzer, 1998) has My = —16.2 mag. The luminosities
of clusters in the present LIRGs sample are comparable to those found in a sample of warm
ULIRGs (Surace et al., 1998).

Surace et al. (1998) speculate that the brightest clusters in their ULIRG sample could
be in fact cluster associations. Although the bright clusters in the present sample appear
as unresolved, point-like and symmetric sources, the resolution of the HST observations
corresponds to size scales of 19 — 71 pc. Given that cluster associations can have sizes as small
as 20 pc, the possibility that some of the brightest clusters are indeed cluster associations
cannot be ruled out. Alternatively, since the majority of bright clusters are located in areas
with high surface brightness (e.g., nuclear regions) there may be flux contributions from the
underlying galaxy.

Several authors (Whitmore, 2003; Larsen, 2002b; Weidner et al., 2004; Bastian, 2008)
have investigated the correlation between the brightest young cluster and the SFR of its
host galaxy. Figure 1 in Bastian (2008) shows a plot of V-band luminosity of the brightest
cluster versus log(SFR) with an apparent linear relation over several magnitudes of SFRs,
from individual star-forming regions to ULIRGs. An analogous plot including the present
sample is shown in Figure 3.12. The F435W magnitude values are used since, according
to Bruzual & Charlot (2003) evolutionary models, B—V = 0 for clusters in this age range.
The SFRs were derived using IRAS FIR and GALEX FUV fluxes (Howell et al., 2010). The
galaxies from the Larsen (2002b) sample are designated with triangles, the squares mark
data from Bastian (2008) Table 1. Four LIRGs (NGC 2623, NGC 3256, NGC 6240 and
IRAF 19155—2124) in Bastian (2008) Table 1 are also present in the GOALS sample and
are excluded or replaced with our values. The cluster-rich LIRGs are indicated with star
symbols. The straight line is the fit derived by Weidner et al. (2004) using the sample of
spiral and dwarf galaxies observed by Larsen (2002a,b), i.e.,

My = —1.87(40.06) x log(SFR) — 12.14(£0.07)

(i.e., Equation 2 of Weidner et al. (2004)). The brightest clusters in the cluster-rich LIRGs
sample follow the correlation and are located at the high end of luminosities and SFRs.
The amount of scatter is within the range of previous datasets and the outliers may be
due to extinction (points below the line) and/or uncertainties in SFR estimation (e.g. as a
result of AGN contribution). The outlier IC 5283 illustrates the effects of extinction - the
brightest cluster in IC 5283 has an estimated age of 807 Myr, which is significantly higher
than the estimated ages of less than 10 Myr for the brightest SC in the rest of the sample.
If an extinction of Ay = 1 mag is adopted for this SC, the age estimate would change to
7.6 Myr (median age of the sample), Mpyssywr = —13.7 mag (AB=1.4 mag) and shift the
location in the V-band luminosity versus SFR very close to the best-fit line. In the case of
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Arp 220, the cluster with the brightest measured F435W magnitude is the one plotted in the
Figure. However, the forth brightest F435W cluster is the brightest in F814W filter and is
estimated to have the extinction of E(B-V)=1.48 (Wilson et al., 2006); this corresponds to
an Ay = 4.4 mag. If this magnitude is extinction corrected, the resulting My = —16.48 mag,
making it the brightest cluster overall. It should also be noted that although the My are
similar to Wilson et al. (2006), our SFR is larger by ~ 90 Mg yr~! and Arp 220 still falls
below the line.

The brightest cluster — SFR correlation can be explained by the size-of-sample effect
(Whitmore, 2003; Bastian, 2008). A galaxy with higher SFR forms more young clusters and
consequently is able to sample the cluster mass function to higher masses. Given the high
SFRs of LIRGs in the present sample, it is not surprising to find that they harbor some of
the most luminous clusters. Another important requirement for a brightest cluster — SFR
correlation is that the brightest cluster has to be young in order to correlate with the present
SFR. Bastian (2008) concludes that the youngest clusters (< 10 Myr) are predominantly the
brightest, which is consistent with our findings.

3.3.4 Luminosity Function

Figures 3.13 and 3.14 show histograms of the cluster luminosity distribution as measured
in the F435W and F814W images; luminosity functions have been fitted to each histogram.
The data are presented in 0.5 mag bins, the width of the bin is large enough that photometric
uncertainties should have little effect on the form of the distribution. The red histograms
represent the raw, uncorrected luminosity distribution, the black histograms are corrected
for foreground stars contamination and for the efficiency of the detection algorithm. The
number of foreground Galactic stars expected in each luminosity bin was estimated using
the procedure described in Chapter 2.3.3 and subtracted from the number of clusters in each
respective magnitude bin. A correction for the efficiency of the detection algorithm was made
by dividing the histograms by the completeness functions determined in Chapter 2.3.4. The
histograms were not reddening corrected due to difficulties in determining the extinction (see
Chapter 3.3.5).

The cluster luminosity function is a power law of the form

dN(L;)/dL; = L

where L; is the luminosity of the cluster in a filter 7. In log —log space, the power law
becomes a liner relation
logN(L;) = aM; +b

with the variable a being related to the luminosity function index « as
a=—(2.5a+1)

(Larsen, 2002b).

The linear relation was fitted to each histogram using the least squares fit weighted by
the square root of the number of clusters in the bin. The range of the fit was limited to the
magnitude bins in which at least half of the artificial stars were identified (Chapter 2.3.4);
this limit is indicated in Figures 3.13 and 3.14 by an arrow.
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Values of the LF indices « are listed in Table 3.5. They range from —1.5 to —2.3 with
a median of —1.91 £ 0.21 and —1.88 £ 0.20 in the F435W and F814W images, respectively.
Corrections for foreground stars and completeness have only a minor effect on LF indices; on
average the slope becomes ~ 0.09 steeper. A fit to the raw luminosity histograms performed
to the 80% completeness level (the highest uncorrected bin), results in median values of
—1.81 £0.21 in F435W and —1.71 4+ 0.26 in the F435W and F814W images, respectively.

The corrected luminosity histograms show no turn-over seen in the distribution of old
globular clusters, although only NGC 3256 and NGC 3690 probe the LF beyond the peak
magnitude of M; = —8.5 mag (see e.g., Kundu & Whitmore (2001) for a discussion of
globular cluster luminosity functions).

The LF for young clusters has been studied in numerous galaxies and galaxy types, and
the index av ~ —2 (Portegies Zwart et al. (2010) and references therein) is a representative
value. Schweizer & Seitzer (2007) derive the LF index of —1.75 £ 0.10 for NGC 0034 in V
band, which is in excellent agreement with our values of —1.70 & 0.3. Zepf et al. (1999) find
a LF index of ~ —1.8 in NGC 3256, which is again in good agreement with our values of
—1.84 £0.17 (F435W) and —1.91 £ 0.15 (F814W). LF index values for the present sample
are somewhat lower than the generally accepted LF index o &~ —2. Possible sources of
uncertainties in our LF index estimates are extinction and blending of individual clusters
into cluster associations due to limited resolution; both make the slope of the LF shallower.
It is also possible that the completeness corrections have been underestimated since a single
completeness function was calculated for the entire galaxy, without a sub-division into several
surface brightness areas (Chapter 2.3.4). Therefore, our derived LF index values are lower
limits.

3.3.5 Cluster Ages
Color-Magnitude Diagrams

Figures 3.15 and 3.16 show color-magnitude diagrams of absolute F435W magnitudes
plotted versus (F435W — F814W) color of SCs. Evolutionary tracks computed using Bruzual-
Charlot population synthesis models (Bruzual & Charlot, 2003) for an instantaneous star-
burst with solar metallicity are plotted for cluster masses of 10° Mg and 10° M. In the
lower right panel, an evolutionary track for a cluster of mass 10* My, is also shown; the arrow
in the right upper corner represents 1 magnitude of visual extinction.

The evolutionary tracks in Figures 3.15 and 3.16 originate from GALAXEV (version
2003), a library of evolutionary stellar population synthesis models that were computed
using the isochrone synthesis code of Bruzual & Charlot (2003). This code computes the
spectral evolution of a stellar population based on a stellar evolution prescription (Padova
1994) and a library of observed stellar spectra (STELIB). The tracks in Figures 3.15 and
3.16 are for the case of an instantaneous starburst, solar metallicity and Salpeter IMF. The
output of the model (spectral energy distribution) was convolved with the ACS F435W and
F814W filter response functions in order to obtain magnitudes and colors in these filters
and scaled with the mass of a cluster. The age and mass estimation using color-magnitude
diagrams together with evolutionary tracks suffers from two major shortcomings (i) color-age
degeneracy and (%) unknown extinction that varies from cluster to cluster.
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(i) Color—age degeneracy. Figure 3.17 shows the evolution of (F435W—F814W) color of
a cluster as the cluster ages. The shape of the evolutionary track exhibits a color—age degen-
eracy for ages between 7.6 Myr to 500 Myr and colors 0.51 < (F435W—-F814W) < 0.98. A
color value in this range can be attributed to at least three different ages. This degeneracy
persists in color-magnitude diagrams; without a knowledge of cluster mass, the proper evo-
lutionary track cannot be assigned to individual clusters and the absolute magnitude cannot
break the degeneracy. A combination of younger age and smaller mass produces the same
color and absolute magnitude as an older and more massive cluster. A 10° M, cluster with
an age of 107 years has the same Mpyssw and (F435W-F814W) as a 105 M, cluster with an
age of fewx 108 years (see bottom right panel in Figure 3.15).

(7i) Extinction—age degeneracy. The extinction vector for Mpyssyy magnitude and
(F435W — F814W) color is parallel to evolutionary tracks, therefore the effects of reddening
by dust cannot be distinguished from aging. Unfortunately, imaging in only two bands
makes it impossible to get a good estimate of extinction. Certainly, all clusters suffer some
amount of extinction, which also varies from cluster to cluster. In particular, extinction has
a strong effect on age estimates of clusters with (F435W — F814W) > 1.0, located to the
right of the evolutionary tracks. Even a moderate amount of extinction of Ay,=1 can make
a cluster appear ~ 800 Myr older, as in the case of the brightest cluster in IC 5283 (Chapter
3.3.3). Given these shortcomings, ages and masses were determinated only for clusters with
(F435W — F814W) < 0.51, corresponding to the age of 7.6 Myr. The ages are upper limits
and masses are lower limits since I do not attempt to correct for extinction.

Extinction

The extinction affecting SCs, once corrected for foreground reddening as discussed in
Chapter 2.3.2; can be either due to dust associated with the local star-forming region where
a cluster formed, or due to the wider dust distribution within the host galaxy. The dust
surrounding the birthplace of a cluster is cleared within a few Myr (see review by Larsen
(2010)). Therefore the dust in the galactic environment is likely responsible for the majority
of extinction. In the case of LIRGs it is of particular concern, since these galaxies contain
large amounts of dust obscuring their nuclear regions, resulting in their high IR luminosities.

Figure 3.19 shows the location of star clusters overlaid on (F435W—F814W) images.
The grey-scale displays the (F435W—F814W) color of the galaxy with darker shades corre-
sponding to larger (F435W—F814W) values and redder color and lighter shades to smaller
(F435W—F814W) values and bluer color. Cluster symbols are color-coded indicating the
color and hence a combination of the ages and reddening of clusters. SCs designated with blue
dots have (F435W—F814W) < 0.51. These SCs can be reliably age-dated as being younger
than 7.6 Myr. SCs designated with green triangles have (F435W—F814W) = 0.51 — 1.0 and
have a wide range of possible ages from 7.6 —500 Myr. This color bin covers the widest range
of cluster ages and therefore contains the largest number of SCs; the peak of the cluster color
histograms is within this bin (see Chapter 3.2.2). SCs designated with yellow squares have
(F435W—F814W) = 1.0 — 1.5 and ages between 500 Myr and 1 Gyr. SCs designated with
red stars have (F435W—F814W) > 1.5 and ages older than 1 Gyr. These could be either
globular clusters, highly reddened young clusters or foreground Galactic stars.

The inspection of Figure 3.19 shows that clusters are found predominantly in galaxy
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regions with relatively blue (F435W—F814W) colors. In early merger stages SCs are located
predominantly in spiral arms, in what appears to be high surface brightness high cluster
density regions. The spiral arms are accompanied by dark dust lanes containing relatively
few SCs. In general, it appears that the colors of clusters found in red dusty regions are
redder than other clusters. Figure 3.18 supports the assumption that the red cluster colors
are due to extinction rather than age-related. This figure shows the ratio (percentage) of
clusters found in “red” regions of the galaxy (i.e., redder than the median galaxy color) to
all detected clusters as a function of cluster color. For (F435W—F814W) > 2, 80% of the
clusters are found in red, highly extinguished galaxy regions.

Age—Dating

While the unknown extinction and masses of clusters prevent an accurate determination
of the ages of the majority of SCs, clusters with (F435W — F814W)< 0.51 are not subjected
to color-age degeneracy and are sufficiently blue that they cannot suffer a significant amount
of extinction, and thus limits can be placed on their ages and masses. Clusters can be as
young as 1.5 Myr (NGC 3690, NGC 5257, NGC 6786, NGC 7674), and the median age for
the young clusters in this LIRGs sample is ~ 6.9 Myr. It should be emphasized that ages
are upper limits, while the masses are lower limits, since no attempt was made to correct
for extinction. Clearly, some amount of extinction is present. In particular, young SCs are
assumed to be embedded in dust that is present in the star-forming region. Although the
dust might clear in as little as a few Myr (Larsen, 2010), 0.5 < Ay < 2.5 mag extinction is
found for 0—4 Myr old clusters (Whitmore & Zhang, 2002; Reines et al., 2008). On the other
hand, given the blueness of clusters with (F435W—F814W) < 0.51, the extinction cannot
be larger than Ay = 1 mag.

Table 3.5 lists the percentage of SCs with (F435W—F814W) < 0.51. The percentage of
these young clusters is highest in Arp 256 NED02 (57%) and lowest in Arp 220 (7%) with a
median of ~ 30%. The available data make it difficult to determine if a larger percentage of
young clusters in a galaxy is due to a younger cluster population or due to less extinction.

For clusters with 0.51 < (F435W—F814W) < 0.98 the color-age degeneracy and unknown
masses make an age estimate difficult. It would be reasonable to assume that some distribu-
tion of masses and ages is present; in which case the age range could span from a few Myrs
to a few hundred Myrs. For example, Whitmore et al. (2010) find in the Antennae a similar
range of cluster ages.

Clusters with (F435W—F814W)> 1.0 have either ages above 500 Myr or are much
younger clusters affected by a moderate amount of extinction. Several clusters have very red
colors indicating possible ages above 1 Gyr and hence could be old globular clusters. How-
ever, objects with (F435W—F814W) > 1.5 and Mpy351r < —9.5 mag cannot be old globular
clusters (assuming the upper mass limit of globular clusters of 105 My) and have be to ei-
ther foreground Galactic stars or highly extinguished clusters. The same argument applies
to objects that lie outside of the color range of the evolutionary models. Most galaxies in
the present sample have several clusters in this region of the color-magnitude diagram, but
only NGC 3256 and NGC 3690 have a significant percentage of cluster population in this
range. The observed extremely red colors can be produced even by a moderate amount of
extinction of Ay =2.
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It is certain that young massive un-extinguished clusters with ages less than 7.6 Myr are
present and make up a large fraction of cluster population (~ 30%) in this sample of LIRGs.
A population of heavily extinguished clusters is present as well. An age distribution with a
range of a few Myr to a few hundred Myr as seen in the Antennae is likely. Imaging with
additional filters or spectroscopy are needed to further constrain the cluster ages.

3.3.6 Spatial Distribution of Star Clusters
Surface Density Profiles

Figure 3.20 shows the cluster surface density profiles as a function of distance from the
8um core. The 8um core is used as the location of the nucleus of each merger component,
since it suffers from less dust extinction than the optical HST images. The cluster surface
density was calculated in circular annuli of 1 kpc width, and only the area within the masks
outlining the galaxy (Chapter 2.3.1) was taken into account. The cluster surface density is
generally highest near the nucleus of a galaxy and it gradually decreases with distance. Most
clusters are found in the main body of a galaxy within 10 kpc. The shape of the cluster
surface density profiles can be interpreted by comparing them to optical images (Figure
3.23) and to grey-scale maps in Figure 3.25. The surface density profiles of galaxies in early
merger stages (NGC 0695 to Arp 256) appear jagged and have several peaks that correspond
to locations of spiral arms; clusters are predominantly located in spiral arms where the
cluster surface density is increased. Galaxies in late merger stages (NGC 3256 - Arp 220)
have smooth surface density profiles; clusters are distributed more uniformly through-out the
body of the galaxy. Mid-merger stages (NGC 3690 - NGC 2623) have profiles with several
peaks that reflect an irregular distribution of large star-forming regions in the galaxy.

For roughly half of the galaxies in the sample (11 out of 19), the maximum cluster surface
density coincides with the nucleus. In the remaining 8 galaxies, the maximum cluster surface
density is displaced at about 1—3 kpc from the nucleus. Four galaxies (VV 340b, NGC 7469,
Arp 256 NEDO02, IC 5283), all of them early stage mergers, have narrow central peaks; in
the rest of the sample the central peaks are broader and the cluster surface density values
drop to half of their maximum values at ~ 5 kpc. The highest cluster surface density value
(20 clusters/kpc?) is found in NGC 3256, which is easily explained by its large number of
clusters and proximity. The lowest cluster surface density value is in NGC 7674, which is
due to the large linear size of the galaxy and more widespread distribution of clusters.

Six galaxies in this sample have extended tails: NGC 3690, IC 0883, NGC 1614, NGC 2623,
NGC 3256 and NGC 0034. The LIRGs NGC 1614 and NGC 2623 have ~ 20% of their
optically-visible cluster population in tails, NGC 3690 and IC 0883 have around ~ 10% and
NGC 0034 and NGC 3256 have less than 1%. NGC 3256 tails are not covered completely by
the ACS/WFC images.

Autocorrelation Functions

A more quantitative approach to the characterization of SC distribution was taken by
Zhang et al. (2001). They introduced the two-point correlation function in order to in-
vestigate the spatial distribution of star clusters and compare them to flux maps in other
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wavelength bands in NGC 4038/4039, the Antennae galaxies. The two-point correlation
function is a well-known technique that has been extensively used to study the large scale
galaxy distribution (Peebles, 1973, 1980) and can be easily adopted for the two-dimensional
discrete distribution of star clusters. The three-dimensional two-point correlation function
¢ is defined such that n[1 + £(r)]dr? is the probability of finding a neighbor in a volume dr®
within a distance r from a random object in the sample with the average density of objects
n. With this, the autocorrelation function for clusters can be defined as

L €0) = = > mil)

where n;(r) is the number density of clusters found in an aperture of radius r centered
on, but excluding cluster ¢, N is the total number of clusters and n is the average number
density of clusters. On the right hand side of the equation the mean surface density within
radius r from a cluster is divided by the mean surface density of the total sample; therefore
1+ &(r) is effectively the surface density enhancement within radius r as compared to the
average over the whole galaxy. For a random distribution of clusters the auto-correlation
function will be flat with 1 + £(r) = 1. For a clustered distribution, 1 + £(r) > 1 and
the auto-correlation function will be peaked at small radii. The width of the central peak
represents the characteristic spatial scale of association between the clusters. The statistical
uncertainty is estimated as NV, 2 with N, the number of pairs formed with the central
clusters i of the aperture (Peebles, 1980; Zhang et al., 2001). In order to estimate the number
density n;(r) of clusters in an aperture centered at cluster i, the area of each aperture was
calculated explicitly. Only the area within the masks outlining the galaxy was taken into
account.

Figure 3.21 shows plots of the auto-correlation functions of SCs on a logarithmic scale.
The auto-correlation functions peak sharply on small scales with a median FWHM of 0.53 pc.
FWHM values show strong correlations with galaxy distance and therefore are largely arti-
facts of resolution rather than being representative of the true spatial scale of clustering.

The maximum & + 1 values are between 25 and 13. The & + 1 axis scaling is somewhat
arbitrary. As already mentioned, {é+1 values are a measure of overdensity within the aperture
of radius r as compared to the average density over the whole galaxy n. The area of a galaxy
is not well-defined and consequently the average density over the galaxy n is not well-defined
either. In general, an aperture of 10 kpc radius centered on the 8um core was used (except
for NGC 7674), since most clusters are found within 10 kpc from the nucleus. There is no
correlation with maximum values of Figure 3.20, e.g. NGC 3256 has the highest peak cluster
surface density while the maximum of its auto-correlation function is one of the lowest in the
sample. The reason for this is the following: the peak values of cluster surface density reflect
the highest density found in a region of a galaxy, while the maximum of the auto-correlation
function in Figure 3.21 reflects the local overdensity measured for all clusters in a galaxy.

Autocorrelation functions have their maxima at small radii and decrease at larger radii.
Up to a distance of 1 kpc, the autocorrelation functions in a log-log plot are linear and can
be approximated with a power law. Slopes are fit out to a radius of 1 kpc; the resulting
power law indices are provided in Table 3.5. The median of the sample is —0.77 4+ 0.13
with minimum and maximum values of —0.52 and —0.95, respectively. These values are in
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good agreement with values found by Zhang et al. (2001) in the Antennae (—0.83 to —1.06
for cluster populations of different ages ) and Scheepmaker et al. (2009) in M51 (—0.8 and
—0.7).

In Figure 3.22, indices of the power law, fitted to the auto-correlation functions, are
plotted versus the merger order of the galaxy (as seen in Figure 3.3). Merger orders 4 — 7 are
galaxy pairs and therefore have two data points. The steepest slopes are found in UGC 11415,
IC 5283 and Arp 256 NEDO02 and the shallowest slopes are in NGC 3256 and NGC 3690. A
possible trend emerges: early merger stage LIRGs (merger orders 1—7) appear to have steeper
slopes and late merger stages (merger orders 8 — 15) shallower slopes. The median auto-
correlation function index of galaxies in early merger stages is —0.84 4+ 0.07 and the median
index of galaxies in late merger stages is —0.62 £ 0.09. The Mann-Whitney U test shows
a statistically significant difference of both means (p = 5.2 x 107°), and the Kolmogorov-
Smirnov test (p = 2.7 x 107*) confirms that the auto-correlation function indices of galaxies
in early and late merger stages were drawn from different populations. A higher power-law
index of galaxies in early merger stages indicates a larger degree of “clustering”, while in
late merger stages individual clusters are distributed through-out the galaxy. This finding is
confirmed also by a visual inspection of the ACS images and cluster surface density profiles.
Clusters in early merger stages are found in spiral arms and giant star-forming regions with
a large degree of “clustering”, while in late merger stages clusters are spread out through-out
the galaxy.

The two-point auto-correlation function provides some insights into the physical processes
of cluster formation. Since SCs form in molecular could complexes, the spatial distribution
of young star clusters is likely to reflect the structure of the ISM. Zhang et al. (2001) note
that the scale of 1 kpc is comparable to the size of giant molecular cloud complexes in the
Antennae. The power-law dependency of £ 4+ 1 with radius r is a sign of a hierarchical, self-
similar or fractal distribution. The index of a power-law n is related to the fractal dimension
D2 as D2 = n + 2 (Scheepmaker et al., 2009; Mandelbrot, 1983). Elmegreen & Elmegreen
(2001) showed that the ISM has a fractal dimension of 1.3. The mean power-law index of our
sample (—0.77) is in a good agreement. Late merger stages have smaller indexes, possibly
indicating that the ISM has a different fractal dimension in late-stage mergers than in spirals,
or that clusters have dispersed from their original formation locations.

3.3.7 Distribution of Flux in near-UV and mid-IR

One of the main benefits of the GOALS data set is the availability of observations at
multiple wavelengths (Armus et al., 2009), which makes it possible to compare the properties
of star formation traced by the optically visible SCs to star formation traced by GALEX
near-UV and Spitzer mid-IR images. The GALEX and Spitzer IRAC resolutions (5.3” and
2" respectively), although significantly lower than the resolution of HST/ACS (0.1”), still
permit an assessment of the distribution of large-scale star-forming regions as traced at these
wavelengths. The details of GALEX near-UV and Spitzer mid-IR imaging are presented in
Howell et al. (2010) and Mazzarella (2011).

Continuum fluxes in the ultraviolet and infrared spectral regions are among the main
indicators of star-formation activity and are widely used to estimate star formation rates
of galaxies (e.g., Kennicutt, 1998). The far- and near-UV trace directly the emission from
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photospheres of young massive stars. Dust attenuation poses a serious problem since even a
moderate amount of dust extinction reduces the UV flux significantly. In the particular case
of LIRGs, UV traces on average only ~ 2.8% of the total SFR (Howell et al., 2010). The
IRAC 8um channel is dominated by emission from Polycyclic Aromatic Hydrocarbons (PAH)
which are heated by UV photons. In certain cases, the PAH emission can be regarded as a
measure of the amount of UV radiation, e.g. in actively star-forming regions with uniform
metallicity and little contribution from the general radiation field of the galaxy, the 8um
emission correlates almost linearly with the SFR (e.g., Figure 3 of Calzetti et al., 2007). The
application of PAHs as a star formation tracer on galactic scales is problematic since the
PAH abundance is dependent on metallicity and PAHs are excited by the general radiation
field originating from older stars as well. Besides, PAHs are destroyed by harsh UV photon
fields in star-forming regions and the emission rather originates in the rims of HII regions
(Helou et al., 2004; Bendo, 2006). MIPS 24um channel is a good tracer of star formation as
well (Calzetti et al., 2005, 2007), but it is not used for this morphology analysis because the
24pm images are have low resolution and show signatures of the instrumental PSF.

Figure 3.23 shows the appearance of LIRGs in the cluster-rich sample in four different
filters: GALEX near-UV (0.23um), HST/ACS F435W (0.4pm) and F814W (0.8um) and
Spitzer IRAC 8um. The images are in the same merger sequence as Figure 3.3. The 3.6um,
4.5pum and 5.8um ITRAC images are omitted since their morphology is very similar to the
8um images. The Spitzer MIPS 24pum emission is not resolved and is omitted as well.

Optical F435W and F814W HST/ACS images of our sample show a wide variety of
morphologies. These high resolution images reveal an abundance of structures — spiral arms,
dust lanes, star-forming regions/complexes and tails. The F435W and F814W images are
similar in appearance. The F435W images highlight star-forming regions; dust lanes are
prominent as dark patches. The F814W images are less affected by dust and trace light from
the older stellar population and the nucleus.

The morphology of GALEX near-UV images can be roughly divided into 2 classes:
(i) bright nuclear region with knots distributed throughout the lower surface brightness
spiral arm emission and (ii) diffuse UV emission similar in extent to optical images with a
lack of prominent UV emission from the nucleus. Class (i) encompasses early merger stages
VV 340b, NGC 7674, NGC 6786 / UGC 11415, NGC 7469, as well NGC 3690, IC 1623
and NGC 3256. Class (ii) is represented by NGC 0695, NGC 5257/8, Arp 256, IC 0883,
NGC 2623 and NGC 0034. In NGC 1614 most UV emission originates from a bright star-
forming region, and the nucleus is less prominent. Arp 220 shows very little UV emission.

The TRAC 8um images can be divided into three classes. The first two classes are
identical to the UV classes; and class (iii) are systems with an unresolved bright nucleus and
almost no extended emission. Class (i), similar to UV images, encompasses early merger
stages VV 340b, NGC 7674, NGC 6786 / UGC 11415, Arp 256 NEDO1 as well as NGC 3690,
IC 1623, NGC 1614 and NGC 3256. Class (ii) includes NGC 0695, NGC 5257/8 and Arp 256
NEDO2. Finally, class (iii) contains predominantly late merger stages NGC 7469, IC 0883,
NGC 2623, NGC 0034 and Arp 220.

In general, two clearly different trends as a function of merger stage are observed:

(1) In the early merger stages, the near-UV and 8um morphology appear similar. The
nuclear regions are bright, and emission from spiral arms is clearly visible.
(2) In the late merger stages, the near-UV and 8um morphologies are very different. The
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near-UV appears more diffuse and extented, whereas the 8ym morphology is more concen-
trated and originates primarily from the nucleus.

Figure 3.24 shows (F435W—F814W) images in grey-scale with near-UV and 8um contours
overlaid. The (F435W—F814W) images, already used in Figure 3.19, give a better view of
the structure of galaxies such as dust lanes, obscured nuclei (dark shading) and blue star-
forming regions (light shading). In early merger stages (mostly face-on spiral galaxies), blue
star-forming regions in spiral arms run along dark red dust lanes. In late merger stages the
nuclear region is obscured by dust and appears red, and giant star-forming regions stand out
in light shading. As expected, in general the near-UV and 8um emission originate in different
regions: the UV flux coincides with blue galaxy regions while 8um flux correlates with red,
dusty regions. In early merger stages (NGC 0695, VV 340b, NGC 7674 and NGC 6786 /
UGC 11415) 8um and UV contours overlap somewhat since both follow the spiral arms.
Starting with NGC 7469 the overlap disappears: the maxima of emission are offset, an in
some cases are opposite: e.g., in IC 1623 the western galaxy is bright in UV and the eastern
nucleus is bright in 8um.

These multi-wavelength figures clearly illustrate a scenario in which the star formation
within LIRGs occurs throughout the spiral arms and nuclear region of the progenitors in
the early stages, with dust playing a smaller role in obscuration. As the merger progresses
and gas flows inward as the spiral structure is disrupted, the star formation in the nuclear
regions is enhanced, and dust has a much stronger affect on obscuring the nuclear starburst
at optical and UV wavelengths.

3.3.8 Distribution of Star Clusters Relative to near-UV and mid-
IR Emission

Figure 3.25 shows in grey-scale the surface density of clusters. The grey-scale maps
were created by smoothing an image containing the positions of clusters with a Gaussian
filter to match the resolution of the IRAC 8um images. Overlaid on the grey-scale SC
surface density are contours of near-UV and 8um emission. In general, the distribution of
near-UV emission appears to correlate better with the cluster distribution than the 8um
emission. As described in the previous section, the 8um emission in early stage mergers
follows roughly the spiral arms tracing the dark dust lanes that run along these spiral arms
(e.g., in NGC 7674, NGC 6786 / UGC 11415, NGC 5257/8 and Arp 256). In these cases,
there is some degree of overlap between cluster locations and 8um emission contours. For
example, in NGC 7674 knots of 8um emission coincide with high cluster density areas as well
as spiral arms. With progressing merger stage the images no longer show a clear association
between 8uum emission and cluster locations. In particular, 8um emission emanates from the
nucleus while the SC distribution is extended. In these late merger stage systems, the near-
UV emission appears to trace the clusters more effectively than the 8um emission. In some
cases the peaks (NGC 3690, IC 1623, IC 0883, NGC 1614) or higher contours (NGC 2623,
NGC 3256) of near-UV emission are directly associated with cluster-dense regions.

To test the above visual impression, cross-correlation functions between SC locations and
the 8um and near-UV fluxes were calculated. Zhang et al. (2001) define the cross-correlation

42



function between SC locations and flux maps as

1+ €)= 27 30 A0

where f;(r) is the intensity (i.e. flux per pixel) in an aperture with radius r centered on
cluster i, and f is the mean intensity over the galaxy. Only the statistical uncertainty due
to a finite number of clusters NV is taken into account; the uncertainty in flux estimates is
neglected, leading to uncertainties of N~/2.

Figure 3.26 shows the results of the cross-correlation of SC locations with 8um and near-
UV fluxes. Some degree of correlation is expected simply due to the fact that both, SCs and
flux, are located within the galaxy. As mentioned in Chapter 3.3.6, the £ 4+ 1 axis scaling
is somewhat arbitrary. In case of cross-correlation functions, £ 4+ 1 values are a measure
of flux excess within the aperture of radius r as compared to the average flux f over the
whole galaxy. In order to compare near-UV and 8um fluxes, the correlation functions were
calculated using the same area in both the UV and 8um images, usually 48" was sufficient
to cover the entire flux of a galaxy.

Correlation functions with near-UV emission (red line) have Gaussian shapes, with a
maximum at small radii and decreasing smoothly. The FWHM has a median value of 6.9 kpc;
i.e., the near-UV emission traces clusters rather diffusely. The FWHM of the correlation
functions show a strong dependence on the distance of the galaxy, which is clearly an effect
of resolution.

The 8um correlation functions (black line) have peaks with approximately half the am-
plitude of the near-UV functions. Further, the profiles are flatter and peak either at small
radii or have a maximum at 5—8 kpc. This latter feature is due to the fact that, in many
LIRGs, the mid-infrared emission is concentrated in the nuclear region, which is offset from
the main location of clusters (e.g., NGC 2623). These offsets primarily occur at late merger
stages, a slightly better correlation for early merger stages can be inferred, as seen also in
Figure 3.25.

The correlation functions confirm the visual impression: near-UV emission is clearly
better associated with young SCs than 8um emission. This finding is not surprising: as
already mentioned in Chapter 3.3.2 the UV emission arises from young massive un-obscured
stars and traces the same type of star formation as the young SCs.

3.4 Conclusions

The cluster populations of 15 cluster-rich (> 140), nearby (2 < 0.034) LIRGs from the
GOALS sample were investigated. Hubble Space Telescope ACS/WFPC images obtained
with the F435W and F814W filters were used for cluster detection and photometry. The
following conclusions have been reached:

e The overall appearance of host galaxies in optical images shows clear signs of an inter-
action process. The cluster-rich LIRGs sample contains systems at different interaction
stages, from widely separated galaxy pairs to apparent single-nucleus late-stage merg-
ers.

43



The number of detected SCs ranges between 150 and 1700 per galaxy, with a median of
~ 300 clusters. The number of detected SCs is affected by the distance to the galaxy,
galaxy orientation, and the amount of dust obscuration, and thus may not reflect the
intrinsic cluster population of a LIRG.

The apparent magnitudes of detected SCs in F435W and F814W filters range from 21
to 27 mag, corresponding to the absolute magnitude range of —13 to —9 mag.

The (F435W—F814W) colors of clusters vary between —0.5 < (F435W—-F814W) < 3;
median (F435W—F814W) colors of a SC population in a galaxy range between 0.43
and 1.13.

The specific frequency, Ty, (i.e., a measure of the number of clusters per unit host
galaxy luminosity) for young clusters, limited to Mpy3sw < —9 mag and corrected
for completeness, ranges from 0.67 to 1.73 with a median of 1.14 4+ 0.30. The specific
frequency is enhanced in this sample of LIRGs as compared to local spirals, which have
values in the range of 0.18 to 1.75 with a median of 0.45 £ 0.53 (Larsen & Richtler,
2000).

The specific luminosity, 77, (i.e. the percentage of flux contributed by clusters to the
total flux of the host galaxy) varies between 0.3 and 7.3 with a median 3.4 4+ 2.0 in
F435W and 1.9 + 0.9 in F814W images. The relation of 77, with total SFR, found in
normal spiral galaxies (Larsen & Richtler, 2000) is not valid for LIRGs, but instead a
trend of 17, with SFR derived from FUV fluxes is observed.

The present LIRGs sample contains some of the most luminous clusters observed so
far, with brightest clusters having M gy35 ~ —17 mag. The cluster-rich LIRGs follow
well the brightest cluster — SFR correlation observed for lower luminosity star-forming
galaxies.

Power-law indices of completeness-corrected luminosity functions have median values
of —1.91 +0.21 and —1.88 £ 0.20 for F435W and F814W images, respectively. These
values are in good agreement with previously published results for other galaxy samples
(e.g., Portegies Zwart et al. (2010) and references therein).

In order to constrain cluster ages, color-magnitude diagrams ((F435W—F814W) versus
M pa35w ) were constructed and Bruzual-Charlot population synthesis models were plot-
ted for various cluster masses. A significant population of very young un-extinguished
SCs that can be reliably age-dated as being younger than 7.6 Myr is present. These
clusters comprise ~ 9% —60% of the cluster population, with a median value of ~ 30%.
Given the unknown extinction and cluster masses, the ages of cluster population can
vary from 5 x 10® years to few 10® years. Approximately 80% of the clusters with colors
> 2.0 are associated with dust lanes, and thus their colors are likely red primarily due
to extinction rather than age.

Autocorrelation functions of SC locations were calculated and a power-law fit to the
inner 1 kpc. The power-law indices vary between —0.52 and —0.95 with a median of
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—0.77 £ 0.13. Early merger stage LIRGs have the median auto-correlation function
index of —0.84 4+ 0.07 and late merger stages have the median index of —0.62 £ 0.09,
indicating a larger degree of “clustering” in early merger stages. SCs in LIRGs in
early merger stages are found in spiral arms and giant star-forming regions with a
large degree of clustering, while in late merger stages SCs are dispersed throughout
the galaxy.

A comparison of galaxy morphology in near-UV and mid-IR (8um) shows that early
stage mergers have similar near-UV and 8um morphologies, with bright nuclear regions
and emission from spiral arms. In contrast, late stage mergers have extended and
diffuse near-UV emission and compact 8um emission primarily concentrated in the
nuclear regions. This is consistent with a scenario in which the star formation within
LIRGs occurs throughout the spiral arms and nuclear regions of the progenitors in the
early stages, with dust playing a smaller role in obscuration. As the merger progresses
and gas flows inward as the spiral structure is disrupted, the star formation in the
nuclear regions is enhanced, and dust has a much stronger effect on obscuring the
nuclear starburst.

Cluster density maps were constructed in order to compare the distribution of optically
visible clusters with IR and UV imaging data. The cluster-overdense regions do not
coincide well with 8um/PAH emission as traced by Spitzer IRAC images but are rather
associated with high surface brightness regions in GALFEX near-UV images. Cross-
correlation functions of SC locations with near-UV and 8um fluxes were computed. The
correlation coefficients (amplitudes) of the near-UV are about twice as large as 8um
coefficients. It is concluded that, in general, the optical star formation is not associated
with regions of strong PAH emission and imbedded star formation. This finding is not
surprising since un-obscured young SCs are expected to produce a significant amount of
UV emission and 8um/PAH emission originates primarily in obscured central regions.

Optically visible young clusters and UV emission represent un-obscured star formation
which appears to be unassociated with the bulk of the star formation that takes place
in the dusty central regions of LIRGs.
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Table 3.1. Cluster—Rich LIRGs Sample
Name Name R.A. Dec. VHelio Dy, scale log Lir
IRAS Optical ID (J2000) (J2000) (kms™!) (Mpc) (kpc/”) (Le)
00085-1223 NGC 0034 00h11m06.5s  -12d06m26s 5881 84.1 0.392 11.49
00163-1039  Arp 256 11.48
Arp 256 NEDO2 00h18m50.1s -10d21m42s 8193 118.0 0.540
Arp 256 NEDO1 00h18m50.9s -10d22m37s 8125 117.0 0.536
01053-1746  IC 1623 01h07m47.2s -17d30m25s 6016 85.5 0.399 11.71
01484-+2220 NGC 0695 01h51m14.2s +22d34mb57s 9735 139.0 0.634 11.68
04315-0840 NGC 1614 04h33mb59.8s  -08d34m44s 4778 67.8 0.319 11.65
08354+2555 NGC 2623 08h38m24.1s +25d45ml7s 5549 84.1 0.393 11.60
10257-4338 NGC 3256 10h27mb51.3s  -43d54ml4s 2804 38.9 0.185 11.64
1125745850 NGC 3690 11h28m32.2s  +58d33m44s 3093 50.7 0.242 11.93
13183+3423 1C 0883 13h20m35.3s  +34d08m22s 6985 110.0 0.507 11.73
13373+0105 Arp 240 11.62
NGC 5258 13h39m57.7s  +00d49mb1s 6757 108.0 0.500
NGC 5257 13h39m52.9s  +00d50m24s 6798 109.0 0.503
1454742449 VV340 11.74
VV340a 14h54m48.3s  +24d49m03s 10094 157.0 0.710
VV340b 14h54m47.9s  +24d48m25s 10029 156.0 0.706
1532742340 Arp 220 15h34m57.1s  +23d30m11s 5434 87.9 0.410 12.28
1912047320 VV 414 11.49
NGC 6786 19h10m53.9s  +73d24m37s 7500 113.0 0.519
UGC 11415 19h11m04.5s +73d25m36s 7555 113.0 0.522
23007+0836  Arp 298 11.65
NGC 7469 23h03m15.6s +08d52m26s 4892 70.8 0.332
1C 5283 23h03m18.0s  +08d53m37s 4804 69.6 0.327
2325440830 Arp 182 11.56
NGC 7674 23h27mb56.7s  +08d46m4bs 8671 125.0 0.574
NGC 7674A 23h27mb58.8s  +08d46mb58s 8852 128.0 0.585

Note. — Column 1: Name of the IRAS source. Column 2: Name of the optical source. The
systems are separated into individual galaxies/components. Columns 3 and 4: Right Ascension
and Declination from NED. Column 5: Heliocentric velocity. Column 6: The luminosity distance
in Megaparsecs. Column 7: The total infrared luminosity in logl0 Solar units. The redshift
dependent values were derived by correcting the heliocentric velocity for the 3-attractor flow
model of Mould et al. 2000 and adopting cosmological parameters Hy = 70kms~'Mpc™!, Qy =
0.28, and Qy = 0.72 based on the five-year WMAP results (Hinshaw et al., 2009), as provided
by NED. Values are consistent with Armus et al., 2009.
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Table 3.2.

Host Galaxy Photometry in the Cluster—Rich LIRGs Sample

Name ME435W Mpazsw ME814AW MFpg1aw  merger stage
NGC 0034 13.91 £ 0.005 -20.83 12.32 £ 0.002 -22.36 late
Arp 256 13.99 £+ 0.005 -21.52 12.61 £+ 0.003 -22.81 early
Arp 256 NED0O2 14.73 £ 0.007 -20.77 13.34 £+ 0.004 -22.17
Arp 256 NEDO1  14.75 4+ 0.007 -20.75 13.39 £+ 0.004 -22.12
IC 1623 13.31 £ 0.003 -21.42 12.06 £ 0.002 -22.63 mid
NGC 0695 14.32 £+ 0.006 -21.79 12.49 £+ 0.003 -23.40 early
NGC 1614 13.69 £ 0.004 -21.13 11.87 £ 0.002 -22.59 mid
NGC 2623 14.29 + 0.005 -20.51 12.61 £ 0.003 -22.10 mid
NGC 3256 12.22 £+ 0.002 -21.25 10.42 £+ 0.001 -22.76 late
NGC 3690 12.34 £+ 0.002 -21.25 10.77 £ 0.001 -22.79 mid
IC 0883 14.54 + 0.006 -20.72 12.92 + 0.003 -22.31 mid
Arp 240 12.86 £ 0.003 -22.44 11.28 £+ 0.002 -23.95 early
NGC 5258 13.64 £+ 0.004 -21.65 11.97 £+ 0.002 -23.27
NGC 5257 13.58 £+ 0.004 -21.71 12.10 £ 0.002 -23.13
VV340 14.35 £ 0.006 -21.81 12.43 £+ 0.003 -23.63 early
VV340a 15.33 £ 0.009 -20.83 13.09 £+ 0.004 -22.98
VV340b 14.96 £ 0.007 -21.21 13.37 £ 0.004 -22.69
Arp 220 14.08 £+ 0.005 -20.86 12.07 £ 0.002 -22.75 late
VV 414 13.72 £+ 0.004 -22.15 11.79 £+ 0.002 -23.75 early
NGC 6786 14.30 £ 0.005 -21.57 12.47 £+ 0.003 -23.07
UGC 11415 14.67 £ 0.006 -21.20 12.63 £+ 0.003 -22.91
Arp 298 13.09 £+ 0.003 -21.46 11.15 £+ 0.001 -23.23 early
NGC 7469 13.30 £ 0.003 -21.24 11.41 £ 0.002 -22.98
IC 5283 14.92 £ 0.007 -19.62 12.82 £+ 0.003 -21.56
Arp 182 13.78 £+ 0.004 -21.95 11.99 + 0.002 -23.61 early
NGC 7674 14.10 £ 0.005 -21.64 12.35 £ 0.003 -23.25
NGC 7674A 16.05 £+ 0.012 -19.69 13.96 £ 0.005 -21.64

Note. — Column 1: Name of the optical source. Column 2: Apparent F435W
magnitude. Column 3: Absolute F435W magnitude calculated using luminosity
distance in Table 1. Column 4: Apparent F814W magnitude. Column 5: Absolute
F814W magnitude calculated using luminosity distance in Table 1. Column 6:
Merger stage
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Table 3.3. Star Cluster Properties in the Cluster—Rich LIRGs Sample I

Name No  (FA35W-F814W) T T, (F435W) T, (F814W)

NGC 0034 182 0.84 + 0.48 0.674 + 0.03 2.43 £0.04 1.52 £ 0.03

Arp 256 274

Arp 256 NED0O2 169 0.43 + 0.45 1.442 + 0.10 4.64 £ 0.09 1.86 + 0.05

Arp 256 NEDO1 105 0.52 £+ 0.46 0971 £ 0.06 2.72 4+ 0.07 1.37 £ 0.05

1C 1623 313 0.57 + 0.72 0.990 + 0.04 7.01 £ 0.12 3.54 £ 0.07

NGC 0695 200 1.01 = 0.57 1.003 +£ 0.08 3.80 £ 0.15 2.18 + 0.09

NGC 1614 374 0.69 + 0.55 1.191 £ 0.06 3.37 £ 0.09 1.82 + 0.04

NGC 2623 211 0.72 £+ 0.61 0.946 4+ 0.04 1.24 +0.04 0.69 £ 0.02

NGC 3256 1729 0.90 £+ 0.62 1.298 +£ 0.03 4.83 £ 0.11 2.80 + 0.06

NGC 3690 1321 0.66 + 0.62 1.729 +£ 0.05 5.42 +£ 0.10 3.17 + 0.06

IC 0883 164 0.83 £ 0.61 1.187 £ 0.07 3.07 £ 0.04 1.90 + 0.02

Arp 240 860

NGC 5258 385 0.88 + 0.59 1.208 +£ 0.07 3.81 £ 0.07 1.95 + 0.05

NGC 5257 475 0.73 £ 0.56 1.529 +£ 0.09 3.88 +£0.13 1.89 + 0.07

VV340 202

VV340a 14

VV340b 188 0.56 4+ 0.50 0.870 &+ 0.07 2.53 £ 0.10 1.09 £ 0.06

Arp 220 204 1.13 £ 0.65 0.709 = 0.03 0.50 £ 0.03 0.33 £ 0.01

VV 414 421

NGC 6786 293 0.63 £ 0.56 1.137 £ 0.09 6.28 +0.12 2.04 + 0.06

UGC 11415 128 0.73 + 0.53 0.721 £ 0.05 0.89 + 0.04 0.37 £+ 0.02

Arp 298 414

NGC 7469 332 0.71 + 0.64 0.690 + 0.02 7.31 £ 0.11  2.66 £ 0.07

IC 5283 82 1.12 £ 0.87 1.194 +£ 0.05 0.96 £ 0.05 0.66 + 0.03

Arp 182 299

NGC 7674 299 0.68 4 0.50 1.315 £ 0.11  1.70 £ 0.06  0.60 + 0.03

NGC 7674A 0

Note. — Column 1 : Name of the optical source. Column 2: Number of detected

star clusters. Column 3: Median (F435W—F814W) color of clusters in a galaxy.
Column 4: Corrected specific frequency T, limited to Mpy351 < —9 and corrected
for completeness. Column 5: Specific luminosity 77, in the F435W images. Column

6: Specific luminosity 77 in the F814W images.

VV 340a and NGC 7674A.
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Table 3.4. Most Luminous Star Clusters in the Cluster-Rich LIRGs Sample

Mpassw  (FA35W—F814W) Age Mass SFR total

Name (mag) (mag) (Myr) x10°(Mg) (Mgeyr—1)
NGC 0034 -15.15 0.78 7.94 1.33 46.9
Arp 256
Arp 256 NEDO02 -15.75 -0.08 5.01 1.74 3.9
Arp 256 NEDO1 -14.62 0.28 6.61 0.67 48.6
1C 1623 -16.16 -0.17 4.79 2.54 94.1
NGC 0695 -15.18 0.60 7.59 1.26 84.6
NGC 1614 -15.52 0.66 7.94 1.84 78.7
NGC 2623 -14.06 0.91 8.32 0.58 69.2
NGC 3256 -15.85 0.26 6.61 1.96 76.5
NGC 3690 -15.85 0.45 7.24 2.12 150.5
IC 0883 -16.27 0.75 7.94 3.53 94.2
Arp 240
NGC 5258 -16.22 0.92 8.32 3.77 36.0
NGC 5257 -15.35 0.50 7.59 1.46 35.7
VV340
VV340a
VV340b -14.78 0.15 5.75 0.70 17.6
Arp 220 -12.24 0.73 7.94 0.11 327.7
VV 414
NGC 6786 -16.67 -0.14 5.01 3.94 143.2
UGC 11415 -14.75 0.50 7.59 0.86 54.5
Arp 298
NGC 7469 -17.09 0.27 6.61 5.83 66.7
IC 5283 -12.30 1.36 807.24 0.24 10.7
Arp 182
NGC 7674 -14.41 0.05 5.25 0.52 61.3
NGC 7674A

Note. — Column 1: Name of the optical source. Column 2: Absolute F435W
magnitude of the most luminous cluster. Columns 3: (F435W—F814W) color
of the most luminous cluster. Columns 4 and 5: Age and mass for the respective

age according to Bruzual & Charlot 2003 evolutionary models. Column 6: SFR
derived from IRAS FIR and GALEX FUV fluxes (Howell et al., 2010).
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Table 3.5. Star Cluster Properties in the Cluster—Rich LIRGs Sample 11

Luminosity Function Index  Percentage SCs  Autocorrelation

Name aF435W aF814W younger 7.6 Myr index
NGC 0034 -1.70 £ 0.28 -1.70 £ 0.26 9.9 -0.69 £ 0.18
Arp 256
Arp 256 NED0O2 -1.81 £0.21 -1.78 +£0.34 56.8 -0.92 £ 0.25
Arp 256 NEDO1 -1.76 £ 0.22 -1.72 £ 0.24 48.6 -0.84 £ 0.33
IC 1623 -1.54 £ 0.20 -1.50 £ 0.20 44.7 -0.77 £ 0.10
NGC 0695 -1.65 +£ 0.20 -1.72 + 0.23 18.0 -0.77 £ 0.18
NGC 1614 -1.82 £ 0.27 -1.75 £ 0.25 30.7 -0.65 £ 0.07
NGC 2623 -2.12 £ 0.27 -2.16 £ 0.24 25.1 -0.77 £ 0.15
NGC 3256 -1.84 £ 0.17 -1.91 £ 0.15 17.1 -0.52 £ 0.03
NGC 3690 -1.80 £ 0.16 -1.76 £ 0.15 38.3 -0.54 £ 0.03
1C 0883 -2.17+£0.22 -2.01 £ 0.21 17.1 -0.59 £ 0.29
Arp 240
NGC 5258 -1.91 £ 0.30 -1.88 + 0.29 16.6 -0.84 + 0.15
NGC 5257 -1.96 +£ 0.29 -1.97 + 0.28 29.5 -0.77 £ 0.12
VV340
VV340a
VV340b -1.93 £ 0.26 -1.97 + 0.21 44.1 -0.89 £ 0.38
Arp 220 -2.27 £ 0.30 -2.15 £ 0.27 6.9 -0.56 £+ 0.24
VV 414
NGC 6786 -1.81 £ 0.29 -1.78 £ 0.30 37.9 -0.75 £ 0.15
UGC 11415 -227 £ 0.30 -1.94 £ 0.36 27.3 -0.94 £ 0.26
Arp 298
NGC 7469 -1.98 £ 0.39 -2.02 £ 0.33 31.9 -0.77 £ 0.11
1C 5283 -2.16 £ 0.29 -1.54 + 0.27 15.9 -0.95 £ 0.15
Arp 182
NGC 7674 -2.20 £ 0.30  -2.22 £ 0.20 37.8 -0.84 £ 0.20
NGC 7674A
Note. — Column 1: Name of the optical source. Columns 2 and 3: Luminosity

function index « for F435W and F814W images. Column 4: Percentage of
cluster population that can be reliably age-dated as younger than 7.6 Myr with
no extinction correction. Column 5: Autocorrelation function index.
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Figure 3.1: The distribution of the number of SCs per LIRG system (i.e. galaxy pairs count
as one system). Three LIRGs (NGC 3256, NGC 3690 and NGC 5257) are absent from this
histogram due to a very large (>800) number of SCs. The shaded portion of the histogram
constitutes the cluster-rich LIRGs sample.
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Figure 3.2: Number of detected SCs versus luminosity distance. The system in the cluster-
rich LIRGs sample are denoted with triangles. The horizontal dashed lines indicates the
number of clusters selection criterion, the vertical dashed line indicates the resulting lumi-
nosity distance range.
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is the x? fit to the corrected histograms and the derived power-law index « of the lumi-
nosity function is quoted in the upper right corner. The arrow indicates the 50% detection
completeness limit.
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Figure 3.15: The Mp4zsw versus (F435W—F814W) color-magnitude diagrams. Evolutionary
tracks from Bruzual-Charlot population synthesis models for an instantaneous starburst are
plotted for cluster masses with 10> Mg, (green) and 10° Mg, (blue). The lower right panel
contains also the 10* Mg track in black. The blue 10 Mg track is labeled with ages.
The arrow represents 1 magnitude visual extinction. Only SC with (F435W—F814W) error
< 0.25 mag are plotted.
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Figure 3.16: The Mpyssw versus (F435W—F814W) color-magnitude diagram for the four
galaxies that are members of galaxy pairs and have fewer detected clusters.
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Figure 3.17: (F435W—F814W) color evolutionary track according to Bruzual-Charlot pop-
ulation synthesis models.
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Figure 3.18: Ratio of clusters located in red galaxy regions (i.e., redder than the median
galaxy color) to all detected clusters as a function of cluster color.
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£ W 340b

NGC 7674 - e ' 5 NGC 6786

Figure 3.19: Grey-scale (F435W—F814W) host galaxy images with superposed positions of
clusters I. Darker shades correspond to larger (F435W—F814W) values and redder color and
lighter shades to smaller (F435W—F814W) values and bluer color. The color value of the
cluster represents the (F435W—F814W) bin the cluster is in. (F435W—F814W) < 0.51 bin
clusters are designated with blue dots, 0.51 <(F435W—F814W) < 1.0 with green triangles,
1.0 <(F435W—F814W) < 1.5 with yellow squares, (F435W—F814W)> 1.5 with red stars.
Black circle indicates the most luminous cluster. LIRGs are arranged in the merger sequence
order.
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UGC 11415 NGC 7469

IC 5283

Figure 3.19: (F435W—F814W) images with superposed positions of clusters II. The color
value of the cluster represents the (F435W—F814W) bin the cluster is in. (F435W—F814W)
< 0.51 bin clusters are designated with blue dots, 0.51 <(F435W—F814W) < 1.0 with green
triangles, 1.0 <(F435W—F814W) < 1.5 with yellow squares, (F435W—F814W)> 1.5 with
red stars. Black circle indicates the most luminous cluster.
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Arp 256_NEDO2

Arp 256_NEDO1

Figure 3.19: (F435W—F814W) images with superposed positions of clusters III. The color
value of the cluster represents the (F435W—F814W) bin the cluster is in. (F435W—F814W)
< 0.51 bin clusters are designated with blue dots, 0.51 <(F435W—F814W) < 1.0 with green
triangles, 1.0 <(F435W—-F814W) < 1.5 with yellow squares, (F435W—F814W)> 1.5 with
red stars. Black circle indicates the most luminous cluster.
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IC 1623

NGC 2623

Figure 3.19: (F435W—F814W) images with superposed positions of clusters IV. The color
value of the cluster represents the (F435W—F814W) bin the cluster is in. (F435W—-F814W)
< 0.51 bin clusters are designated with blue dots, 0.51 <(F435W—-F814W) < 1.0 with green
triangles, 1.0 <(F435W—-F814W) < 1.5 with yellow squares, (F435W—F814W)> 1.5 with
red stars. Black circle indicates the most luminous cluster.
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NGC 0034

Arp 220

Figure 3.19: (F435W—F814W) images with superposed positions of clusters V. The color
value of the cluster represents the (F435W—F814W) bin the cluster is in. (F435W—F814W)
< 0.51 bin clusters are designated with blue dots, 0.51 <(F435W—-F814W) < 1.0 with green
triangles, 1.0 <(F435W—F814W) < 1.5 with yellow squares, (F435W—F814W)> 1.5 with
red stars. Black circle indicates the most luminous cluster.
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Figure 3.20: Cluster surface density as a function of distance from the 8um centroid. The
bottom row shows the four galaxies that are members of galaxy pairs and have fewer detected
clusters.
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Figure 3.21: Autocorrelation functions of SCs. Both axis are shown on a logarithmic scale.
The red line is a linear fit to the autocorrelation function up to a distance of 1 kpc. The
index of the power-law is indicated in the upper right corner. The bottom row shows the

four galaxies that are members of galaxy pairs and have fewer detected clusters.
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in the same order as in Figure 3.3.
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Figure 3.23: Multi-wavelength view of the cluster-rich LIRGs sample 1. Each row shows
GALEX near-UV, HST/ACS F435W, HST/ACS F814W and Spitzer IRAC 8um images.
The scale bar in the lower left corner corresponds to 20” and the number above indicates
the scale in kpc at the distance of the system. LIRGs are arranged in the merger sequence

order.
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Figure 3.23: Multi-wavelength view of the cluster-rich LIRGs sample II. Each row shows
GALEX near-UV, HST/ACS F435W, HST/ACS F814W and Spitzer IRAC 8um images.
The scale bar in the lower left corner corresponds to 20” and the number above indicates
the scale in kpc at the distance of the system. LIRGs are arranged in the merger sequence
order.
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Figure 3.23: Multi-wavelength view of the cluster-rich LIRGs sample III. Each row shows
GALEX near-UV, HST/ACS F435W, HST/ACS F814W and Spitzer IRAC 8um images.
The scale bar in the lower left corner corresponds to 20” and the number above indicates
the scale in kpc at the distance of the system. LIRGs are arranged in the merger sequence
order.
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Figure 3.23: Multi-wavelength view of the cluster-rich LIRGs sample IV. Each row shows
GALEX near-UV, HST/ACS F435W, HST/ACS F814W and Spitzer IRAC 8um images.
The scale bar in the lower left corner corresponds to 20” and the number above indicates
the scale in kpc at the distance of the system. LIRGs are arranged in the merger sequence
order.
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NGC_0695 i 0.23um NGC_0695

NGC_7674 - NGC_7674

Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um con-
tours superposed on grey-scale (F435W—F814W) host galaxy images I. Darker shades cor-
respond to larger (F435W—F814W) values and redder color and lighter shades to smaller
(F435W—F814W) values and bluer color. The scale bar in the lower left corner corresponds
to 10” and the number above indicates the scale in kpc at the distance of the system. LIRGs
are arranged in the merger sequence order.
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0.23um NGC,7!

Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale (F435W—F814W) host galaxy images II.
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Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale (F435W—F814W) host galaxy images III.
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Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale (F435W—F814W) host galaxy images IV.
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Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale (F435W—F814W) host galaxy images V.
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Figure 3.24: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale (F435W—F814W) host galaxy images VI.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale SC density maps I. Darker shades correspond to larger SC density
values and lighter shades to smaller SC density values. The scale bar in the lower left corner
corresponds to 10” and the number above indicates the scale in kpc at the distance of the
system. LIRGs are arranged in the merger sequence order.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale SC density maps II.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale SC density maps III.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale SC density maps IV.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours
superposed on grey-scale SC density maps V.
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Figure 3.25: GALEX NUV 0.23um contours (left column) and Spitzer IRAC 8um contours

superposed on grey-scale SC density maps VI.
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Figure 3.26: Cross-correlation functions of SC locations with Spitzer IRAC 8um (black) and
GALEX 0.23um (red) fluxes. The bottom row shows the four galaxies that are members of
galaxy pairs and have fewer detected clusters.
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Chapter 4

Properties of Optically Luminous Stellar Clusters in a
Complete Sample of Luminous Infrared Galaxies

In this chapter the analysis of SC populations in the complete sample of 87 LIRGs
imaged with HST/ACS as part of the Great Observatories All-Sky LIRG Survey (GOALS)
is presented. The focus of this chapter is to quantify collective SC properties discussed
in the previous chapter (number of SCs, specific frequency, specific luminosity, luminosity
function, the magnitude of the brightest cluster, median (F435W—F814W) color of the
cluster population and fraction of age-dated young clusters) in a large number of galaxies and
to unveil possible trends with host galaxy properties such as optical and infrared luminosities,
(F435W—F814W) color, merger stage, SFR and nuclear activity type.

4.1 Sample

The sample of galaxies discussed in this chapter is the complete HST-GOALS sample. It
consists of 87 LIRGs with Lig > 104 L, drawn from the flux limited (i.e., fooum > 5.24 Jy)
IRAS Revised Bright Galaxy Sample (RBGS; Sanders et al., 2003). The HST-GOALS
sample represents the most luminous IR sources in the GOALS sample (Armus et al., 2009).
The luminosity cutoff of the HST-GOALS sample reflects the fact that at luminosities above
Lig > 10" Ly, the space density of far-infrared selected galaxies exceeds that of optically
selected galaxies (Sanders et al., 2004). The infrared luminosity of the HST-GOALS sample
covers the range Lig=10146"1257 T, with a median of Lig=10'""% L, and contains 66 LIRGs
and 21 ULIRGs. The redshifts range between 0.009 < z < 0.088 with the median z = 0.034,
corresponding to luminosity distances of 38.9 Mpc to 400 Mpc with a median of 150 Mpc.

The galaxies in the HST-GOALS sample span the full range of nuclear spectral types
(Type-1 and Type-2 Seyferts, LINERs and starbursts) and interaction stages (isolated galax-
ies, galaxy pairs, coalesced galaxies and late stage mergers). The size of the sample and the
relative proximity of the objects combined with the high resolution (~ 0.1”) and large field of
view (3.4” x 3.4’) of the HST/ACS images make the HST-GOALS data set the best sample
for studying optically-visible star clusters in luminous starburst galaxies. The HST-GOALS
sample is presented in Table 4.1. In LIRG systems composed of two or more distinct galaxies,
the galaxies have been individually tabulated.

In six LIRGs (ESO 203-1G001, IRAS F05189-2524, IRAS 0522341908, IRAS F10173+4-0828,
IRAS F14378-3651, IRAS 19542+1110) no star clusters have been detected and these systems
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are excluded from the cluster analysis. These galaxies are relatively distant with a median
z =~ 0.05 and are characterized by small angular sizes and smooth light distributions. Four
LIRGs (ESO 099-G004, ESO 069-1G006, IRAS F17138-1017, IRAS F18293-3413) are located
in crowded stellar fields and have a high percentage (median ~ 60%) of foreground Galac-
tic stars contamination (Chapter 2.3.3) making a reliable star cluster analysis impossible.
Hence, out of 87 HST-GOALS LIRGs, 10 are excluded from cluster analysis resulting in 77
LIRG systems. In 13 LIRG systems (12 galaxy pairs and 1 triple) SC population analysis
for each component was performed separately; these LIRG systems possess a sufficient num-
ber of clusters (2 60) and individual galaxies have a sufficiently wide separation to clearly
recognize with which galaxy SCs are affiliated. In total, the SC analysis was performed on
91 individual galaxies.

4.2 Results and Analysis

Observations of 87 HST-GOALS LIRGs with HST/ASC in the F435W and F814W filters,
standard STScl calibration pipeline data reduction and consecutive cosmic ray removal as
well as cluster detection and photometric measurement procedures for the clusters and the
total galaxy fluxes are described in Chapter 2.

The basic host galaxy properties are summarized in Table 4.2, the SC properties are
presented in Tables 4.3 and 4.4. For each interaction class and nuclear activity type, a
mean, median, and the standard deviation of SC properties are tabulated in Tables 4.5 and
4.6.

In order to assess the statistical significance of the differences of SC properties between dif-
ferent merger stages and nuclear activity types, Mann-Whitney U (MWU) and Kolmogorov-
Smirnov (KS) tests were performed. Mann-Whitney U-Test tests the hypothesis that two
sample populations have the same mean of distribution against the hypothesis that they dif-
fer, with low p-values (< 0.05) indicating that the means are different. Kolmogorov-Smirnov
statistics is based on the Cumulative Distribution Functions (CDFs) and low KS p-values
(< 0.15) indicate that the null hypothesis that the two CDFs are drawn from the same
parent set can be rejected. While the Mann-Whitney U-Test tests for differences in the lo-
cation of two samples (locations of the ranks), the Kolmogorov-Smirnov test is also sensitive
to differences in the general shapes of the distributions in the two samples. The results of
MWU and KS tests are presented in Tables 4.7 and 4.8.

4.2.1 Host Galaxy Properties
Optical Photometry

Optical photometry of 87 HST-GOALS LIRGs in the ACS F435W and F814W filters is
presented in Table 4.2. When possible, LIRG systems are separated in individual components
and values for each galaxy are tabulated. In cases when the LIRG is located in a crowded
stellar filed, the photometry is somewhat uncertain, since the flux contribution of foreground
Galactic stars in the line of sight of the LIRG is difficult to subtract.

The absolute magnitudes of individual galaxies range from —18.5 mag to —22.4 mag in
F435W and from —20.2 mag to —23.8 mag in F814W, with median values of —20.940.7 mag
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and —22.6+0.7 mag, respectively. The F814W fluxes are consistently higher than the F435W
fluxes. The optically brightest galaxy in this sample is the ULIRG TRAS 09022-3615.

(F435W—F814W) galaxy colors are listed in Table 4.2. The range of galaxy colors is
between 1.0 mag and 2.4 mag with a median of 1.8 + 0.3 mag.

Merger/ Interaction Stage

The merger/interaction stage for each LIRG was assigned based on optical appearance
according to a classification scheme first described in Surace (1998) and Evans et al. (in
preparation) and is listed in Table 4.2.

The six Interaction Classes (ICs) are:

e Class 0: A single galaxy or a galaxy with a minor companion

Class 1: Separate galaxies with undisturbed/intact symmetric disks and no tails

Class 2: Separate galaxies with asymmetric or amorphous disks and tidal tails

Class 3 : Two nuclei in common envelope

Class 4: Double nuclei and tidal tails, but separate galaxy disks not distinguishable

Class 5 : Single or obscured nucleus, disturbed morphology, long prominent tails

Class 6 : Single or obscured nucleus, disturbed central morphology, short faint tails or
tails absent, shells

The interaction classes follow the progressing stages of the merger of two disk galaxies.
IC 0 contains isolated galaxies that do not appear to be involved in an interaction process.
IC 1 is comprised of widely separated galaxy pairs during the first approach stage, prior to
the first close passage (or 1st pericenter). At this stage, the galaxy disks appear yet relatively
unperturbed and do not show signs of the interaction process. IC 2 consists of galaxies after
the first contact (1st pericenter); although without kinematic information available, it is
impossible to determine whether the galaxies are flying away or toward each other (before
or after 1st apocenter). Galaxies during this merger stage have perturbed disks and develop
tidal tails and ridges. IC 3 encompasses galaxies during the second contact (2nd pericenter),
although, as in the IC 2, it is impossible to distinguish if the closest passage already took
place (before or after 2nd pericenter). The individual bodies of progenitor galaxies are still
distinguishable at this merger stage. Tidal tails that developed after the 1st passage are also
visible. It is possible that the IC 3 also contains systems experiencing the 1st pericenter,
since a clear classification is difficult. Systems classified as IC 4 are closer together than
the ones comprising IC 3; the two galactic bodies can no longer be distinguished, although
two nuclei are present. These are presumably systems at the time of third close passage (or
3rd pericenter). ICs 5 and 6 are final merger stages; the galactic bodies and the nuclei have
merged. IC 5 features prominent signs of the merger process, such as disturbed morphology
and tidal tails. These signs are less visible in IC 6, although it still displays disturbed central
morphology and possibly short faint tails or shells.
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In Chapter 3, Figure 3.3 illustrates the different interaction classes: NGC 0695 belongs
to the IC 0; VV 340, NGC 7674, NGC 6786 / UGC 11415 and NGC 7469 / IC 5283 are
classified as IC 1; NGC 5257/8 and Arp 256 are members of IC 2; NGC 3690 and IC 1623
are 1C 3; IC 0883 is IC 4; NGC 1614, NGC 2623 and NGC 3256 are 1C 5; NGC 0034 and
Arp 220 are IC 6. Throughout Chapter 3 classes 1 and 2 are referred to as the early merger
stages, classes 3 and 4 are the mid-merger stages, and classes 5 and 6 are late mergers.

Figure 4.1 depicts the histogram distribution of the number of LIRG systems in each
interaction class. LIRG systems in ICs 1 and 2 contain two or more galaxies; all other
merger stages are single galaxies. Most LIRGs in the HST-GOALS sample belong to IC 2.

It should be noted that the affiliation with a particular interaction class is difficult to
establish and in some cases is ambiguous; the classification scheme cannot account for ori-
entation effects which can cause degeneracy between classes. It is possible that some LIRGs
will be assigned a different merger class in the future, as more data (e.g., multiple nuclei
hidden in optical) and theoretical merger stimulations become available

Nuclear Activity Type

Kim et al. (1995) and Veilleux et al. (1995) carried out an extensive survey of optical nu-
clear spectra of 200 luminous IRAS galaxies in order to identify the main source of ionization
based on optical emission line diagnostics. The nuclear emission line spectra were classified,
using a large number of line-ratio diagnostics, as “HII region-like”, i.e. the nucleus powered
by a starburst, or “AGN-like” where the spectrum showed a presence of an active galactic
nucleus. “AGN-like” galaxies include Seyfert galaxies as well as LINERs (Low lonization
Nuclear Emission Regions). However, most “AGN-like” galaxies also display a high level of
circumnuclear starburst activity; in fact, the contribution of AGN luminosity to the total
energy output in the majority of GOALS LIRGs is only ~ 12% (Petric et al., 2011).

The optical spectroscopic sample of Kim et al. (1995) and Veilleux et al. (1995) provides
classification of 53 HST-GOALS LIRGs. Petric et al. (2011) performed an analysis of Spitzer
Infrared Spectrograph (IRS) spectra of 202 GOALS systems. In 19 HST-GOALS LIRGs the
high ionization [NeV] 14.3um line in their mid-TR spectra has been detected, confirming the
presence of an AGN. Iwasawa et al. (2011) present Chandra X-ray observations of 44 GOALS
LIRGs (C-GOALS sample). Applying either hard X-ray color (HR> —0.3) as a selection
criterion or detection of the 6.4 keV Fe K line, AGN presence was found in 17 HST-GOALS
LIRGs.

Table 4.2 contains the classification of nuclear activity of HST-GOALS LIRGs. 35 (=34%
of the sample) LIRGs posses no known nuclear spectral classification; this sub-sample pre-
sumably contains both, “HII region-like” and “AGN-like” galaxies. HII region-like nuclei
powered by a starburst are found in 31 (= 30%) galaxies, and an AGN is present in 38
(=36%) (Seyfert and LINERs) galaxies.

The fractional contribution of AGN luminosity to total luminosity varies significantly
among the HST-GOALS sample. [NeV/Nell| ratios and X-ray/IR luminosity ratios indicate
an AGN contribution of less than 10% in 19 systems, 10% - 50% in 8 systems, and only two
LIRGs have an AGN contribution above 50%. While it would be useful to compare star
cluster properties as a function of AGN strength, it is not currently possible due to the small
size of the sub-sample with established AGN / starburst luminosity fractions.
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Star Formation Rate

Star formation rates for the HST-GOALS sample are listed in Table 4.2 and range
from 4 Moyr~! to a prodigious 650 Mgyr~! in ULIRG UGC 08058 with a median of
78 125 Moyr~!. The majority of SFR values are originally found in Tables 3 and 4 in
Howell et al. (2010); these are estimates of the total (obscured plus unobscured) SFRs using
combined TRAS FIR and GALEX FUV fluxes. In a few cases where data are not available in
Howell et al. (2010), SFRs were calculated using JRAS fluxes and Equation 4 in Kennicutt
(1998). The contribution of FUV-estimated SFRs in GOALS LIRGs accounts only for an
average of 2.8% of the total SFR (Howell et al., 2010) and, for the purpose of this work, can
be safely neglected if no GALEX FUV data are available. SFRs in galaxies containing an
AGN are upper limits due to the contribution of AGN to the dust heating.

4.2.2 Number of Clusters and Specific Frequency

The number of clusters in each LIRG is listed in Table 4.3. The distribution of the
number of clusters per system and the dependence of the number of clusters on the redshift
are shown in Figures 3.1 and 3.2, and a description of these figures is given in Chapter 3.1.
The main conclusion reached was that the number of detected clusters may not reflect the
intrinsic cluster population of a galaxy since several observational factors such as distance,
angular size of the galaxy, orientation and possibly the amount of dust obscuration affect
the ability to detect SCs. The last point is confirmed by a weak anti-correlation (Spearman
rank correlation coefficient r, = —0.40, with significance 9.2 x 107°) found between the
(F435W—F814W) host galaxy color (which, in part, is due to the amount of extinction
present in a galaxy) and the number of detected clusters (Figure 4.2).

The young clusters specific frequency T has been introduced in Chapter 1.1.3 and the
details of the calculation of Ty values are outlined in Chapter 3.3.1. Table 4.3 lists Ty values
that were corrected for the efficiency of the cluster detection procedure using the average
completeness function (see Chapter 2.3.4). The completeness correction has only a minor
effect on Ty: raw Ty values range from 0.02 to 1.55 with a median of 0.21 + 0.28 and the
range of corrected Ty values extends from 0.02 to 1.67 with a median of 0.32 4+ 0.40. The
distribution of corrected Ty values is shown in Figure 4.3. Corrected specific frequency
Ty values for galaxies in the cluster-rich sample listed in Table 3.3 differ from the ones in
Table 4.3 since a different completeness function, individually calculated for each galaxy, was
applied in Chapter 3.

The median specific frequency T value of the cluster-rich sample (1.14 +0.30) is signifi-
cantly higher than the median Ty of the complete HST-GOALS sample (0.32 4 0.40), which
is not surprising given that the number of SCs was the primary selection criterion for the
cluster-rich LIRGs sample.

Figure 4.4 shows the distribution of specific frequency Ty values with the merger stage.
The highest median T values are found in ICs 1, 2 and 3, the lowest values are associated
with ICs 0, 4 and 5. According to the KS and MWU tests, the Ty values of galaxies in 1Cs
4 and 5 were drawn from a different population distribution than the rest of the ICs. The
relatively low specific frequency T values in ICs 4 and 5 are probably due to the fact that
the median luminosity distance is the largest for these merger stages (> 160 Mpc) and thus
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the number of detected SCs is the lowest (see Table 4.5). A plot of specific frequency Ty
versus luminosity distance (Figure 4.5) shows a sharp drop in Ty values for galaxies beyond
~ 160 Mpc, which is the result of the anti-correlation of the number of clusters with the
galaxy distance (see Figure 3.2).

Galaxies with “HII region-like” nuclei have a higher median specific frequency Ty (0.40)
than “AGN-like” galaxies (0.30) and the “unknown” nuclear activity sample (0.24). Accord-
ing to the KS and MWU tests the specific frequencies of the “HII region-like” and “AGN-like”
galaxies are indeed different.

4.2.3 Specific Luminosity

The specific luminosity T}, (i.e., the percentage of flux contributed by clusters to the total
luminosity of a galaxy in a given filter) has been described in Chapter 1.1.3 and in Chapter
3.3.2.

The specific luminosity 77, values for F435W and F814W images are listed in Table 4.3 and
histogram distributions are plotted in Figure 4.6. Both histograms are skewed towards low
T}, values; the first and highest bin (0-1) contains 26 (= 29% of the sample) and 36 (= 39%
of the sample) galaxies for F435W and F814W, respectively.  The specific luminosity 77,
in F435W images varies between 0.1% and 10.8%, with a median of 1.8 + 2.3%, in F814W
images T}, values range from 0.03% to 5.3%, with a median of 1.2+1.2%. It appears that the
optically visible SCs contribute rather little to the optical luminosity of LIRGs and certainly
play a minor role in the total energy output of these IR luminous systems. No correlation
was found between specific luminosity 77, (F435W) and F435W absolute magnitude of the
host galaxy (Figure 4.7), refuting the idea that in more luminous galaxies SCs contribute a
larger percentage of flux.

The median specific luminosity 7, values of the HST-GOALS sample are lower in both
filters compared to the cluster-rich LIRGs sample (3.4 + 2.0% in F435W and 1.9 4+ 0.9%
in F814W), although the range of specific luminosity 77, values in the HST-GOALS sample
is larger than the T, range of the cluster-rich sample, extending to lower as well as higher
values.

The highest median specific luminosity 77, values are found in ICs 0, 2 and 4, followed
by ICs 1, 3 and 5, and the lowest median T}, value is associated with IC 6 (Figure 4.8). The
range of T, values in each interaction class is large; the KS and MWU tests do not support
a significant change of T}, values along the merger sequence, except in 1C 6.

Galaxies with “HII region-like” nuclei have a higher median specific luminosity 77, value
(2.63 in F435W and 1.85 in F814W) than “AGN-like” galaxies (1.40 in F435W and 0.77 in
F814W) and the “unknown” nuclear activity sample (1.60 in F435W and 1.18 in F814W),
this difference is also confirmed by the KS and MWU tests.

4.2.4 Luminosity Function

The luminosity function indices a were calculated following the procedure outlined in
Chapter 3.3.4. The luminosity distribution of each galaxy was corrected using an aver-
age completeness function derived from 16 individually calculated completeness functions
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(Chapter 2.3.4). The LF indices for 15 cluster-rich galaxies derived in Chapter 3.3.4 us-
ing individually calculated completeness functions for each galaxy show only an average
difference of 0.05 in the LF indices derived using the average completeness function; this
demonstrates that the use of the average completeness function is justified in most galaxies.

In order to obtain a good fit to the cluster luminosity distribution, a SC population
of more than 40 clusters is required; thus the LF index could be determined only for ~ 60
galaxies. Values of the corrected LF indices for F435W and F814W images are listed in Table
4.4. The distribution of the LF indices is shown in Figure 4.9. LF indices range from —1.4
to —2.7 with a median of —1.86 + 0.27 in F435W and —1.77 + 0.24 in F814W for corrected
values. Corrections for foreground stars and completeness have only a minor effect on LF
indices, on average the slope becomes ~ (.11 steeper. A fit to raw luminosity histograms
performed up to 80% completeness (the highest uncorrected bin) results in median values of
—1.74 £ 0.23 in F435W and —1.67 4+ 0.23 in F814W.

The median LF indices of the HST-GOALS sample are consistent with the median LF
indices of the cluster-rich sample (—1.91 £0.21 and —1.8840.20 in the F435W and F814W,
respectively). Median LF indices of both samples are somewhat lower than the generally
accepted LF index a &~ —2. A shallower LF slope could be caused by blending of individual
clusters into cluster associations due to limited resolution. In this case the LF index should
show a dependence on the luminosity distance of the galaxy; this is ruled out by Figure
4.10 which exhibits no such trend. Other possible sources of uncertainties in LF index
determination are extinction and an underestimation of the completeness corrections. Both
effects are possible and are hard to rule out. In particular, a single completeness function
was calculated for the entire galaxy, without a sub-division into several surface brightness
regions (Chapter 2.3.4) resulting in lower limits of the LF indices.

The plot of the median LF indexes for each interaction class versus the merger stage
(Figure 4.11) shows no significant trend, which is also confirmed by the KS and MWU tests.

Galaxies with “HII region-like” nuclei have slightly smaller median LF indexes value
(—1.75£0.20 in F435W and —1.75£0.21 in F814W) than “AGN-like” galaxies (—1.94 + 0.30
in F435W and —1.934+0.23 in F814W) and the “unknown” nuclear activity sample (—1.93+
0.29 in F435W and —1.71£0.29 in F814W) (see Table 4.6), but this finding is not supported
as statistically significant by the KS and MWU tests.

4.2.5 Cluster Colors and Ages

Median (F435W—F814W) cluster colors for each galaxy are listed in Table 4.3 and the
distribution of cluster colors is shown in Figure 4.12. Median cluster colors range from 0.43
mag to 2.25 mag with the median cluster color for the entire sample of 0.91 £ 0.36 mag.

Cluster ages and masses were estimated using color-magnitude diagrams and Bruzual-
Charlot population synthesis models (Chapter 3.3.5). Due to difficulties associated with
age-dating of SCs using only two filters, the analysis is limited to determination of the lower
limit of the SC population fraction younger than 7.6 Myr, i.e., (F435W—F814W) < 0.51 (see
Chapter 3.3.5) in each galaxy. This percentage of age-dated young clusters in each galaxy
is listed in Table 4.4 and ranges between 0% and 70% with a median of 17.1 + 14.9%. The
distribution is shown in Figure 4.13. The fraction of young SCs is lower in the complete
HST-GOALS sample than in the cluster-rich LIRGs sample (median ~ 30%).
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Figure 4.14 shows a plot of median cluster colors versus the host galaxy color. A clear cor-
relation between both properties is observed (Spearman rank correlation coefficient ry = 0.65,
with significance 2.4 x 10712). Also, a correlation between the median fractions of young
clusters and host galaxy color exists (Spearman rank correlation coefficient ry = 0.59, with
significance 6.8 x 1071%). Since SCs contribute rather little to the total optical luminosity of
their host galaxy, the colors of SCs do not have a strong influence on the galaxy color. The
stellar field population and the amount of dust are presumably the major factors determin-
ing galaxy color. It is apparent that galaxies with young stellar field population and small
amount of extinction would have larger fractions of young clusters.

Since cluster ages are determined based on (F435W—F814W) cluster color, median clus-
ter colors and median fractions of young clusters show similar trends with merger stage
(Figure 4.15). The fraction of young clusters in ICs 0 — 5 varies between 17% — 29%; the
KS and MWU tests show no statistically significant difference between these merger stages.
The fraction of young clusters in IC 6 is considerably lower (~ 10%), and the significance is
confirmed by both tests.

The fraction of young clusters remains unchanged in different nuclear activity types, all
three values are around 17%.

4.2.6 Brightest Clusters

Table 4.4 includes, besides the F435W absolute magnitudes, the (F435W—F814W) colors,
ages and masses of the most luminous cluster in each galaxy. The absolute magnitudes of
the brightest clusters cover the range of —11.8 mag > M5, > —18.0 mag with the
median of —15.18 £+ 1.44 mag. The distribution is shown in Figure 4.16. In 8 galaxies
(UGC 02369 NEDO1, AM 0702-601 NED02, IRAS 07251-0248, IRAS 09022-3615, NGC 6090,
ESO 286-1G019, IRAS F22491-1808 and NGC 7469) the F435W absolute magnitude of the
most luminous cluster exceeds —17 mag. The (F435W—F814W) color of these very luminous
clusters is < 0.8, excluding the possibility of these objects being foreground stars or the
galactic nuclei (additionally, near-IR and mid-IR centroids were checked), although it is still
possible that these are SC complexes rather than individual SCs.

Reliable age-estimates are available only for 37 (= 41%) of the brightest clusters in the
HST-GOALS sample with (F435W—F814W) < 0.51. The brightest clusters in 30 (= 33%)
galaxies have colors 0.51 <(F435W—F814W) < 1.0 and an age-range between 10 to 500 Myr.
The age-estimates in this color range are subject to an age-color degeneracy (see Chapter
3.3.5) and the youngest possible ages are listed in Table 4.4. The last 24 (= 26%) of the
brightest clusters have (F435W—F814W) > 1.0 and ages from 500 Myr to few Gyr, assuming
no extinction.

The plot of the median MZ{i,,, for each interaction class versus the merger stage (Figure
4.17) has the appearance of the median M{5;,, rising from IC 1 to IC 4 and falling again
in ICs 5 and 6. However, the KS and MWU tests do not support this trend as statistically
significant.

Galaxies with HII region-like nuclei have higher median M4 values (—15.7 & 1.4 mag)
than “AGN-like” galaxies (—14.9 + 1.5 mag) and the “unknown” nuclear activity sample
(—14.8 £ 1.4 mag). The difference between HII and AGN-like galaxies is confirmed by KS
and MWU tests
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4.3 Discussion

4.3.1 Specific Luminosity — SFR Relation

In order to assess the validity of the specific luminosity — SFR relation found by Larsen
& Richtler (2000) in a sample of nearby spiral galaxies with respect to Luminous IR Galax-
ies, the analysis performed in Chapter 3.3.2 is extended to include all HST-GOALS LIRGs.
Figure 4.18, panel a) shows the F435W specific luminosity 77, (F435W) plotted versus SFRs
derived from combined FIR and FUV fluxes. No correlation is apparent, and the visual
impression is confirmed by the Spearman rank correlation coefficient ry = 0.06, with signif-
icance 0.59. In Figure 4.18, panel b) T7(F435W) plotted versus SFRs derived from FUV
fluxes only, displays a weak trend, with the Spearman rank correlation coefficient r, = 0.41,
with significance 6.5 x 10~*. The same argument as in Chapter 3.3.2 applies here: optically
visible SCs and FUV fluxes both trace unobscured star formation, while the total SFRs trace
mostly star formation that is hidden at shorter wavelengths.

4.3.2 Brightest Cluster — SFR Relation

Chapter 3.3.3 contains a discussion of the Mz{s:,;, — SFR correlation observed for lower

luminosity star-forming galaxies in Whitmore (2003) and Bastian (2008). Figure 4.19 shows
a plot of F435W (or V band as in Bastian (2008)) absolute magnitude of the most luminous
cluster versus the SFR of the host galaxy with the data for the complete HST-GOALS
sample included; it is analogous to Figure 3.12 for the cluster-rich sample. While the LIRGs
in the cluster-rich sample were in good agreement with previously published observations
(Bastian, 2008) and followed the best fit to the data from Weidner et al. (2004) quite closely,
the HST-GOALS sample exhibits considerable scatter.

The brightest clusters located above the Weidner et al. (2004) fit line are brighter relative
to the SFRs of their host galaxies; it is possible that that these points do not represent
individual SCs, but are instead unresolved SC complexes.

The degree of scatter is more severe below the Weidner et al. (2004) fit to the data; data
points located below the fit line indicate SCs that are fainter relative to the SFRs of their
host galaxies. So, using the median value of SFR of the HST-GOALS sample (78 My, yr—!)
in Equation 2 of Weidner et al. (2004) predicts M?** = —15.68 mag, which is 0.5 mag
brighter than the median F435W absolute magnitude of the brightest cluster (-15.18 mag)
observed in the HST-GOALS sample.

Possible explanations of the significant population of brightest clusters in the M7,
— SFR plot below the fit line include: (i) extinction; (i) the large range of cluster colors
resulting in a large range of cluster ages (Bastian (2008) states that the brightest cluster —
SFR relation is valid only for relatively young clusters i.e., < 10 Myr); (iii) the color & age
dependency of the transformation of F435W to V band magnitudes (the assumed B—V = 0
is valid only for clusters younger than ~ 125 Myr); and finally (iv) the overestimation of the
SFR due to AGN contributions to the dust heating and Lg.

In order to address (i) and (ii), the symbols in the Mg, — SFR plot in Figure 4.20
were color-coded according to the (F435W—F814W) color of the cluster they represent. Red
((F435W—F814W) > 1.0) clusters are absent above the fit line, all clusters located in this plot
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region have blue ((F435W—-F814W) < 0.51) or intermediate (0.5 < (F435W—-F814W) < 1.0)
colors, indicating that these SCs are relatively young and unaffected by extinction. All
three groups of color-coded points, blue ((F435W—F814W) < 0.51), intermediate (0.5 <
(F435W—F814W) < 1.0) and red ((F435W—F814W) > 1) are found below the fit line.
While the presence of red clusters can be easily explained with extinction, the presence of
blue clusters is somewhat surprising, and other factors besides extinction must be responsible
for blue clusters being fainter than expected from the SFR of their host galaxies. Addition-
ally, no dependence of the F435W magnitude of the brightest cluster on the cluster color is
apparent in Figure 4.21, contrary to an expectation that blue clusters would be more lumi-
nous, and red (i.e. extinguished or old) clusters would be faint. Extinction and the large
range of cluster colors alone cannot explain the scatter in M55, - SFR plot.

The transformation from F435W to V band magnitudes (point (7)) affects clusters older
than 125 Myr; for clusters younger than ~ 125 Myr the (F435W—V) < 0.1 and for clusters
above this age 0.1 mag < (F435W—V) < 1 mag. Thus some of the intermediate and red
color clusters should be brighter, although this effect alone is insufficient to significantly
reduce the scatter.

In order to address point (iv), the symbols in the M2, - SFR plot in Figure 4.22
were color-coded according to the nuclear activity type of their host galaxy: galaxies with
“HII region-like” nuclei are designated with blue dots, galaxies with “AGN-like” nuclei are
designated with red stars, and the “unknown nuclear activity sample is omitted. Most “HII
region-like” galaxies follow the fit line reasonably well. Galaxies with “AGN-like” nuclei
either follow the fit line or are located below the fit line. This hints at an overestimation
of the SFR in galaxies with AGN presence. The median SFR for “AGN-like” galaxies
(~ 149 M, yr~1) is higher than for “HII region-like” galaxies (~ 94 My yr~!). Additionally,
the median brightest cluster M5, in “AGN-like” galaxies (-14.9 mag) is lower than in
“HII region-like” galaxies (-15.7 mag).

The scatter below the fit line, which mostly includes galaxies with “AGN-like” nuclei,
may be due to an overestimation of SFRs (i.e., contribution of the AGN to Lig) combined
with extinction.

4.3.3 Trends with Merger Stage

In the “Results and Analysis” section various SC properties were calculated for each
merger stage in an attempt to determine the time and the strength of the merger-induced
starburst. However, the range of values associated with each merger stage is large, the
mean and median values of different interaction classes are located well within the 1-sigma
uncertainties of each other. Furthermore, the KS test is consistent, for the most part, with
the distribution of values in each interaction class being drawn from the same population,
and the differences in mean and median values along the merger stage sequence are not
significant according to the MWU test.

As described in Chapter 1.1.3, the numerical simulation models with shock-induced SF
prescription predict strong SBs during the 1st and 2nd pericenter, when galactic disk are
interpenetrating (Barnes, 2004). In our merger classification scheme the IC 3 contains sys-
tems during the 2nd and possibly also 1st pericenter. Another SB, predicted by both SF
prescriptions, shock-induced as well as density-dependent, occurs when the galaxies finally
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merge, corresponding to ICs 4 or 5. Therefore, one would expect the most young SCs to
be detected in merger stages 3, 4 and 5. Unfortunately, the analysis of SC properties as
a function of merger stage does not provide a clear indication to support this assumption.
Specific frequency Ty values are high in IC 3 and low in ICs 4 and 5. Specific luminosity 77,
values are low in IC 3 and high in IC 4. The median magnitudes of the brightest cluster,
M7y, are highest in ICs 3, 4 and 5. The fraction of age-dated young clusters is high in
IC 3 but declines in ICs 4 and 5. Ultimately, the KS and MWU tests do not confirm the
uniqueness of any of these values. The difference is due to statistical effects, the values in
each interaction class are consistent with being drawn from the same distribution.

The late merger stages 5 and 6 show a consistent decline in specific luminosity, fraction
of young clusters and median magnitude of the brightest cluster. These trends indicate that
optically visible, extended (i.e. spread out throughout the body of the galaxy as opposed
to concentrated in the nucleus) SF becomes less prominent in late merger stages. On the
other hand, Ligr and thus SFRs are increased in late merger stages. Chapter 3.3.7 describes
the finding that the mid-IR flux becomes more centrally concentrated in late merger stages.
The above facts suggest that a nuclear obscured SB or AGN are responsible for high SFRs
which are not reflected in the optically visible extended star formation.

IC 5 represents a transition between extended SF to strongly nuclear concentrated SB
in IC 6, dominated by a compact nuclear power-sources as seen in mid-IR morphology in
Chapter 3.3.7. Post-merger stage 6 is the only interaction class where specific luminosity,
fraction of young clusters and magnitudes of the brightest clusters stand out from other
merger stages according to KS and MWU tests. This finding is consistent with the numerical
simulation models predicting a nuclear SB when the galaxies finally merge and the gas has
had time to accumulate in the nucleus to fuel nuclear SB and/or an AGN.

Properties of SC populations in pre-merger and early merger stage LIRGs (ICs 0, 1
and 2) do not differ significantly from other merger stages according to KS and MWU tests.
These systems possess a large fraction of young SCs, comparable with galaxies in mid-merger
stages. The origin of enhanced SFRs in isolated galaxies (IC 0) and pre-first contact (IC 1)
galaxy pairs remains unclear. Some other mechanism than the merger process (e.g., bars) is
responsible for triggering the observed high SFRs and AGN activity.

Analysis performed in the “Results and Analysis” section aimed at elucidating the details
of the merger-induces star formation processes based on SC properties as function of merger
stage and a comparison with numerical merger simulations. However, this proved to be rather
difficult since most trends along the merger sequence were not confirmed by the KS and MWU
tests which did not support statistically significant differences between merger stages. Several
possible effects are responsible for that: (i) The distance and extinction of the host galaxy
affect the specific frequency, specific luminosity and the fraction of young SCs. (ii) The
classification of LIRGs into different merger stages is ambiguous and misclassifications are
possible. (7ii) The present merger stage classification is too crude to follow SBs predicted by
merger simulations. For example, the merger stage classification does not have a specific class
for systems during the 1st pericenter, when a sharp peak in SF occurs. IC 2 is too broad,
according to Barnes (2004) there is a broad peak and a decline in SF during this phase, thus
IC 2 could encompass galaxies with high as well as low SFRs. (iv) The timing and strength of
SB episodes during the merger process are strongly dependent on the properties of progenitor
galaxies (mass ratio, amount of gas, bulge/disk ratio (Mihos & Hernquist, 1996)) and the
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geometry of the encounter (inclination, prograde vrs retrograde collisions). For example,
according to Figure 1 in Chien (2010), only a direct encounter produces a strong SB during
the time between the 1st pericenter and 1st apocenter. The initial conditions of the encounter
are unique for each system and the SF history has to be modeled for each system individually.
It is possible that LIRGs in the same interaction class have quite different SF histories, and
SFR trends are not uniform in all LIRGs in an interaction class.

4.3.4 Trends with Nuclear Activity Type

Variations of SC properties between galaxies belonging to different nuclear activity types
are more prominent than the ones that could be uncovered in different merger stages; the
statistical significance of these variation is also confirmed by the KS and MWU tests. The
specific frequency Ty and specific luminosity 77, are enhanced in galaxies with “HII region-
like” nuclei compared to galaxies with “AGN-like” nuclei. “HII region-like” galaxies have
a higher median magnitude of the brightest cluster and follow more closely the Mp{si,, —
SFR relation. It appears that galaxies with SF dominated nucleus, on average, produce a
larger number and more luminous SCs, and a larger fraction of galaxy’s optical luminosity
originates from SCs than galaxies that possess an AGN. The higher degree of SF activity in
“HII region-like” galaxies is also translated in enhanced SC population properties. However,
no difference in the fraction of age-dated SCs younger than 10 Myr was found, galaxies of
both nuclear activity types are forming young star clusters, the AGN and SF appear to
co-exist.

4.4 Conclusions

The SC populations in the complete sample of 87 GOALS LIRGs with Lz > 1014 L
imaged with HST/ACS were investigated. The main results are summarized as follows:

e The specific frequency Ty values range from 0.02 to 1.67 with a median of 0.32 4 0.40
and Ty shows a dependence on the distance of the galaxy. The KS and MWU tests do
not support a significant change of specific frequency Ty values along the merger se-
quence. Galaxies with “HII region-like” nuclei have a higher median specific frequency
Ty value (0.4) than galaxies with “AGN-like” nuclei (0.30) and the “unknown” nuclear
activity sample (0.24); this finding is confirmed by the KS and MWU tests.

e The specific luminosity 77, in F435W images varies between 0.1% and 10.8%, with a
median of 1.8 + 2.3%, in F814W images T}, values range from 0.03% to 5.3%, with a
median of 1.2 + 1.2%. The KS and MWU tests do not support a significant change
of T, values along the merger sequence. Galaxies with “HII region-like” nuclei have a
higher median specific luminosity 77, values (2.63 in F435W and 1.85 in F814W) than
galaxies with “AGN-like” nuclei (1.40 in F435W and 0.77 in F814W) and the unknown
nuclear activity sample (1.60 in F435W and 1.18 in F814W); this finding is confirmed
by the KS and MWU tests.

99



Luminosity function indices range from —1.4 to —2.7 with a median of —1.86 +0.27 in
F435W and —1.77 + 0.24 in F814W. KS and MWU tests do not support a significant
trend with the merger stage or nuclear activity type.

The population fraction of age-dated clusters younger than 7.6 Myr in each galaxy
ranges between 0% and 70% with a median of 17%. KS and MWU tests do not
support a significant trend with the merger stage or nuclear activity type.

The absolute magnitudes of the brightest clusters cover the range of —11.8 mag >
M7pis, > —18.0 mag with the median of —15.18 £ 1.44 mag. In 8 galaxies SCs with
M7Eissw < —17.0 mag are found. KS and MWU tests do not support a significant trend
with the merger stage. Galaxies with “HII region-like” nuclei have a higher median
Mpsy value (—15.7 mag) than galaxies with “AGN-like” nuclei (—14.9 mag) and the
unknown” nuclear activity sample (—14.8 mag); this finding is confirmed by the KS
and MWU tests.

The specific luminosity 77, (F435W) — SFR(FIR + FUV) relation found by Larsen &
Richtler (2000) in a sample of nearby spiral galaxies is not applicable to Luminous IR
Galaxies. However, a weak trend (Spearman rank correlation coefficient ry = 0.41, with
significance 6.5 x 10™1) of specific luminosity 77 (F435W) — SFR(FUV) is observed.

The HST-GOALS LIRGs follow the M55, — SFR relation quite well, although a large
degree of scatter is observed. The significant number of brightest cluster members
observed below the relation may be due to extinction and over-estimation of SFRs in
AGN-dominated galaxies.

No clear trend of SC properties with merger stage is observed. The only conclusion that
can be established is that in late merger stages the degree of the extended star formation
diminishes and the centrally concentrated nuclear starburst or an AGN dominate the
energy output of the LIRG.

Galaxies with “HII region-like” (i.e., starburst-like) nuclear spectra exhibit higher spe-
cific frequency T, specific luminosity 77, and M7{s,, values compared to galaxies
were an active galactic nucleus is clearly present.

100



G9°'TT vl 0 0°99T1 9¢clIl SLECWOPPICc- SIS GFW60Y90 661¢-9.0904 SVHI 661¢-9L0904 0¢
9V'TT 16€°0 L'E8 €v.LG SG TYWITP6Y+  STL EFWOFUGO ¢00-TT-80+DDIN 0767+89€£G0 61
G911 98¢0 0'8¢CT L988 SO 9FPWOTP6T+  S0S 9TWEEUGO 806T+E€2CcS0 SVUI 806T+E€36S0 8T
91°¢Cl 7680 0°L8T 09.¢T Sy GYWIgPSc-  SLV TOWIEUSO ¥¢GC-681504 SVUI ¥¢GC-681504 LT
66°'TT 70T 0°0ve 06091 S9'CTWOFP6L+  STH 9PWITUSO 1€0 M7 ITA  9€6.+T180604 91
98°'TT 6¢0°'T 0°6¢c CI9K¢GT S6°CeWEEP8Y-  S0S 6YWMITUT0 T00DI-€0¢ OSH 8E’V-V41r04d GT
G9°'TT 61¢°0 8°L9 SLLY S6°eYWyEP80- SG86SWEEUT0 Y191 DON 0780-GTET0A it
0€9°0 0'8¢T 0656 SProQuISTPRT-  SG0°0cWIgUF0 ¢OdIN Sc0DI-08S OSH
7690 0'6¢T 996 S6'SEWRYPRT-  S66°6TWIgUF0 TOdHAN Sc0DI-08¢ OSH
16 TT ¢e9'0 G'R¢T 1296 S9°LYWSYPRT-  ST0'0CWMICUT0 Gc0 DI-096 OSH GGST-161704 ¢1
GG'TT 0690 0'¢cST €T1901 SO'GGUZEPST+  SOL 9FWREUE0 €CST+6GEC0d SVHI  €0ST+6S€€04 ¢l
G€9'0 0°6¢T 196 S6°9CWRSPYT+  SLL TOWFSUZ0 COHAN 69¢¢0 DON
609°0 0'¢et 76¢6 STPTWSSPFT+  SO8 TOWHSUZ0 TOdHIN 69¢20 DON
L9°TT ¢c9'0 0'9¢T 8646 S6 FCWRSPTT+  S8L TOWHSCUZ0 69¢¢0 ODN  IFFTI+C16c0d TT
£€69°0 07rl €800T SPRTWITPGE+ Sg6°8TWECUT0 G€0-90-S0+DDIN
659°0 0'svl 90T0T SQ'6YWITPZEt  S66 TCWETUT0 9¢0-90-G0+DDIN
V9'TT 199°0 0971 44101 SO PEWITPZEt  SOF 0CWECUT0 7E0T MUIN  8ST1€+€00204 0T
89'TIT 7€9°0 0°6¢T GEL6 SC9GWHEPZot+  SPCPTWIGUTO G690 DON  0¢cc+78¥104 6
7911 L7490 0'6TT GLER SO'GOWIOPLT+  SGF 0E€WHFUTO GE0 MZ III  TS9T+LIFIOAL 8
GR'TI 0€6°0 0'0Tc 12%1474" SPITTWLEPOT-  ST6°CSWREYTO ¢v0T-79€104 SVUI ¢vOT-79¢104 L
69°'TT 019°0 0ver ¢9¢6 S6°CFWICPYT+  STL'G0WOZUT0 0€0-9€7 DODD  SOFT+ELITOA 9
G9'TT 9690 0Vl 07001 SR60WTSPIT-  S96°SOWOTYTO 710-70-€0-DODIN L0LT-9L0T04 G
TLTT 66¢°0 GGy 9109 SEGCWOEPLT-  SQT LYWLOYTO €291 DI 9PLT-€S0T04d i
09'TT 8¢E'0 8°69 90L¥ SR TTWGOPEL+  ST9 E0WHSU00 T00-¢0¢T+DDOIN  87¢L+90S004 ¢
9¢¢°0 0°LTT GCI8 S0 LEWECPOT-  S06°0GWRTY00 T0AAN 96¢ dry
orso 0']TT €618 SOCYWIgPOT-  SOT'0SWRTYO0 G0N 95¢ d1y
SV'IT 86460 GLTT 6G18 S¢60WEePOT-  STG0SWRTY00 96¢ dry 6€01-€91004 4
6V'TT ¢6¢°0 7S 1884 S€9cW90PCI-  SGGT90WITY00 7600 DON €Cc1-980004 1
(6) (8) (L) (9) (9) (¥) (€) (¢) (1)
(1) (o /pdD)  (dN)  (;_suy) (0002) (0002r) ar reondo SVl ToquIm N
gl 3of oreos 1q OMPH A 09(T VI QUIRN] QUIRN] STA

odwreg STVOD-I.SH

TV 9198L

101



GO'TT G8G'0  0'8Tl GzI18 ST'EEWZEPIG-  SOT CEWHTULT G19G-9TTZT SVHI G196-9T12T o
9¢°2T 8T 00FE  0S6IC  SO'SEWSFPZO+  SO0'9FWETULT G0E0+CTITeTd SVUI  S0£0+2112Td 6€
€611 0¥Z’0 L0S €60  SOFPWEEPSG+  SCTTEWSZUTT 069¢ DON  0G8G+LGTTITd 8¢

L0L°0  09¢T  OFTOT  SO'Q0WOFPFI+  SGC 6FMGZUTT 0182 DI
€TL0  0'8GT  €Pg0T  SL'GEWQFPPI+  SGO GPUGEUTT 0182 OI
7911 0TL0 0°2GT ¢610T ST ICWOPPYI+ SO LPWCZUTT 9GPT+TECTITA SVUIL  9S¥T+T1ECTITA LS
zo'1T CIL’0  0'8ST  0SE0T  SO'LGWQGPOF+  SOT €SWEOUTT 610-€C-L0+DDIN  LOTF+ITOTTA 9¢
80°CT 9,80  0L6T 12631  SEPEWZEPYE+  SPT'STWEGUOT 8PFC+5950Td SVHUI  S¥FE+S950T4 e
71T G810 6'S¢ 708% S§'ETWHCPE-  SLZ TGWLZUOT 962€ DON  6€€7-L520Td ve
98°TT G860  0Fec  9TLPT  SY'EEWEIPRO+  STZ 00WOZUOT 8280+€LTOTA SVHT  82S0+ELT0TA e
QLTI L0L°0  09ST  €2T0T  SO'GTWESGPEE-  SO8FOW9NUQT 2€0 DIFLE OSH  8€£E-8L00Td e
1021 €6L°0  0LLT  TOSTT ST TITWIZPI9+  SG9 TCWGEYRQ 10160 DON  FET9+02E604 1€
VLTI L6L°0  0'8LT  TS8IT  ST'HPGWEIPFF+ ST GGWGTURQ 18870 DON  EFF+921604 0€
980T  00SC  6SPIT  S6'6TWEIPOT-  SOF'9ELWETUR0  96T6TOT-FFISET60r XSVING
0T  09%¢  TE€T9T  SE'6TWAIPOT-  SES'SEWETY60  96T6TOT-8SSECTE0r XSVING
9021 TL0T  09%¢  T€E9T  SSFTWEIPOT-  ST9 LEWETUE0 L00T-TTT60d SVIT  LOOT-TTT60d 6
1€°Cl OLT'T  0T.%  08SLT  ST'TOW.ZP9S-  SOLZTWHOUG( G19€-22060 SVHI GT9£-22060 8%
912l WI'T 0792  €6VLT  SPHSWEOP6E+  S6E GTWO0U60 GI6€+TLS80d SVHI  ST68+2LG804 LT
z8'1T 826'0  00T¢  GSSET  SOLGWIOP69-  S6T TEWZGUSO 910 DI-090 OSA  0989-02580d 92
09°TT €6€°0 78 6FCS  S9'9TWGHPSZ+  S80'FZWSEUS) €297 DON  GCST+FSES0d ¢
Zo'11 eFe0  0'8IT YOLL ST'0CWPSPET-  SE8 TOWLEUS0) PR67-GCE80 SV I TI67-GGER0 i%é
6€CT 9T 000F  6%29¢  STPSWFGPZ0-  SGG LEWLZULO 8FZ0-1G¢L0 SVHI 8720-152L0 €T
990 00FT G7e6 STPPWITPO9- ST 8TWENYLO ZOAHAN 109-20L0 INV
0790 O TFT 06£6 S¢'ECWCIPO9- ST FTWEQYLO TOAAN T09-20L0 NV
7OTT 0790 O TFT 06£6 SL'E0WYTPO9-  SLE9TWEQYLO 109-20L0 NV 1T09-20L0d red
88L°0  09LT  GESIT  ST'EOWITIPLF-  SET E€TWLIUI0 €0AAN L00DI-6SZ OSH
€LL0  0CLT  96GTT  SG'OPWOTPLY-  SPGZEWLZUI0 ZOAAN L00DI-6SZ OSA
98L°0  0°GLT  €ISIT  SEOSWQIPLY-  SL9 TEWLZUI0 TOAQEAN L009D1-66Z OSH
06°TT GLL0  O0€LT  629TT  SLSPWQOIPLY-  SGF'EWLZU90 L00DI-G5C OSH  80LF-652904 1T
(6) (8) (L) (9) () (¥) (€) (2) (1)
(1) (o /od)  (d)  (j_suy) (0002r) (000zr) ai reondo SVl ToquimN
dlry moﬁ o[eos 1q OMPH A 09(T VAN | QUIR N ouIe N HSTA

penurjuo)) —

TV 919%L

102



80°CT €OT'T  OFSC  GESOT  SGLEWRGPGE+  SOF'6SWIZUST  809€+0GZSTA SVUI  809€+0GTSTA LS
PLTT €290  0°L€T 6LL8  STTEWLOPEY-  S6T'SGWHZUGT 7009660 OSH 9629-902¢T 9G
8280  0°GST  LS0ZT  S6FFWFFPEHF+  SGT90WSTUGT TOAAN S0L AA
0180 O TST  00STT  SP'SEWFFPZF+  SLE 90WSTUGT COAAN S0L AA
2611 6180  0°€8T  FF6IT ST IPWFFPEF+ S8 90WSTUGT G0L AA  GGTF+EITCTA qq
900  0°9ST  6T00T  SP'GCWSFPI+  S68 LFWHGUHT qOFEAA
010 0281  ¥600T  SS'COWGFPYZ+ SO SFWHGUHT ROVEAA
PLTT 0120 0281  €0T0T  SOFPFWILPFZ+ S0P 00WLGUFT 0FE AN 6FPT+HLFSHTA s
€zel YeeT  0°CIE  LL20T  SO'TEWPOPLE-  STO6SWORUPT  1G9E-SLEFTA SVUI  1G9¢-SLEFTA €g
6£CT ¥6G' T 0L8E  TOSPE  SS'CTWOOPST-  SOE'SEWLEUPT  LPPI-SFEFTA SVUI  LFPI-SPEPTA s
g0L'0  0°GST 0166  ST'TEWOOPZ0+ STH'OTWZGUET  ZOAAN TEES DON
L69°0  0FST €686  SE'E0WOOPZ0+  SCT'9TWZCUET  TOAAN T€ES DON
99°TT 20L0  0°GST 9066  S6'0TWOOPZO+  S6T 9TWZGUET T€€C DON  0220+L6FETd 16
12°CT GLL0  O0€LT  9ZEIT SO TIWEGPSG+  STTZFWHPULT 96980 DON  8095+8THETA 0g
€0S°0  0°60T 86L9  SOTFTWOCPO0+  SO6 TGWEEUET L52S DON
0060 080T LG6L9  SO'TSWEFPO0+  SOL LGWEEUET 862G DON
2o'TT z0g0 G801 8119  SOL0WOSPOO+ SO0 GGWEEUET ovz A1y GOTO+ELEETA 6%
7650  00€T 80F8  SOTPWOTP8F+  S6L'LTWSEUEST  ZOAAN 992 DON
G8G°0  0'STT V28 SOCEWOTIPSF+  STELTWSEUET  TOAAN 99¢¢ DON
9G°TT 0650  0°62T IPE8  SL'OEWOIPSF+ ST LTWSEUET 962G DON  TE€ST+29eeTd i
eLTT 060  00TT G869  ST'TTWSOPYE+  SPE GEWOZUET L8€80 DON  VThe+I8IETd Ly
0790 O T¥FT 0£¢6  SEGPWLOPZI+  S6G 0SWCTUET q0SZ AA
Gv90  0°CHI €166 SL'8TWLOPZI+  S86 FEWCTUET ®OGZ AA
1811 W90  OTPT €FC6  SO'LEWLOPZY+  SOS'TEWGTIYELT 0SC AA  €229+9€T1ETA 9%
TeTT €690 OFIT TTC6  SL'TTWEOPSS-  SCE 90WCTUET €6P6-021ET SVUI €GPG-021ET 47
7801 €120 TV GL6T SE'TGULFPGT-  SGE 9gWETUET 0T0G DON  TEGT-L60ETA 4
96'TT 670 0901 90¢9  SLLTWIGEPEZ-  SGETGWZOUET 0L0D-20¢ OSA  6£€Z-TO0ETA e
80°TT ¥SL'0  O0GLT  LETIT  SO'00WOZPFO+  S08 0SWIOUET 660-€70 DOODD  9£F0+2652Td Ty
L6721 968°0 061  TFIZT  STGTWZGPISG+  SETHTWIGUZT 86080 DHN  80LG+0FSTTA 13
(6) (8) (L) (9) (c) §2) (€ (2) (1)
(1) (o /o) (pdN)  (p_suny) (000zr) (000zr) ai eondo SVl ToquImN
Al w& o[eos Tq O'PH A 09(T VI QUIR N QUIRN] MSTA
ponunuo) — Ty d[qeL

103



PSTT €68°0 0161  T06CT  ST'SCWOGPSF- S8 6EWGHUTT 200DI-6€C OSA  9067-L9%22d 6.
1811 08L°0  OFLT  GOLIT  ST'€0WEZPSS+  SOF'0SWITUTZ  OT8G+TOTIC SVHI  OT8G+T0TIC 8.
90°CT 0980  0€6T 06821  SEO0WEEPTH-  S6L°9ZWSSUOT 6T0DI-98C OSH  0SEF-1$508d LL
V61T 920 0 T9T  TZ80T  SO'6EWLOPLI+  S06'€ZWLSUOT 020-8F¥ DODD  SG9T+0550Td 9.
19°T1 €890  O'TGT  QOTOT  SLLEWIEPGT+  STLLTWLEU0Z  1¢ST+IGE0T SVUI  13G93+TSE0T )
erel 19T 096 €LF6T  S9COWETIPIT+  SPF'GEWIGUET  OTTT+TPS6T SVIT  OTTT+ChS6T 2
GreT €291 0°G6¢  T0LGZ  SEOGWEGPE0-  SGT ITWZEUGT  90F0-L6T6TA SVUT  90¥0-L6T6Td )
€611 9.6'0  0Cec  S09YT  SOLOWEIPTIZ-  SO6 0SWHTUGT 800D1-€6¢ OSA  FZIZ-CTI61d gL

gee0  0°€ll GGGL  SO'9ELWGZPEL+  SOGFOWITYGT SIFIT DO
610  0°€Il 00GL  SO'LEWPZPEL+  SO6'ESWOTUGT 9829 DON
67 1T 1260 0°€ll QZCL  S€9OWGZPEL+  SOT6SWOTUET VIV AA  0ZEL+H0TT16TA 1L
GO'TT 7650 6Tl VLG8  STOTWESPEGH  ST6'GEWELUST 0L99 DON  0G6G+62ESTA 0L
88'TT 1070 098 671G SG'LEWIIPFE-  SETTPWZEUST  €TFE-€678TA SVHI  €TPE-€628Td 69
G9€°0 0°8L 6V67  SCEGWPFPLG-  S]T OFWETUST 6897 DI
€8¢°0 618 002S SE'TEWEFPLG-  S€9 6EWETUST L89F DI
G9€°0 0'8L 8F6F ST LGWEFPLG-  SP9'SEWETYST 989% DI
ToTT €8¢°0 618 002G S¢'TEWEFPLG-  SE9'6EWETYST LGSIM  FFLG-€608Td 89
GO'TT 1190  OFET £998  SETIPWIEPIO+ STE'GEWITUST  0ETO+0608T SVUT  0STO+0608T L9
97'gT 8/8°0 0861  PESZT  S6°00WLIPO0-  SG6'TZWEZULT  $T00-L0ZLTA SVHI  ¥100-L0ZLTA 99
67 1T z6€°0 078 L6TG SP'6EWOZPOT-  S6L'GEWOTULT  LTOT-SETLTA SVUI  LTOT-SETLTA 9
96'TT 9T0T  0°CEC  O0LZST  SOOSWOTIPES+  S00'0CWHTULT  €TES+HZETLIA SVUI  €TEG+TETLTA 79
€611 €ec0 0911 6€€L  SPEOWFZPTO+  S68'8GWZGUIT 0729 DON  82g0+P0S9Td €9
€o'TT ¥8G'0  0°8¢T 8608  SPPTWEFP60- ST OPWZFUIT  LE60-6689TA SVUT  LE60-66E9TA z9
86'TT 8660  0°CIC  TT6ET  SYTHFWMIZPYY-  SCO'GTWSEYIT 900D1-690 OSA  0289-0££9Td 19
2o'Tl 88¢°0  0'STT OFT8  SR'ZOWFGPLO-  S6LTTWETUIT  9FLO-FITOTA SVHUI  9¥L0-F9T9Td 09
8G'TT 9290  0°L€T LV68  SOPTWLZPZSG+  SOLOPWITUIT 0609 DON  G€¢G+HP0T9Td 65
87'CT 0170 6.8 PEPS  SPITWOEPEZ+  STT'LGWHEUGT €1660 DDN  0VET+LTESTA 86
(6) (8) (L) (9) (c) §2) (€) (2) (1)
(1) (o /o) (pdN)  (p_suny) (000zr) (000zr) ai reondo SVl ToquInN

Al w& o[eos Tq O'PH A 09(T VI QUIR N QUIRN] MSTA

ponunuo) — Ty d[qeL

104



(600g) ‘T& 0 SNUWLIY UM JUISISUO0D aIe sonfep (YN Aq pepraoid
se (600g T8 10 MRUSUTH) SHNsal JYNM Ied4-0A7 o) U0 paseq gL' = Ay pue ‘Rg'0 = N5 _2djy _sw(L = Of
s1ojourered [eordojowsoo Surydope pue ()00g) T8 30 P[NOJN JO [PPOW MOJ I0jdRI}je-¢ oY} I0J A}DO[OA DLIFUSIOI[SY]
9} SUI}DA1I0D AQ POALISD 8Iom senfeA juspuadep YPIYSPal oY, "SHUN Ie[0§ ()TSO[ Ul AJISOUTWN] PaIRIJul [R)0) ST, :§
uwnpo)) ‘sossredeSoy Ul eouRISIp AJIsourwny oy J, :J, TWNjoy) ‘A)100[oA JLIJUSOOIOY :9 Uwn[o)) "(JHN WOIJ UOIJRUI[DD(]
pue UOISU8ISY JYSIY :G PUR § UWN[O)) 'SOIXR[RS [RNPIAIPUL Ojul pajeredss arre sweIsAs [T o[diymiy ‘eoinos [esrpdo

9} JO dWIRN ¢ UWN[O)) 90IN0S QY] oY} JO oweN :g UWN[0)) Jose)ep LG oY) JO Iquuny :] UWno)) — ‘9j0N

0G°TT 1L€°0 €'6L PSS S6°60WCEPOZ+  S08°9TWIGUET TEE0 STYIN  8T0Z+88FETA 88
LGTT L2900  O06FT €80T S9'00WFTPES+  SLG GOWOFUET LSTSHIETET SVUT  LGTGHIETET 18
02°2T T€CT  0L8C  T€E6T  SL'SOWIZPIE+  SLZ TOWGEEUET P09¢+59€6Td SVUI  F098+69¢€Td 98
G8G'0  0'STl TG88  SO'SGWOPPSO+  SO8'SGWLZUET V#2L9L DON
pLG0 0Tl 1298  SGFPWOFPR0+  STL'9GWLZUET ¥29. DON
9G°TT 6,50 0921 €6L8  SO'TGWOPPSO+  SO8'LGWLZUET g81 d1y  0£80+¥5zeed 8
GF80 0061  689ZT ST LVWZIP69-  SEE'GOWTIZUEE  ZOAAN FT0DI-LLO OSH
69L°0  00LT  O00PIT  STTOWEIP69-  S69°COWTIZUEE  TOAAN FT0DI-LLO OSH
9L'TT 1€8°0  0°98T  09¥¢T  STPCWZIPE9-  SEGTOWIZUET PTODI-LL0 OSA  6269-081€Cd 78
09°TT L¥G0 0611 128 ST'HEWEEPST+  SOL 00WITYET 86CG DI L192+GE1Ead €8
90°2T ¥88°0 0661  TLEET  SO'GTWEOP6S-  SL'OPWGTUET Z00OI8FT OSA  616G-821€CA z8
1280 9°69 YOSF SO LEWEGPRO+  S00'STWEOUET €82G DI
z€E0 80L 2687  SO'9TWZGPRO+  S09 GTWEOUET 697 DON
GO'TT z€E0 80L T68Y  SO'TOWESGPRO+  SO8 9TWEQUET 86z A1y 9£80+200€2.d 18
02°2T LT 01SE  TISET  SP'ETWZGPLI-  S9T6VWIGULET 808T-16¥2¢d SVUI  S08T-16¥2cd 08
(6) (8) (L) (9) (5) (%) (€) (2) (1)
(1) (o /od)  (pdN)  (p_suny) (000zr) (000zr) ai reondo SVl Toquin N
dly wQ o[eos Tq OMPH A 09(T VI QUIR N QUIRN] MSTA
ponunuo) — Ty d[qeL

105



z'19 x 80T 8G'Tg- 8000 F¥8FT  09°0%-  ST0°0 F #G'9T 1ser]
H €0'C gL0z-  TI0°0 FOLST 6981~  GE0'0 F GE'8T 1S9
z'19 z 86'1¢- L0000 F €F'FT 6902~  F10°0 F GE'9T €TeT+H6CeL0d SVIIL Tl
H 12 L6'2¢- €000 F 06'CT  69°02- 6000 F ¢F'ST ZOAAN 69£20 DON
908 H 1971 12°2¢- G000 F99°€T 0902~ 0100 F 1G°GT TOAAN 69£20 DON
€18 z 07'€- €000 FOF2T  6€T1¢- L0000 F ¢L¥T 69€20 OON 1T
81T x z8'1 1922~ ¥000 F G€'€T  6L°02- 6000 F GE'GT ¢€0-90-S0+DHDIN
816 S 90'C €0°€C- €000 F €621 L6°03- 8000 F LI'GT 9£0-90-S0+DDIN
z'LL I 6G°€C- €000 F L&TT  ¥9'12- 9000 F 1671 PEOT MUIN 01
978 H 0 z9'1 0F'€c- €000 F 6721 6L1¢- 90000 F ¢€¥1T €690 DON 6
6'GL T ¢ 18T 96'TZ- G000 F¥6'€T 6961~  TI0°0 F 96°CT CeO MZ I 8
AT g €8T ¥G'TIZ- 6000 F IT'CT  TL6T- 6100 F 6691 ZPOT-P9LTOA SVUT L
X 611 9T°0c- 11070 F G&'ST  L6'8T-  L10°0 F 89T GZEITHI+9€ 9002101 SSAS
6¢8 H w1 90'2¢- G000 F GO'€T  ¥9°02- 8000 F GI'GT 0£0-9¢% DO
6'G8 z ¥2'ce-  F00°0 F LFET 180T  L000 F €671 0€0-9¢7 DOOD 9
¢8L, H 0 €8T 6LCC- €000 FGO'ET 9602~ 2000 F €671 PI0-F0-€0-DDIN &
I'7%6 H ¢ 02T 29%e- 2000 F L0TT  TFTIZ- €000 F IE°€T €T DI ¥
X er'l 0T'TZ- 9000 F €€FT  L961- 1200 F €T°LT PERCING
X 1971 60Cc-  F000 F €T SP0Z-  S10°0 F ¢P9T qImog
GHG ¢ ¢'ge- €000 F L6CT 0602~ 2100 F 00°91 100-20-¢I+DOIN €
98F H 8T'T ¥0'ce-  F00°0 F 6£°€T  GL0T-  L000 F GLVI T0AAN 96 dry
6°€¢ H €T 80°e- V000 FFPEET  LL0%-  L00°0 F €LFT 20AAN 95z d1y
T'LG z 18- €000 F 1921 2C1%- G000 F 66°€T ¢z dry ¢
69 S 9 ze'1 9¢'c- 2000 F €Tl €80%-  S000 F I6°€l P€00 DON T
(o) (6) (8 (L) (9) () (%) (€) (2) (1)
HAS IVN DI  (MFPISA-MGEERI) MVI8dpy MYI8Iyy, MEEVI pyy Meevdyy oureN JISTA

ordureg GTVOH-ILSH o3 ur serpedold Axe[er) 1soy

GV Ol9BL

106



T'62¢ S G L0T V'ee- L0000 F 0SVT  L€T%-  ST00 F $SOT GT9£-22060 SVIT 8T
ge'1 L6°02- STI00 F6T9T  T96I- SO0 F 09°L1 UInog
VT 0T'TZ-  FI0°0 F 909T  €9°61- €200 F 6G'LT )I0N
evee 1 ¢ 6L1¢-  0T0°0 F L&GT  8€0%-  8T0°0 F G891 G166+¢LS80d SVHI LG
PeIT S ¢ 96'T vLTC- 9000 F 80FT LTI~ 1100 F 16°GT 910 DI-090 OSA 92
z'69 S G 8G'T 0T2c- €000 F 19CT 1902~ 000 F 6CFT €297 DON  SC
0°cL X i 070 96'¢c- 9000 F ¢¥¥T  91°¢g-  LTI0°0 F 6L°9T PR6T-GGE80 SVUT 7T
0Tey X g 181 16'¢¢- 0100 F2€'ST  TIT'TG- €200 F 6€°LT 87Z0-1GTL0 SVII €7
X 86'T 1€°22- G000 F G9€T  ¥€0g-  T10°0 F 06°GT ZOAAN 109-20L0 NV
S 89'T g6'1Z- G000 F COFT  $20%-  CT00 F 66°GT TOAAN 109-20L0 NV
69 T €CCc- 000 F L€l 1902~ TT0°0 F gL'ST 109-20L0 NV~ T%
X 8G'T 62°1¢- 8000 F 86%T  0L6T- 9100 F G991 €OAAN L00DI-CSE OSH
X el 66'1¢-  900°0 F LZF¥T  LL0Z- 0100 F 6S¢°ST  COAAN L00DI-CSE OSH
X V1T 92°7¢- G000 F 00FT  ¢I'0Z- €100 F €291 TOAAN L00DI-CSE OSH
0°0¥T z I1°€2- 7000 F GT'ET  8FTIG-  L00°0 F L8'FT L00DI-65C OSA 1€
gLL x ¢ 16T L9TC- G000 F GOET  09°03- TT0°0 F SL'GT 6£12-9L090d SVMI  0C
9°0G X 9 G6'1 6€7C- €000 F I8CT  ¥H0Z- 6000 F 8F'GT 200-TT-80+HDOIN 61
G'esT S 9 QLT GLTT- G000 F L9€T 6602~ 6000 F 6F'GT ¥2GT-681S0d SVUT LT
LOLT S 0 G0'C IT°€2- G000 F86'€T  90'T¢-  FI0°0 F LZ9T 160 MZ IIA 9T
X 9L'T ge0z-  ST0°0 F 9991  9F'ST-  LEO'0 F ¥F'ST 1SOM 308
x 76T 6G'1Z-  0T0°0 F €8°¢T 1961~ 2200 F 6TLT 1SR -T}ION
VLTI z 1812~ 6000 F 90°ST 2661~ 6100 F 8691 T00DI-€0Z OSH ST
L8, H g 9’1 6G°CC-  T00°0 F L8TT  €I'1Z-  ¥00'0 F 69°€T PI9T OON  ¥I
q'ee T 60°C 1€7%- L0000 F LFFT  2T61- 9100 F L99T COAHAN ST0DI-0SS OSH
€'ze T z8'1 VPee- 000 FFEET  290%- 60000 F 92T TOAAN SZ0DI-06G OSH
G'9G z 9L7c- €000 F TO€T 8802~ 8000 F 10°GT 620 D109 OSA €T
(o) (6 (8 (L) (9) (¢) (¥) (€) () (1)
YAS IVN O  (MPISI-MGEEPA) MNrisdpy M8 MEEVA Py Mmeerdwy oureN JSTA
ponunuo) — g’y oqeL

107



Tv6 T i 69T 1€°2%- €000 F 6CT  2L0%- 9000 F ¥S¥I 18680 DON ¥
H VT 96'1¢- G000 F FRET 6702 6000 F 9£°GT q0sg AA
H er'T €6'1¢- G000 F 8'ET  09°02- 6000 F 9€°GT ®OGT AA
QETT 4 0L2¢-  F00°0 F IT'ET  GZ'Te- 9000 F 19FT 052 AN 9F
L69¢ S 9 LT VPe€e-  F000 FIT'ET  FLTIg- 1100 F GL°CT €SPG-0ZTET SVIL 6P
829 S 9 68T 8.7~ €000 F¢9Cl 6802~  LO0O F €8FT 0L0D-L0¢ OST  €F
Lv8 1 g 08T 8G'7Z- G000 F 69°€T  8L°02- 0T0°0 F 99°GT 660-€70 DOODD  TF
7679 S g €6'T I8€%- €000 F29¢l  88'T¢- 9000 F 8GFI 86080 DOHN  1¥
) x 0 0T'C 19°2¢- G000 F ¢8€T 0902~ 6100 F 20'LT G19G-9TTCT SVUL  OF
6T0F X i eLT ¥LTC- 8000 F 96 FT  TOTg-  LT00 F $L°9T G0g0+TITeTd SVII  6¢
G0ST S ¢ eqT g8'ec-  T000 F FLOT  62Te- €000 F 1€TT 069¢ DON 8¢
z'9C X €e'e GL1Z- 9000 F 62FT  CF6I- 9100 F 69°9T q0182 OI
L6y X 18T GL7c-  F000 F 6C°€T  L80%- 8000 F €TGT 0182 DI
7L T I1°€3- €000 F €621 €T'Tg-  L000 F 86'FT 9GFT+TECITA SVIT L€
T'GL x 4 97T gree-  F000 F 6S°ET G602~ 8000 F 80'GT 610-€C-L0+DOIN  9€
x qT'g SPIC- 6000 F 90T 0€'61- 1200 F ¥T'LT yser
1’60 H 68T 123~ G000 F 6L°€T 2802~ OT0°0 F 1L°GT 1SOM
1'60% z 10°€3-  $00°0 F 0S°€T  90°T¢- 6000 F 8F'GT 8TFZ+G9G0T I SVIT €
X)) x g 16T 9,7¢- 1000 F €/°0T  GT'TZ- 2000 F €2CT 96Z€ DON  ¥¢
€921 X 0 82T $9'TZ- 6000 F 9T'GT  9€°6T-  ¥200 F 0921 8780+€LTOTA SVHI €€
90T X i 07T TLTe-  F000 F Vel TeTE- 8000 F €0°GT 2€0 OITLE OSA  TE
zosT 1 g z8'1 88°7c-  F000 F €€l 90°Tg- 6000 F 2€'GT 10160 OON 1€
6 H ¢ z8'1 Ve'€e- €000 F¥6CT  ¢SIg-  L000 F O8FI 18870 OON  0€
6T S 9¢'C 8€'CC- L0000 F ILFT 2002~ 1200 F €C°LT 96T6T0T-8S8EET60L XSVING
8FST S 19T LO'€C- G000 F IOPT  OF'1g- 1100 F #R'ST  96Z6T0T-FFISET60r XSVING
G861 T €G'ec-  F000 F GSET  L9TE-  0T0°0 F LGGT LO0T-TTT60d SVUI  6C
(o) (6) (8 (L) (9) (c) (%) (¢) () (1)
AS IVN O  (MFPISI-MEEPA) MVisdpy MYTI8A MEEVA P MEEVA W oureN JSTA
ponunuo) — g’y oqeL

108



€0'C €0°7¢- 9000 F LT¥T 0902~ %100 F 1F'9T UInog
20T LO'E€Z- G000 FPLET  FOTIZ-  TI00 F L6°GT )I0N
GL0T X z 69°€c-  F00°0 F IT'ET  0LTZ- 6000 F 1€°GT 900D1-690 OSA 19
L¥d) T g 97’1 ehee- G000 F €9°€T L6°03-  TT00 F ¢L'ST  9FL0-F9T9TA SVIT 09
T, H i PP ¥8'CC- €000 F 68°CT  OF'TIg- 9000 F LETT 0609 DON 66
LLee S 9 68T GLTe-  T00'0 F L0CT 9802~ G000 F SOFT €1660 DDN 8§
't 1 g 16T €1'%c- 8000 F €6%T  29°0%-  GT00 F 8F'9T  809€+0SZGTA SVUI LG
T X 9 z9'1 9¢'€c-  F00°0 F G¥ET  FLTZ-  ST00 F ¥FOT 7000660 OSA 99
H ee'1 Ge'Te- G000 FTOFT €802  0T00 F 6S°GT TOQAN G0L AA
H 09'T L0228~ 9000 F 67T L¥0%-  TI0°0 F 96°GT ZOAAN S0L AA
QLVT ¢ 168~  T000 F6EET  TFIg- 8000 F T0°GT G0L AN GG
9.1  H 671 69°CC-  F00°0 F L&€T  1TTZ-  L000 F 9671 qOFEAA
06 T V1T 86'7c-  ¥00'0 F 60°€T €802 6000 F €€°GT ROVEAA
€'86 T To€T- €000 F¥Pel  I8TE- 9000 F 9€F1 ove AN VG
ev6c 1 9 68T gree-  TI0°0 F IGST €202~ G200 F LGLT  T199E-8LEPTA SVUI €6
X TA | i eLT 0F'€c- 8000 F SLFT  L9Tg-  LTO0 F 08°9T  LFPI-SPEPTA SVUT TG
T'ST X z8'1 €8°7¢-  F00°0 FST'€T  T10°TZ- 8000 F L0°ST  COAAN TE€ES DON
809 X 16°T L6C%- €000 F¥O'ET  90°T- 8000 F ¢0'ST  TOQHAN TEES DON
708 z G0'€Z- €000 F ¢€CT  6L°T%- G000 F 6TFT 1€€S DOON 1§
1'28¢ S i 98'T €0'€c-  F00'0 F LT'€T  ST'TZ- 8000 F S0'GT 96980 DON 0§
Lee H vl er'es-  T00'0 FOT'el  TLTe-  ¥000 F 8G'€T 152G DON
09¢ H 19°T LT€C-  T000 FL6TT  €9Tg-  F00°0 F F9°€ET 862G DON
) 4 G6'¢c-  T00'0 F STTIT  ¥H'Tg- €000 F 98°CT orc Ay 6¥
S 9L'1 TGTc- €000 F 90°€T  9L°0Z-  L000 F G8FT  COAAN 992S DON
T 9L'T PPee- 000 FFTET 89°0%-  L000 F €6FT  TOAAN 992 DON
0°69 ¢ €C'€C-  TO0'0 F¥ETT  LPTE- G000 F VIFI 962G DON  SF
(o)  (6) (8 (L) (9) (¢) (¥) (€) (2) (1)
YAS IVN O  (MPISI-MGEPA) MNrisdpy M8y MEEVA Py Mmeerdwy oureN JSTA
ponunuo) — g’y oqeL

109



LTeT X G 8L'T eF'ec- €000 F 00T SOTE- L0000 F 0S¥ 200O16£C OSA 62
AR i 671 ve'2e- 8000 F 8671 G808~ 8200 F €8°LT 0TSG+TOTTE SVHI 8.
9¢0z H G Gh'T ¥6'2¢-  F00°0 F LG'€T  0S'TZ- 80070 F ¢TSI 61001-98C OSHd L2
89¢T H ¢ VLT €6'2¢- V000 F 9ZET  6LTC- 90000 F 09FT 020-8FF DODD 9L
€0L X 0 TeT Te€T- €000 FS6TT  TOTE L0000 F €L¥T 126C+16€0T SVUI 6L
¢eec S 0 IS8T GL'Tc- 6000 FFOST  ¥6°03- €200 F 8ELT OTTT+CPSG6T SVHL ¥
8V6Y  H i 91'¢C €6°¢s- 11000 F €561 L€T&-  SP0°0 F 10761 9070-L6261d SVHI €L
oSt T € oLl LE€T-  F000 FI9°€T 99T~ 0100 F €9°Cl 8000I-€6¢ OSH  @L
X LT 1622~ €000 F €921 021~ 9000 F L9°¥1T STVIT DON
S 0S'T L0°€T- €000 F LFCl  LSTe-  S00°0 F 0£¥I 989 DON
zerT I GL'¢g-  TO00 F6LTIT  STTe-  F000 F CLET VIV AA 1L
) H z 86T L8TC €000 F8LTI 680~ L000 F S8VI 0L99 DON 0L
LTeT H I 6£°C 69°2¢- €000 F ¢€CI 0202 8000 F 60°GT CIPE-¢628TA SVUI 69
GGl H z8'T 98'1¢- €000 F 06¢T  ¥0°02-  L00°0 F 96°%1 6897 DI
¢8¢ H z9'T 6T~ €000 FIFCL €03~ S00°0 F LTHI L89% DI
z61 H 9z'T TUIe- G000 F¥9€T  L86I- 8000 F €T°ST 989% DI
LVL z IT€C- 2000 FCOIT 091~ F00°0 F 0S°€T LGSIM 89
X 62'c- 9000 F ¢¥¥I LE0G-  GTO'0 F 9G°LT  L6ETIET0+HIFSETISIL XSVING
zLL X 6L°1 ¥6'2¢- G000 F €L°€T  ST'Te- L1070 F 8491 0€T0+0608T SVHI
zLL z e7'ec- Y000 FFCET T9TE-  FI00 F I€°9T 0£T0+0608T SVHI L9
108 H G 96'T ¥6'2¢- 9000 F IZFT 8602  610°0 F 6691 $100-202L1d SYHUI 99
g€ X 9 I1e 86°2¢-  T00'0 F 8E€T LV 0T~ 0300 F €T°LT LIOT-8ETLTA SVHI €9
10C GT'Ce- L0000 FTL¥T  ¥102-  L10°0 F 8L°9T 1sR]
181 ¥9'1¢- 6000 F €2°ST  LL'61-  020°0 F GT'LT 1S9
L6ST H z L9°2¢- 9000 F 0¢FT  ¢L0%- €100 F 0291 CIEG+HTEILTA SVUL 79
PSYT T i 86T z8'€T-  TO0'0 FSOTIT  ¥STIE-  F000 F ISET 0729 DON €9
€L X 9 66T 20'€e- 000 F LEE€T  €0TE-  FI00 F 8€9T L£60-6689Td SYHI 29
(o) (6) (8 (L) (9) () ¥) (€) () (1)
HAS IVN O  (MPISA-MGEP) MVi8dpy MyI8A MeEvd py MSEV Ly oureN JISIA
ponumuo) — gy d[qRL,

110



(0T0T ¥ 39 [PMOL]) SOXNY AN
XATVD Pue Y[ SVH[ WOl POALIDp | _IAPTN JO SjIum Ul 9jel UOIJRULIO) IB}S (] UWN[O)) O[qe[rea® SI UOIJRIYISSL[D
ou X ‘9I9J40G ST § “YHANTIT ST T ‘ PMI[-UOISSI [[H,, ST H :0dA3} A)IA190€ IRO[OTN 6 UWN[O)) 'S[IRIOP IOJ 1X0) oY) 99S ‘SS[D
UOIORINU] g UWM[0)) ‘AXe[es 3507 o) JO 10[0d ( M\FTRI-MEGEF) L Suwm[o)) ‘T'§ o[qR], Ul 9oue)sIp Ajrsourwuny o} Suisn
Poje[noTed Sewl Ul opniusew AAFIS 9IN[0sqY 9 UWN[o)) ‘Sew ur opnjusewt M8 juereddy :¢ uwnoy)) "1'F o[qRl,
Ul 90UR)SIP AJSOUTMIN] 97} SUISN POJR[NO[RD SRW Ul OPNITUSRUL M GEF ] 9IN[0SqY f uwnjo)) ‘Sewl Ul opnirudens A GEy.d

juareddy :¢ uwmio)) -ooInos 1esrydo oY) Jo owreN :g UWN[O)) “19seIep [[GH oY} JO IdqUWNN ] UWN[0)) — ‘9JON

I'se H I ¥0'C L6'TZ- €000 F Vel €6'61- 9000 F GOFI 1€€0 MYIN 88
gF9 X i z8'1 80°7Z- G000 F IL'E€T 9802~ €100 F 8T'9T LGTSHOETET SVUL L8
Lol 1 9 €0'1 80'€Z- 9000 F ¢¥¥T  GF'TIg-  ¥I00 F 1€°9T 709€+¢9¢eTd SVIT 98
x 00'C PTC- G000 FOL'ET  €86I- TT10°0 F 06°GT VFL9L DON
S 09'T TEET-  TO0'0 F8TTT  TLTE- G000 F 20FI 7L9L OON
€19 I LS'€Z- 000 F €0CT  6871%- ¥000 F FREI gsT diy g
X 0£°C 6V'CC- G000 F €6°€T  61°02- V100 F2€9T  COAAN FI0DI-LL0 OSH
X G6'T 80°¢Z- 9000 F ¥EFT €102~ ¥I00 F 89T TOAAN FI0DI-LLO OSH
G001 z G0'€c-  F00'0 F LEE€T 1602~  0OT00 F 09°GT PIODI-LL0 OSHd 78
L'69 S 0 86'T 997z- €000 F 68°CT 8902 8000 F LO'GT 867G DI €8
970c S i A 067c- G000 F €9°€T 67T~ 8000 F 80°GT TO0DI-SFT OSA T8
L0T X V6T 96'T1g-  €00°0 F ¢8CT 2961~  L000 F Z6'FT €826 DI
L99 S VLT 86'¢c-  T00'0 F IVIT  ¥#21g- €000 F 0£'€T 69%L DON
€08 T €r'ec-  T000 FCTIT 9P’ Te- €000 F 60°€T 86g diy 18
T6Le H i Gr'1 1822~ 8000 F 6671  9€T¢-  S10°0 F ¢G9T 808T-16Fzcd SVUI 08
(o) (6) (8 (L) (9) (¢) (¥) (€) (2) (1)
YAS IVN O  (MPISI-MGEEPA) MNVisdpy M8y MEEVA Py Mmeerdwy oureN JSTA
ponunuo) — g’y 9qeL

111



00 0L'0 F 7T 80°0 F 62°¢  FI'0F 990T 00 F L6T0 1€ ZOAAN 109-20L0 NV
1'sh 290 F 9¢°0 70 FGH1- SV0F8T- T00FSF0 S00FOFT S00F 1890 16 TOAAN 109-20L0 INV
109-20L0 NV~ T¢
0'1C 96'0 F 92'T 010 F 28T~ ¥I0FICT- €00 F0I'C SO0 F¥SC 100 F €20 29 L00D1-662 OSA 1%
0°0G eT'T F €50 100 F 290 T00TFETE 100 FFLIO @€ 6€12-9L090d SVUI 0%
8Tl Z80 F GO'T gro0 F94T- 970 F06'T- T00FEe0 T00FLEO TO0FSIE0 6€ 200-TT-80+DDIN 61
00 9L°0 F 2G'T €0°0 F28°C 900 F€0F 000 F €00 € 1€0 X7 IIA 91
L'62 70 F 0L°0 ST0F OLT- LTOTF €T~ F00FI®T 600 FLEES 900 FSCTT  TLE PI9T DON  ¥I
€8 VOT F LET 100 F 690 €00F9F0 100 F9F¢0 &I  COAHAN ST0DI-09E OSH
061 €60 F ¥6°0 10 F29T- 200 F¢LT- T00FCOT FOOFLET F00TFLRGO 6L TOAAN G20OI-09G OSH
¢z0 D109 OSA €T
V1L 07’0 F 1¢°0 ¥0'0 F €42 600 F SF¢ 000 F 0500 2L €2GT+6S€€0d SVIT  ¢T
eyl €L'0 F 6870 000 F €00 000 F 0T'0 000 F 2800 L ZOAAN 69€20 DON
691 79°0 F 08°0 0T0 FTrI- 6T°0F 67 1- G00FaGH OT0FSES L00FLLO0 €8 TOQEAN 69€20 DO
69€20 DON 1T
0°0€ 99°0 F 1.0 020 F OV I- TIF0F9ET- F00FSTT 800TF0T€ 100 FLFC0 OF ¢£0-90-G0+DHDIN
¢9 €60 FOT'T €00 FSF'T- CF0F ST~ 200 F 090 F0O0FIET TO0FEL0 9 9€0-90-G0+DDIN
PEOT YN 01
0'ST 660 F 10'T PT0F 69T- 080 F €LT- 600 F 8T  STOFO0%E  F00F9PG0 00T G690 DON 6
i 89°0 F ¥9°0 100 F 210 T00FIF0 ¥00F 8690 Ll Ge0 M7 TIT 8
L9T 99°0 F 67'T 000 F 660 €00 F ¢60 T00F9ST0 &I croT-H9¢10d SVII 2L
9'8T 790 F 98°0 20 FFLT- CTOFELT- €00FSET 900FF2T GO0 FII80 98 0£0-9€F DOODD 9
IR €6°0 F 2L°0 VS0 FPLT- 8T0F 29T~ €00 F €8T CS00F€I'c 100 F 18C0 16 YI0F0-€0-DOIN &
LV TL0 F LGS0 120 F LST- €20 F99T- L00F99E€ ¢TI0 F 0L F00FLI6O €I€ €T Dl ¥
€61 6L°0 F 00'T 820 F G0z~ 6€0F9LT- TO0TFGSET FOOTFLIT €T0FLOTT €8 100-20CT+DOIN €
9'8¥ 970 F 250 U0 F FLT- €0 TF LLT- S00TFLET  L00F LT S00F66L0 COT TOAAN 95 dry
896 G0 F €70 LTOFGLT- TE0FO08T- S00FT0C 600F69F 600FceT 691 ZOAAN 95z d1y
96g diy 4
66 8%'0 F ¥8°0 9T'0 F¢LI- €T0FSYT- €00FIGT F00TFEFE €00 F 02L0 &8I P€00 DON 1
(o1) (6) (8) (L) (9) (¢) §2) (€) (2) (1)
§ o (MpIsd-meerd)  (mserd)o (msera)o (MPISA)TL  (MSerd) 7L NT PN oureN JISTA
o[dwreg STVOH-LSH °Y) ut sorpedold 101sn[) IS "¢ 9[qe],

112



z'81 19°0 F 88°0 9T'0 F G0z €10 F 0z~ T00F 980 T00FFG0 T00TF G6T0  LL 962G DON  SF
T'LT 19°0 F €8°0 IT°0 F20¢- ¢20F ST 200 F 06T F00TFLOE L00FFLIT  F9T 18680 OON  L¥
9'8C 8%°0 F 89°0 910 F 22’2~ 8T'0F 082 TO0FFF0 €00F 990 900 F 7280 95 q0SZ AA
T'61 8€'0 F L0 920 F 0T'2- 9T'0 FSLT- T00F 02T €00F8TT ¥00F6L90 L ®OGZ AA
05 AA  9F
00 8¢'T F 6T°C T00 FI6T T00F €S0 000 F 9800 ST €GPG-0ZTET SVUL  GF
ezl 650 F €0'T 820 F #6'T- S¢0 F¥ge- T00F SZ0 200 F IE0 TO0F €90 LS 0L0D-206 OSH  €F
Ll 9%'0 F ¢0'T THo F 9v'e- LE0F ¢Se- T00F eI 200 F €80 T00TF 6080 66 660-¢70 DODD ¥
0°G 8F'0 F €6°0 230 F 65T~ 120 F 19T- €00 F 8L0 T00F¥60 000F €600 OF 86080 DOHN  T¥
00 290 F 96T €00 F 29T G00FeST T00F 8800 ¥ G19G-9TTZT SVUL O
ger 79°0 F 16°0 0T0 F¢LI- V0 F 06 T- F00F LST LOOFIET TO0F G6T0 LE G0L0+¢ITeTd SVII  6€
'8¢ 290 F 99°0 GT'0F LL'T- CTOF IST- G00FS0E 600F €S G00TF€L9T TTET 069¢ DON 8¢
zLl 2G0T 70T T00 F2¢°0 €00 F 080 T00TF0ST0 68 018¢ DI L€
LT 69°0 F LS°0 820 F 96'T- IT'0F 66'T- F¥00F 0% 900 F 08'€ 900 F 908°0 80T 610-€C-L0+DOIN  9€
00 69°0 F ¥9°T 200 FFET 200 FCST 000 F S0T0 €3 8TFZ+G9G0T A SVIT €
T'LT 290 F 060 GT0F 68T~ LTOFOST- 900 F 8¢ IT'0FG8F €00 F GCET  6CLT 962€ DON  ¥¢
€T L0 F €8°0 Tr0F 602 €T0FSTZ- €00FFOT SO0 FFGT 900 F LEL0 92T 2€0 DIFLE OSA  T€
00T €9°0 F ST'T IO F S6'T- 9T0F¥6'T- T00F €90 200 F 80 €00 F FeF0 09 T0TS0 DON 1€
e 67°0 F 62°T ZI0F 08T~ E€T0F €LT- T00F 060 €00FTLT T100F L2300 LL 18870 OON  0€
'L 99'0 F LV'T 100 F 220 €00F 09T T00FSET0 FI  96T6TOT-88SELTE0r XSVING
LTE 9%'0 F 290 9T'0 F €6'T- 9T°0 F 602 000 F I¥0 T00F L0T T00F 6810 6F  9686T0T-FHIELET60r XSVING
LO0T-TTT60d SVUL  6¢
0GP 680 F €570 T00 F92T F00F €6°C 000 F €600 0T G19£-22060 SVII 8¢
Lce 180 F 20 000 F 00 T00F6F0 T00F€T0 ¥T GI6€+2LG80d SVUI LT
091 8L°0 F 88°0 PT'0F 68T~ CI'0F G6T- TO0FSET €00FS8ST 200FLT0 0% 910 DI1-090 OSA 92
1'¢e 19°0 F 2L°0 V20 F 912~ L300 F €12~ T00F 690 F0O0OFFCT F00F 160 11T €292 DON ¢
G61 L9°0 F 160 900 F¥9°€ 010 F98'€ 000 F 1600 L€ PPOT-GGE80 SVUL  ¥¢
e'ee 65°0 F 860 €00 F09€ 9T0F CGL 000 F G200 9 8FZ0-1STL0 SVUL  €¢
(o1) (6) (8) (L) (9) () (¥) (¢) (2) (1)
£ (MPIsd-meerd)  (meerd)o (msera)o (MPISA)ZL  (Meerd) L NT, PN oureN JSTA
ponumuO) — "¢y d[qR,

113



gLl 680 F €0'T ZO0OFFT'T OO F 28T 000 F 800 OF 800DI-€6S OSA T

€'LT €60 F €L°0 920 F L6'T- 020 F €82 T00F LEO  F00F 680 900 F 6680 STT SIFIT DO
6L 660 F €90 0T0 FO08T- 6T°0F €8T~ 900 FF0C ¢r0F 89 O0T0F 98T €6C 9829 DON

VIV AA 1L

A 68°0 F 87T V30 F 9S°T- VSO F €LT- 00 F 02T €00 F 08T 200 F €0F0 69 0L99 DON 0L
1’9 870 F 61°T Zro F L9°1- TLT- 100 F 680 T00F 68T 200FaTLVO 6F 689¥ DI
902 GL0F 90'T LTOF E€GT- STOFGLT- CO0FS6T CO0FFIE €00 F G0 09T L89F DI
T 79°0 F L6°0 FL6T-  FIOFETS 000Fc0 000F 7120 TO0FFREOD 7€ 989% DI

LGSIM 89

0°GT 16°0 F 26°0 T00 T 020 TO0TF €0 T00FTHT0 0%  0STO+H060ST SVMI L9

00 860 F 74T €00 F L1'C 900 F 62¢ 100 F LIT0 6  ¥I00-L02LTA SVUI 99

8Y ST'TF 691 ¥0'0 F 90 SO0 F L¥Z  TO0F8T0 1¢ EIEG+HTETLTA SVUT 9

671 08°0 F 16°0 TT0 FOTC- €0 TF €% T00TF €0 T00TF 980 €00 F 1660 GLT 0729 DON €9

L6 1.0 F2TT 120 F6ST- 960 F €6°T- 200 F 680 L0OFIGCT F00TFFGE0 T9  LE60-6689Td SVIT €9

) VL0 F L60 ZEOTFFYT- 920 F 98T~ T00TFCET TO0TFCLT F0O0FIEFO0 8  9VL0FITOTA SVMI 09

€1 09°0 F 680 8T'0 F 98T~ TIF0F LET- 900 FE€FF €10 F 6L0T T00FSPe0 80T 0609 DON 66

69 G0 F €1'T 62°0 F 102~ 860 F 652 T00F €0 €00F 0S50 €00 F LZL0 0T €1660 DDN  8G

002 050 F 0€'T L00 F6LC 600FTOF 000 F 9600 0T 809€+0SCGTd SVIT LG

88T 9G°0 F 98°0 €20 F 96'T- 2¢0 F20e- €00FGST  G00TF L9T €00 F 6880 69 G0L AA  CS
TP 67°0 F 9570 120 F86'T- S20TF06T- 900 F 60T O0T0F € TI'0FFIST 88T qQore AA
el Z8°0 F 8L'T 100 FST0 TO0F IZ0 000 F G900 ¥T ROVE AA

0ve AN 7S

R4S 870 F 98°0 €0°0 F LL°0 900 F LL'T 000 F 0900 8%  LVFI-SPEPTA SVUI ¢S
06 TL'0 F 68°0 LTOFGOT- 010 F IST- 200 F S0 FOOFCOT TO0FLECO 8.  COAAN TEES DON
0L T6'0 F OV'T CIoF €9T- TIT0FT6T- €00TFGLT 900F GGC 200 FFSE0 98  TOAAN TEES OON

I€€S OON 1§

00 6L°0 F 1T 100 F 820 T00F IS0 000 F 1800 ¥3 96980 DON 0§
¢'62 96°0 F €L°0 PI0OF 76 1- 610 F ¢6T- L00F 63T €10F 8¥E 800 F¥IST GLY 1625 DON
991 65°0 F 88°0 PT0F L8T- OT0F I6T- GO0 F G6T L0OOF ISE  L00FOLI'T GSE 8GZS DON

ovg diy  6¥

(o1) (6) (8) (L) (9) (¢) (¥) (€) () (1)

§ o (MpIsd-meerd)  (msera)o (msera)o (MPISA)TL  (MSerd) 1L NT, PN oureN JSTA
ponuIuO) — "¢ d[qR],

114



"TOI}991109 UOIOUIIXD OU M IAN 9°) U} I03UNOA sk pajep-ode A[qel[ol
oq ueo jer) uorpemndod I103sn[o Jo a8eIuedIod ()] UWM[O)) AXe[eS ® Ul s19)sn[d Jo 10[00 ( MFT8I— MGEF) URIPOIN : 6 UWN[O))
‘sofewl AFT8A Y3 I0] O Xopul uorjouny ASourtuny :g uwnfo)) 'sioyy AFISd Pue soSewll A\GEH oY) 10] © Xopul UOIjouUnj
Ayisourwny @), uwIno)) ‘sadewWI MFT8J oYl ul 17, Aysourwn] ogoadg :g umnjo)) ‘so8eml ) Gey.J oUs Ul 17 Ajysourwn] ogroodg
:C UWN[0)) 'sSoua)a[duWod I0J PaIdALIod pue g— > MIEVA [\ 03 payrwul] ‘N7, £ouenbaij oroads pajoallo)) f UWN[O)) 'SI9ISN[D Iv)S

Po39930p JO Iaquuny :¢ UWN[o) '92INnos [eds1jdo oY) Jo ouIe) 7 UWN[O)) "JoseIRp [GH oY) JO IoquIny :] UWN[o) — 90N

T'L G660 F €LT 70 FGL'T- G00F06C 800FGE9 T00FF9e0 oF 1660 MUIN S8
0°G¥ 8L°0 F ¥9°0 T00 F920 €00 F IF0 000 F 0600 0T  LGTS+HIEVET SVUT L8
€ 95°0 F 26°0 200 FFPT'T  FO0OF LT €00 F €0 61 F09¢+99eecd SVIT 98
8L 090 F 89°0 020 F 022 020 F €02~ €00 F 990 S0°0F SST 600 F GITT 66 PL9L DON S8
81T 69°0 F €21 100 FST'0 T00F 220 000 F €00 LT PI0DI-LL0 OSA  ¥8
eee 69°0 F GL°0 IT0 F 10%- S€0F28T- T00F €0 T00TFGL0 T0O0FI1C0 9 862G DI €8
€01 ¢G'0 F 16°0 GT0 FF9T- 820 F LST- F00F0TE 900 F¥Pe €00 F 62€0 8L Z00OI-SFT OSH @8
6°Cl 180 FCI'T 820 F 65°T- 080 F €12 €00 F 990 S0°0F 960 ¥0°0 F 8060 &8 €826 DI
6°1€ 79°0 F 1270 0T'0 F 102~ 820 F 96'T- 200 F 99C TT'0F I€L €00 F 2690 TEE 697L DON

86g d1iy 18
¥a 7L0 F L6°0 600 F 067 9T0 F 97’9 000 F 8900 ¥&  SOST-T6FECI SVUI 08
67T 0L'0 F 96°0 G0 F 69T~ LFOF €02~ 000F 0T'0 T100F g0 100 F 6150 L¥ 200DI1-6£Z OSA 6L
£'Ge 650 F L9°0 200 F 02T LOOFI6T T00FSLO0 LT OISGHIOTIC SVMI S
eer 9%'0 F GL°0 120 F9%°T- 00T FOLT- €00F6£T 900F GOE TO0F6VC0 09 610D1-982 OSA L.
gee 8L°0 F 990 IT0 F29T- 120 F ILT- 900 F ¥6'€ 010 F 809 €00 F 68€0 GSGT 0Z0-87% DOODD 9.
€'6e G6°0 F 7.0 €00 F O0T'e- €00 F 912 €00TF L9T 900 F€Fe €00 F GG€0 FLT  T1¢GT+HIGE0T SVHT  GL
00 OT'T F 22T 200 F G ITOFIFE 000F 0200 L 90F0-L6T6TA SVMI €L
(01) (6) (8) (L) (9) (¢) (¥) (€) (c) (1)

£ (MpIsA-meerd)  (msera)o  (mserd)o (MPISA)TL  (Meerda) L NT, PN oureN JISTA
ponumuO) — "¢y d[qR],

115



Table 4.4. Most Luminous Star Clusters in the HST-GOALS Sample

Mpassw  (F435W-F814W) Age Mass
Visit Name (mag) (mag) (Myr)  x10(Mg)

(1) (2) (3) (4) () (6)
1 NGC 0034 -15.15 0.78 £ 0.00 7.9 1.33
2 Arp 256

Arp 256 NED02 -15.75 -0.08 £ 0.00 5.0 1.74

Arp 256 NEDO1 -14.62 0.28 £+ 0.02 6.6 0.67
3 MCG+12-02-001 -13.61 1.87 + 0.01 1999.9 0.73
4 IC 1623 -16.16 -0.17 £ 0.00 4.8 2.54
5 MCG-03-04-014 -15.62 1.62 £ 0.01 1016.2 2.61
6 CGCG 436-030 -15.28 0.44 £+ 0.00 7.2 1.29
7 IRAS F01364-1042 -13.68 0.36 £+ 0.05 6.9 0.30
8 III Zw 035 -13.02 0.28 £ 0.01 6.6 0.16
9 NGC 0695 -15.18 0.60 £ 0.04 7.6 1.26
10 MRK 1034

MCG+05-06-036 -14.95 0.53 £ 0.02 7.6 1.03

MCG+05-06-035 -15.83 0.09 £ 0.01 5.9 1.82
11 UGC 02369

UGC 02369 NEDO1 -17.02 0.12 £ 0.00 5.5 5.21

UGC 02369 NEDO02 -12.52 0.89 £ 0.02 8.3 0.15
12 IRAS F03359+1523 -16.91 0.41 £+ 0.00 7.2 5.35
13 ESO 550-1G 025

ESO 550-1G025 NEDO1 -14.19 1.40 £+ 0.04 905.7 0.94

ESO 550-1G025 NED02 -11.97 2.18 £ 0.16 6501.3 0.33
14 NGC 1614 -15.52 0.66 £+ 0.00 7.9 1.84
16 VII Zw 031 -16.25 1.27 + 0.02 719.4 3.79
19 MCG+08-11-002 -12.37 -0.38 £ 0.10 3.5 0.10
20 IRAS F06076-2139 -14.72 0.66 + 0.09 7.9 0.92
21  ESO 255-1G007 -15.75 0.64 £ 0.04 7.9 2.25
22 AM 0702-601

AM 0702-601 NEDO1 -13.35 0.38 + 0.04 7.2 0.24

AM 0702-601 NEDO02 -17.24 0.79 £+ 0.01 7.9 8.18
23 IRAS 07251-0248 -17.56 0.45 £+ 0.03 7.2 9.42
24 IRAS 08355-4944 -16.53 0.78 £ 0.01 7.9 4.42
25  NGC 2623 -14.06 0.91 £+ 0.00 8.3 0.58
26  ESO 060-1G 016 -15.42 0.92 £ 0.03 8.3 1.88
27 IRAS F08572+43915 -13.00 0.46 £+ 0.04 7.2 0.18
28 IRAS 09022-3615 -18.03 -0.15 £ 0.10 5.0 13.21
29  IRAS F09111-1007

2MASX J09133644-1019296  -14.09 0.28 £+ 0.06 6.6 0.42

2MASX J09133888-1019196 -14.31 1.51 £+ 0.09 1016.2 1.05
30 UGC 04881 -15.68 1.03 £ 0.01 509.3 2.33
31 UGC 05101 -14.21 2.29 £ 0.03 9506.0 1.52
32 ESO 374-1G 032 -14.81 0.49 £ 0.01 7.6 0.91
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Table 4.4. — Continued
Mpassw  (F435W-F814W) Age Mass
Visit Name (mag) (mag) (Myr)  x10°(Mg)

(1) (2) (3) (4) (5) (6)
34 NGC 3256 -15.85 0.26 £ 0.00 6.6 1.97
35 TRAS F10565+2448 -16.12 1.43 + 0.01 905.7 3.65
36 MCGH+07-23-019 -15.65 0.98 £ 0.01 8.3 2.30
37 I1C 2810 -15.17 1.52 £ 0.01 1016.2 1.90
38 NGC 3690 -15.85 0.45 £ 0.00 7.2 2.12
39 IRAS F12112+0305 -14.52 1.71 + 0.02 1435.5 1.27
40 IRAS 12116-5615 -14.34 1.85 £+ 0.06 1901.1 1.20
41  UGC 08058 -15.31 0.70 £ 0.02 7.9 1.53
42  CGCG 043-099 -15.31 2.51 &+ 0.00 0.0 0.07
43  ESO 507-G070 -12.13 0.35 £ 0.06 6.9 0.08
45 IRAS 13120-5453 -14.94 2.25 £ 0.03 8491.8 2.36
46 VV 250

VV 250a -15.46 0.97 £+ 0.05 8.3 1.95

VV 250b -13.69 -0.18 + 0.10 4.8 0.28
47  UGC 08387 -16.27 0.75 £ 0.00 7.9 3.53
48 NGC 5256 -14.18 0.24 + 0.12 6.6 0.45
49  Arp 240

NGC 5258 -16.22 0.92 £+ 0.00 8.3 3.77

NGC 5257 -15.35 0.50 &£ 0.00 7.6 1.46
50  UGC 08696 -14.10 0.98 + 0.02 8.3 0.60
51 NGC 5331

NGC 5331 NEDO1 -16.01 0.64 £+ 0.02 7.9 2.81

NGC 5331 NEDO02 -14.71 0.70 £ 0.01 7.9 0.91
52 TRAS F14348-1447 -15.15 1.26 + 0.02 719.4 1.75
54  VV 340

VV 340a -13.15 1.78 £ 0.04 1698.2 0.52

VV 340b -14.78 0.15 + 0.01 5.5 0.72
55 VV 705 -15.73 -0.01 £+ 0.02 5.2 1.67
57 IRAS F15250+3608 -16.43 0.20 £ 0.03 6.3 3.19
58  UGC 09913 -12.24 0.73 £ 0.00 7.9 0.11
59  NGC 6090 -17.26 0.17 £ 0.01 6.0 6.32
60 IRAS F16164-0746 -15.78 0.96 + 0.00 8.3 2.57
62 IRAS F16399-0937 -14.08 0.21 £ 0.05 6.3 0.40
63 NGC 6240 -16.08 1.18 £ 0.00 641.2 3.29
64 IRAS F17132+5313  -15.95 1.02 £ 0.02 509.3 2.83
66 IRAS F17207-0014 -15.11 2.26 + 0.03 8749.8 2.63
67  IRAS 18090+0130 -13.68 0.64 £ 0.03 7.9 0.37
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Table 4.4. — Continued

Mpassw  (F435W-F814W) Age Mass
Visit Name (mag) (mag) (Myr)  x10°(Mg)

(1) (2) (3) (4) (5) (6)
68 KTS57

1C 4686 -11.82 0.49 £+ 0.02 7.6 0.07

1C 4687 -14.60 0.51 £ 0.05 7.6 0.76

I1C 4689 -13.03 0.61 + 0.01 7.6 0.19
70 NGC 6670 -15.12 0.83 £ 0.01 8.3 1.45
71 VV 414

NGC 6786 -16.67 -0.14 4+ 0.01 5.0 3.94

UGC 11415 -14.75 0.50 & 0.00 7.6 0.86
72 ESO 593-1G008 -16.07 0.79 &£ 0.00 7.9 2.97
73 TRAS F19297-0406 -16.94 1.27 + 0.04 719.4 6.19
75 IRAS 2035142521 -15.69 0.46 £+ 0.01 7.2 1.85
76 CGCG 448-020 -16.78 0.21 £ 0.01 6.3 4.38
77 ESO 286-1G019 -17.03 0.18 &£ 0.01 6.0 5.19
78 IRAS 21101+5810 -15.57 0.64 £+ 0.05 7.9 1.93
79 ESO 239-1G002 -12.96 0.32 &£ 0.03 6.9 0.16
80 IRAS F22491-1808 -17.26 0.56 £+ 0.01 64.1 7.71
81 Arp 298

NGC 7469 -17.09 0.27 &+ 0.01 6.6 5.83

1C 5283 -12.30 1.36 £ 0.01 807.2 0.24
82 ESO 148-1G002 -16.83 1.33 £ 0.01 807.2 5.89
83 IC 5298 -13.74 2.23 £ 0.09 7744.6 1.06
84 ESO 077-1G014 -13.59 1.24 + 0.06 719.4 0.58
85 NGC 7674 -14.41 0.05 4+ 0.01 5.2 0.52
86 IRAS F23365+3604 -16.71 0.65 4 0.00 7.9 5.15
87 IRAS 23436+5257 -13.34 0.39 £ 0.03 7.2 0.24
88 MRK 0331 -15.71 0.52 £+ 0.02 7.6 2.00

Note. — Column 1: Number of the HST dataset. Column 2: Name of the
optical source. Column 3: Absolute F435W magnitude of the most luminous
cluster. Columns 4: (F435W—F814W) color of the most luminous cluster.
Columns 5 and 6: Age and mass for the respective age according to Bruzual
& Charlot 2003 evolutionary models.
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Table 4.5. Host Galaxy and Star Cluster Properties in Interaction Classes

Interaction Class

Property Statistics 0 1 2 3 4 5 6

Host Galaxy
Number LIRGs 8 10 18 12 13 14 11
Dy, (Mpc) Median 148 133 147 163 173 192 128
Mean 180 131 157 153 216 184 149
Std. Dev. 64 52 42 64 110 91 82
SFR (Mg yr—1) Median 82 79 81 106 148 151 95
Mean 114 100 10 120 212 226 173
Std. Dev. 59 45 43 56 151 186 129

Star Clusters

Number Clusters Median 44 49 66 73 37 40 57
Mean 85 109 93 187 65 191 83
Std. Dev. 81 113 113 366 59 454 77
Tn Median 0.25 0.36 0.44 0.39 0.11 0.18 0.35
Mean 0.26 0.58 0.53 0.78 0.29 0.39 0.39
Std. Dev.  0.18 0.45 0.40 0.88 0.34 0.45 0.25
T, (F435W) Median 2.28 1.58 2.21 1.70 2.31 2.01 0.52
Mean 2.44 3.06 2.41 2.50 3.03 2.52 1.11
Std. Dev. 1.28 3.08 1.92 2.28 2.84 2.06 0.91
T, (F814W) Median 1.65 0.66 1.36 1.19 1.57 1.29 0.89
Mean 1.69 1.31 1.45 1.51 2.01 1.51 0.89
Std. Dev.  0.77 1.39 1.03 1.30 1.58 1.01 0.67
LF index a(F435W) Median -1.78  -190 -1.78 -1.79 -2.04 -1.86 -1.93
Mean -1.83 -18 -1.82 -1.82 -1.99 -1.95 -2.07
Std. Dev. 0.23 0.28 0.20 0.16 0.49 0.28 0.35
LF index a(F814W) Median -1.88 -1.87 -1.74 -1.8 -1.87 -1.86 -1.72
Mean -1.89 -1.78 -1.75 -1.84 -1.85 -1.89 -1.76

Std. Dev. 020 028 023 018 033 028 020
(F435W—F814W) (mag) Median 088 073 091 079 089 097 105

Mean 1.11 1.00 0.98 0.81 0.86 1.00 1.21

Std. Dev.  0.51 0.43 0.36 0.22 0.29 0.29 0.48
Population fraction Median 21.6 28.7 18.6 26.4 21.3 16.7 9.8
age-dated SC Mean 23.1 25.4 22.3 27.9 27.9 19.1 9.5
younger 7.6 Myr (%) Std. Dev. 8.0 13.8 17.5 14.6 20.7 11.4 3.0
Mpis, (mag) Median -15.40 -14.78 -15.20 -15.55 -16.08 -15.42 -14.08

Mean -15.14 -14.92 -14.79 -15.02 -15.74 -15.49 -13.94

Std. Dev.  0.93 1.43 1.46 1.28 1.27 1.46 1.77

Note. — The median, mean and the standard deviation of the host galaxy and SC properties
for all merger stages.
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Table 4.6. Host Galaxy and Star Cluster Properties in Nuclear Activity Types

Nuclear Activity Type
Property Statistics unknown HIIregion-like ~AGN-like

Host Galaxy

Number LIRGs 40 34 41
Dy, (Mpc) Median 156 142 159
Mean 166 159 175
Std. Dev. 7 7 78
SFR (Mg yr—1) Median 78 94 149
Mean 116 143 181
Std. Dev. 95 120 131

Star Clusters

Number Clusters Median 40 69 46
Mean 121 116 118
Std. Dev. 330 122 228
TN Median 0.24 0.40 0.30
Mean 0.45 0.55 0.47
Std. Dev. 0.61 0.43 0.45
T (FA35W) Median 1.60 2.63 1.40
Mean 2.29 3.48 1.91
Std. Dev. 2.36 2.47 1.75
Ty, (F814W) Median 1.18 1.85 0.77
Mean 1.45 1.99 1.11
Std. Dev. 1.28 1.24 0.90
LF index a(F435W) Median -1.93 -1.75 -1.94
Mean -1.96 -1.78 -1.96
Std. Dev. 0.29 0.20 0.30
LF index a(F814W) Median -1.71 -1.75 -1.93
Mean -1.80 -1.77 -1.86
Std. Dev. 0.29 0.21 0.23
(F435W—F814W) (mag) Median 0.94 0.87 0.91
Mean 0.96 0.95 1.00
Std. Dev. 0.35 0.37 0.38
Population fraction Median 17.2 18.3 16.7
age-dated SC Mean 22.5 21.3 19.5
younger 7.6 Myr (%) Std. Dev. 17.6 17.7 13.7
Mpis (mag) Median -14.78 -15.65 -14.94
Mean -14.84 -15.47 -14.82
Std. Dev. 1.36 1.35 1.52
Note. — The median, mean and the standard deviation of the host

galaxy and SC properties for nuclear activity types.

120



"I99STI[D JSOIYSLI( 9) JO OPNITUSRUWL M GEF ] 9IN[osqe 9y} :)] pue
0] SUWN[O)) ‘UOIJISII0D UOIIOUIIXS OU UM IAJN 9°), URY) IOSUNOA Se pajep-08e A[RI[oI og Ued ey} sHG Jo uorjoerj uorjendod
IGT PU® ] SUWN]O)) ‘SI9ISN[D JO 10[0d (MFTRI—MGET ) URIPOW oY) :¢] PuR g SUWN(O)) ‘Safewl \\FTQ I0J 0 Se0IPUI UOT}OUN]
Ayisourn] (7] pue ()] SUWN[O)) ‘S9GRWI A GEF,] 10] © SOOIPUl UOIpouny Ajsourwn] :¢ pue g suwmo)) ((AMFI8.4)7ZL Aysourwn|
ogmads :) pue 9 suwmo)) {(W\GeFA) L Lysourwmy ogoads ¢ pue § suwmnjo)) ‘N Aouenbaij ogwads :¢ pue g suwno)) :senyea

-d 1593 NMIN Pue S ‘U0 pouriojiod oIom )9} [BOIISIIR)S O JRY} SISSR[D UOIpoRIoUI Jo Ired oY, :] UWN[O)) — ‘dJON
€00 €10 ¥ro vro 4NV Lc0 ¢¢c0 060 920 T1L0 IT0 6VO0 ¥00 €10 L0 €TI0 9-¢
1000 800 000 100 00 €00 L0 L0 €€0 660 900 8E0 @00 ATO 8T0 6I0 9-7F
0¢'0 L0 ¥I'o 780 60°0 ¢r’o 8’0 680 680 €0 00 640 €0 €60 €0 oL0 G-7¥
000 Lg0 <¢00 T00 10°0 ¥00 ¢¢0 G20 8T0 TS0 ATO L80 OT0 9€0 0¢0 SL0 9-¢€
6¢0 680 V00 <TI0 ¥0°0 600 80 L60 610 6€0 80 60 TPFO G20 600 LOO G-€
2000 920 €0 990 61°0 090 €0 9.0 G0 G0 ¢¢co0 090 <0 090 100 OT0 ¥-€
¢r'0 1’0 100 600 S1°0 Iv0 00 00T 600 ¢€0 @¢I'0 4Ly0 G600 <¢0 T¢0 L¥V0 9-¢C
ero 9.0 0¥0 00T ¢€0 9,0 €ro <¢go ¢ro 810 €¥0 960 VO 160 €0 €00 ¢-¢
€00 vI'0 LT0O <90 ¢c’0 160 9¢0 €0 ¥¢0 9¢0 1¢0 ¢50 ¢€0 960 <00 800 ¥-¢
ve'o  L60 TIT0 T1€0 L0°0 g0 910 80 ¥r0 L60 I¥V0 €0 60 €0 TI€0 €80 €-¢
IT0 €0 000 S00 €10 600 <¢¢0 00T 0¢0 ¢80 620 90 G000 <¢Ir0 T1€0 660 9-1
910 O0v'0 €10 ¢€0 ¢€0 9¢'0 €0 §L0 9¢0 80 600 OCO I¥O €60 OI'0 600 S-T
900 €€0 8¥0 060 770 €0 80 L¥O 9¢0 @¢r0 070 0€0 €0 190 <00 900 ¥-I
0¥'0 €0 T¢0 790 61°0 6’0 G0 €80 960 L¥O G20 80 90 990 G€0 960 €-1
80  ¥60 8T'0 920 4y 660 LE0 8L0 <¢Ir0 v¢O0 LTO  STO 80 90 7¥E€EO0O 960 ¢-1
600 €0 000 €00 8T°0 8¢0 T¢0 80 ¥I0O 9€0 ¥0O0O 6T0 €00 910 8T0 <90 9-0
9¢'0 180 0¢0 0¥0 v o 68°0 L¥'0 G960 G¢0 0€0 S0 6£0 o0 680 80 OT0 S-0
91’0 S0 IT'0 €L0 6¢°0 90 9¥0 660 0€0 ¥¥0 80 640 80 00T 620 800 ¥-0
¢¢'0 €60 8¢'0 860 60°0 8¢'0 O0¥'0 660 €0 660 LT0O 610 80 L90 TIT0 80 €-0
g¢'0 00T 0C0 990 €€0 880 ¥I0 190 <¢90 00T <¢¢c0 €L0 6£0 80 L00 610 ¢-0
L0 €90 ST0 €80 1o ¢c0  Lg0O T60 L0 6€0 600 800 <¢¥0O 940 L00 10 T-0

(L) (o1) (¢1)  (¥1) (e1) (1) (11)  (o1)  (6) (8) (L) (9) () (¥) (€) (@ (1)
AMIN S OMIN - SM NMIN ST AMIN SM AOMIN SM AMIN S AMIN S AMIN S DI
meerd § (MFISI—MGEFA)  (MFTISA)© (meera)o  (MPISDTL  (MSGERA) L N7,

S9SSe[) UOI}ORISU] 10] So131dolJ I9)sn[)) Ie)G JO SNy 159, NMIN PU® S L' °[qRI,

121



"I9ISTI[D 1SOYYSLIQ 91} JO OPNIIUSRUW A\ GEP ] 9IN[osqr oY) 0] sonjes-d
1591 NAMIN PUR S LT PU® 9] UWN[O)) "UOI}ALIOD UOTIOUIIXd OU YIM IAJA 9°), U} IOFUNOA Se pojep-o8e A[qeI[Rl o URd JR()
sDS Jjo uorporyy uoryendod 10y senfea-d 1591 N WIN PU® S :G] pue T UWN[o)) 'SI0ISN[D Jo I0[0d (MFISA—MGET]) TeIpaw o)
10J sonfea-d 9593 N AN PUB S €] pPUe g Uwnfoy) ‘so8ewll AAFT8 I0] © SooIpUl uorjounj Ajsourwn| 1oj sonjea-d 3591 N AMIN
pue Q3 :IT PuR ()] UWN[O)) "SOSRWI A\GEF ] I0J © SOOTPUI UOIJOUN] AjIsouruny Ioj sonjea-d 3503 N MIN PUe S 6 puR | UWN[O))
“(MPT84) 1L Lsourwuny oyads 10§ senfea-d 3801 N AN PUR QY :L pue 9 sumnjo)) "(MSGeFI) LT Lysourmuny oyioads 10j sonjea-d
1599 NMIN PU® S :G pue § suwnjo)) "NJ Aouenboiy ogads 10] sonfea-d 1593 N AN PUB S € Pu® g SUWN[O)) SIIXe[es  oyI[
-uoI3alI [TH, — OMI-NHV, So10uap []] ‘sorxe[es oqI[-NHV, — ,IMOUNUN,, S$9)0uap [] ‘sorxe[es  oqI[-UoIsal [[H, — ,TMOuUI,,

sojouep ] ‘uo pourrojrod oIom 9$99 TRIIISIR)S 9} Jey) suorjeoyissed adA} A3arioe resonu jo ared oy, T UWN[O)) — OION
€00 €00 760 ¢80 9¢°0 280 Sv0 ¥¢0 LV0 ¢cL0 000 10°0 000 10°0 S0°0 700 111
67°0 vL0 8¢0 16°0 67°0 86°0 3¢0 290 cvo G6°0 6T°0 6€°0 0€0 880 8¢0 Gggéo 1I
€00 ¢I0o 97¥0 ¢60 6¢°0 67°0 €C0 I80 0¢0 090 ¢c¢o0 S00 100 €00 ST0 6T0 I

(L) (91)  (¢1)  (¥1) (e1) (er) (1) (o1) (6) (8) (L) (9) () ¥) (€) (@ (1)
AMIN S OMIN SM NMIN ST NMIN SY NOMIN S OMIN S OMIN S NOMIN SM IVN
megrd § (MFPISA—MGEFA)  (MFISA)P (meeran)o  (MPISDIL  (MSEPA) L NT,

sodA T,
AJAT)OY TeoonN 10§ solredord I9sny) Iejg Jo syMsoy 1891, NMIN PU® S 8% 91qRL

122



30

20
1

Number Galaxies

0 1 2 3 4 5 6

Interaction Class

Figure 4.1: The distribution of galaxies in interaction classes.
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Figure 4.2: Number of detected SCs versus (F435W—F814W) host galaxy color
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Figure 4.3: The distribution of corrected specific frequency T values in the HST-GOALS
sample.
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Figure 4.4: The distribution (cross marker) of the specific frequency Ty values along the
merger stage sequence. The median value for each bin is marked with a circle, the mean
value is marked with a triangle.
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Figure 4.5: Specific frequency Ty versus luminosity distance
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Figure 4.6: The distribution of specific luminosity 77, values in the F435W (panel a)) and
F814W (panel b)) images.
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Figure 4.7: Specific luminosity 77, (F435W) versus M g5 of the host galaxy.
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Figure 4.8: The distribution of the specific luminosity 7} values along the merger stage
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with a triangle.
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Figure 4.11: The distribution of the luminosity function indices « along the merger stage
sequence. The median value for each bin is marked with a circle, the mean value is marked
with a triangle.
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Figure 4.12: The distribution of median (F435W—F814W) cluster colors.
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Figure 4.14: Panel a): Median (F435W—F814W) cluster color versus (F435W—F814W) host
galaxy color. Panel b): Population fraction of age-dated SCs younger than 7.6 Myr versus
(F435W—F814W) host galaxy color.
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Figure 4.19: My of the most luminous cluster within the galaxy versus SFR. The galaxies
from the Larsen (2002b) sample are designated with triangles, the squares mark data from
Bastian (2008) Table 1. The HST-GOALS LIRGs are indicated with star symbols. The
diagonal line is the fit from Weidner et al. (2004).
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Figure 4.20: M%%,,, — SFR plot with symbols indicating (F435W—F814W) color of the
cluster. Blue triangles are clusters with (F435W—F814W) < 0.5, green dots are clusters
with 0.5 < (F435W- F814W) < 1.0 and red stars are clusters with (F435W—F814W) > 1.0.
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Figure 4.21: Mpy35w of the brightest cluster versus its (F435W—F814W) color.
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Figure 4.22: M7, — SFR plot with symbols indicating the nuclear activity type of the
host galaxy. The blue dots are galaxies with “HII region-like” nuclei, the red stars indicate
galaxies with “AGN-like” nuclei.
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Chapter 5

Closing Remarks

5.1 Summary

The purpose of this thesis project was to perform a detailed study of the basic properties
of optically-luminous star clusters in a large sample of LIRGs. High-resolution Hubble Space
Telescope ACS/WFC observations at 0.4um (F435W) and 0.9um (F814W) of a sample of
87 Luminous Infrared Galaxies with Lig > 10'* Ly from the Great Observatory All-sky
LIRG Survey (GOALS) sample constitute the basis of the project. For a sub-sample of 15
most cluster-rich LIRGs, ancillary Spitzer IRAC and GALEX near-UV imaging data from
the GOALS project are utilized as well.

Chapter 2 describes the data reduction and the cluster detection algorithm. The prelimi-
nary data reduction is performed by the STScl pipeline, however the presence of cosmic rays
requires a re-reduction of the images, including the execution of two cosmic-ray detection
algorithms and re-drizzling the images, corrections to WCS and alignment of F435W and
F814W images. Next step is to execute an automated routine for SC detection and photom-
etry. Source Extractor (Bertin & Arnouts, 1996) is used to detect SC candidates and to fit
and remove the underlying galaxy. The coordinates of SC candidates are passed on to IDL
routines that compute the centroids of the Source Extractor positions and the FWHM of de-
tected sources, perform aperture photometry and apply a set of selection criteria to identify
viable SCs. Finally, the efficiency of the detection algorithm and the degree of foreground
star contamination are estimated.

Although not explicitly included in this dissertation, studies of individual particularly
remarkable LIRGs served as a test-bed for the cluster analysis (Evans et al., 2008, Modica
et al., 2011, Mazzarella et al., 2011).

A sample of the 15 most cluster-rich LIRGs with over 7000 detected luminous star clus-
ters was chosen for a detailed analysis described in Chapter 3. A large fraction of cluster
population (~ 30%) is younger than 10 Myr; the rest of the cluster population may have
ages of up to few hundred Myr. The range of specific frequencies Ty of SCs is 0.67 — 1.73,
with a median of 1.14 4+ 0.30; the T values in the cluster-rich LIRGs sample are higher
than the ones observed in nearby spiral galaxies (Larsen & Richtler, 2000) and are in the
merger and starburst galaxies range. These optically-visible star clusters contribute about
4% to F435W and 2% to F814W total fluxes. The cluster luminosity function exponents
have median values of @« = —1.91 £ 0.22 and —1.88 4+ 0.20 as measured at F435W and
F814W images, respectively and are in good agreement with previously published results.
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Autocorrelation functions of the spatial distribution of star clusters were calculated; they
exhibit a power-law behavior on scales of 1 kpc with the median index of —0.77 £0.13. The
visual impression of early merger stage systems conveys a large degree of “clustering” of star
clusters, while in late merger stages clusters are dispersed through-out the galaxy. The visual
impression is also confirmed by a difference in median autocorrelation function indices: for
early merger stages the median power-law index is —0.84 4+ 0.07 and the median power-law
index for mid-merger and late merger stages is —0.62 + 0.09. Ancillary Spitzer IRAC and
GALEX near-UV imaging data are also presented to examine correlations between locations
of young optical stellar clusters with PAH and UV emission regions. While near-UV emission
coincides closely with the distribution of optically visible clusters, no correlation is found
with PAH emission (i.e., embedded star formation). Thus, optically visible clusters and UV
emission trace un-obscured star formation which appears to be unassociated with the bulk
of the star formation that takes place in dusty central regions of LIRGs.

In Chapter 4, the extension of the analysis to the complete sample of 87 Lig > 10'%4 L
LIRGs in the GOALS sample is presented. The results of this analysis are consistent with the
findings in the cluster-rich LIRGs sample. The distribution of ages of SCs in the HST-GOALS
sample, given the constraints of the age-dating procedure using photometric measurements in
just two filters, shows a spread between few Myr up to few hundred Myr, with a large fraction
of cluster population (~ 17%) younger than 10 Myr. The median specific frequency Ty value
of the HST-GOALS sample, 0.32 4= 0.40, is lower than the median T of the cluster-rich
sample; this is due to the sample selection criterion of the cluster-rich sample. The median
specific luminosity 77, values are lower as well, 1.8 + 2.3% in F435W and 1.2 + 1.2% in
F814W. The optically visible SCs contribute rather little to the optical luminosity of LIRGs
and certainly play a minor role in the total energy output of these IR luminous systems.
The cluster luminosity function exponents have median values of a = —1.86 4 0.27 and
—1.77 £ 0.24 as measured in F435W and F814W images, respectively; they are consistent
with the measurements in the cluster-rich sample and previously published results (e.g.,
Portegies Zwart et al., 2010). No clear trend of SC properties with the merger stage of the
LIRG is observed. The only conclusion that can be established is that in late merger stages
the degree of the extended star formation diminishes and the centrally concentrated nuclear
SF/AGN dominates the energy output of the LIRG. Galaxies with “HII region-like” (i.e.,
starburst-like) nuclear spectra exhibit higher specific frequency Ty, specific luminosity T},
and M'F{3;,, values compared to galaxies with AGN presence, although the fraction of SCs
younger than 10 Myr remains constant. The specific luminosity 77 (F435W) — SFR(IR +
FUV) relation found by Larsen & Richtler (2000) in a sample of nearby spiral galaxies is
not applicable to Luminous IR Galaxies. However, a weak correlation of specific luminosity
T1.(F435W) — SFR(FUV) is observed. This supports the conclusion reached for the cluster-
rich sample, that optically visible SCs and UV fluxes trace un-obscured star formation, while
the IR emission traces the bulk the star formation that is hidden at shorter wavelengths.
LIRGs follow the brightest cluster M7z, — SFR relation quite closely, although a large
degree of scatter is observed. The significant number of brightest cluster members observed
below the relation may be due to extinction and over-estimation of SFRs in AGN-dominated
galaxies. Thus, the size-of-sample effect (Whitmore, 2003; Larsen, 2002b) is responsible for
high luminosity of SCs found in Luminous IR Galaxies.
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5.2 Future directions

This study revealed a considerable amount of information about SCs in extreme star
formation environments of IR luminous mergers. Despite the clear advantages, there are
also several limitations connected with a study of SCs in LIRGs. LIRGs are more distant,
which limits our ability to detect faint clusters and to resolve individual SCs in star cluster
complexes. LIRGs are dusty and a considerable fraction of SC population might be hidden
at optical wavelengths. Star clusters might suffer large and variable amount of extinction
which results in uncertainties in age determination.

This study opens a door to more detailed investigations of SCs in LIRGs. Clearly, better
estimates of the extinction and ages of SCs are crucial. High spatial resolution imaging with
HST in broad-band optical U and V (possibly F336W and F555W filters on WFC3) and
narrow-band Hoa imaging are needed. A knowledge of precise SC ages together with their
locations would make a detailed SF history of each individual LIRG accessible. Numerical
simulations of the detailed merger process of individual LIRG systems would be helpful in a
comparison with SF history derived from SCs. A knowledge of SC ages would also allow a
construction of SC mass functions and lead to insights into SC disruption processes.

The HST-GOALS sample, combined with the wavelength coverage available through the
GOALS project, is a true treasure trove that allows to access the interplay between the SC
properties and the host galaxy properties. For example, do factors such as the amount and
location of dense molecular gas, the fraction of AGN versus SB contribution to LIRG’s energy
output, the presence of galactic-scale superwinds influence the formation and disruption of
SCs and SC population properties? The HST-GOALS together with the GOALS sample
will certainly be a source of a multitude of projects investigating luminous star clusters; this
study marks just the beginning.
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