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Abstract

This thesis is a study of star formation in a sample of luminous infrared galaxies

(LIRGs) and normal star-forming galaxies in the local (z < 0.1) Universe. The study

makes use of Hubble Space Telescope (HST), Spitzer Space Telescope and Jansky Very

Large Array (VLA) data. The analysis of these data sets has allowed us to make fun-

damental conclusions about the nature and (in the case of star clusters) fate of star

formation in a broad range of star-forming environments. The results are presented in

four Chapters. In Chapter 2 I will discuss my work in identifying and characterizing

the UV-bright population of super star clusters (SSCs) in a large sample of 22 LIRGs

in the Great Observatories All-Sky LIRG Survey (GOALS) with HST. A major result

of this work is the discovery that, relative to the normal star-forming galaxies studied

with the Legacy Extragalactic UV Survey (LEGUS), the survival rate and maxi-

mum mass of SSCs is affected by the active merging-environments of U/LIRGs. In

particular, the large number of 106M� young clusters identified in the sample demon-

strates that LIRGs are capable of producing more high-mass clusters than what is

observed to date in any lower luminosity star-forming galaxy in the local Universe.

In Chapters 3 and 4 I will present results from two large VLA 33 GHz, 15 GHz, and

3 GHz imaging campaigns of star-forming regions in 50 normal star-forming galaxies,

taken from the SINGS/KINGFISH legacy survey as part of the Star Formation in

Radio Survey (SFRS), and 68 LIRGs taken as part of GOALS. We have measured



iii

flux densities, spectral indices, star-formation rates (SFRs), and ages for nearly 400

individual star-forming regions across a combined galaxy sample which spans nearly

4 decades in stellar and molecular gas mass. Overall, we find that extranuclear re-

gions identified in our LIRG survey have radio spectral indices and thermal fractions

consistent with circumnuclear star-forming regions found in the SFRS, and that on

10-100 pc scales radio emission from individual star-forming regions in both normal

and extreme galaxies is dominated (> 90%) by free-free emission, making it one of

the most direct and universal probes of the ionizing photon production rate from

massive star-forming regions, free from the complications of spatially varying dust

extinction. When we place all regions on the star-forming main sequence of galaxies

(SFMS), defined here by the SFRS galaxy sample, we find that the star formation

rates of extranuclear star-forming regions in LIRGs are not consistent with their host

galaxies’ globally averaged values, and have a considerably shallower SFR-M∗ slope.

Finally, in Chapter 5 I will present results of a HST WFC3 NUV and ACS/WFC op-

tical study into the cluster populations of a sample of 5 LIRGs in GOALS. The filter

selection and the depth of the WFC3 NUV images provide an improved age estimate

and wider field of view, respectively, over our prior (Chapter 2) study. This study

has yielded strong evidence that SSCs are being rapidly destroyed in luminous galaxy

mergers at a rate that exceeds the cluster destruction process occurring in nearby

normal galaxies at all galactocentric radii. Further, we show that the overall magni-

tude of this disruption is location-dependent: clusters found in the inner-regions of

LIRGs show greater disruption rates relative to SSCs identified in their outer-disks.

Thus, not only does rapid cluster disruption appear to be ubiquitous in LIRGs at all

galactocentric radii, the magnitude of the differences between inner- and outer-disk

cluster disruption are amplified relative to observations of nearby normal star-forming

galaxies.
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Chapter 1

Introduction

1.1 Star Clusters Across Cosmic Time

Throughout the lifecycle of galaxies, molecular gas in their interstellar media is

converted into stars. This process of star formation proceeds in different ways: either

quiescently such that a small amount of stars are formed constantly over a period

which can be as long as the age of the Universe (i.e. the Hubble Time); or at

a high rate such that the fuel supply (gas) can sustain the burst for only a short

period of time. A closer look at star-forming regions in our Milky Way Galaxy (MW)

reveals amazingly complex modes of star formation driven by the interaction between

gravitational and magnetic forces acting on the gas.

In the nearby Universe, observations of star-forming regions show us that star

formation happens in a clustered fashion, i.e. stars form in ensembles, and the ones

which are gravitationally bound may survive as individual objects for billions of years.

These systems are commonly called star clusters and appear to be a typical outcome of

the star formation process. Observations in the MW reveal that star cluster formation

has proceeded more or less constantly in our Galaxy throughout its lifetime. The most
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Figure 1.1: This Figure is adapted from a 2019 Annual Review of Astronomy and As-
trophysics by Mark Krumholz, Christopher Mckee, and Joss Bland-Hawthorn. Shown
are images of a range of YSCs, and GCs and various stages of their evolution in both
the MW and nearby galaxies. The field of view in all frames is 3 pc x 3 pc, and an-
gular sizes are indicated by scale bars. Panel a adapted from Robberto et al. (2013);
Panel b from NASA press-release photography; Panel c is from Davide De Martin
(ESA/Hubble) and Edward W. Olszewski (University of Arizona, USA); Panel d is
from ESO/Digitized Sky Survey; Panel e from Gilles Chapdelaine; Panel f from J.
Mack (STScI) and G. Piotto (University of Padova, Italy.)

massive known stellar clusters are globular clusters (GCs) with ages of a few Gyr and

masses of ∼ 104M�. Younger stellar clusters (YSCs) have a wide age range (usually

10-100 Myr or older) and are often formed at much smaller masses (see Figure 1.1).

In the spiral arms and the galactic centre, where star formation is actively ongoing,

we also observe very young stellar clusters with ages less than 10 Myr, which are

still embedded or partially embedded in the cloud of gas and dust where they have

formed, and have masses consistent with their ancient GC counterparts.
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This early stage of YSC formation represents the most crucial moment in the

lifetime of a cluster. The strong UV radiation produced by massive stars ionizes the

interstellar medium (ISM) and creates emitting HII regions. Moreover, stellar winds

and supernova explosions (SNe) produce feedback which act to expel any remaining

gas into the surrounding ISM on timescales of a few Myr (Lada & Lada, 2003). The

UV radiation can even escape the host galaxy and ionize the intergalactic medium

(IGM; Bik et al., 2015, 2018; Herenz et al., 2017). For this reason, understanding the

physics of cluster feedback and the escape of radiation from galaxies is fundamental

to understanding galaxy formation and evolution, and even the reionization of the

Universe as a whole (Bouwens et al., 2015). In the case of lower-mass dwarf galaxies,

cluster feedback from very massive clusters (up to 107M�) can be so strong that

the radiation may alter the entire morphology of the galaxy. Despite having such

a big effect on its surroundings, detailed simulations have found that the escape of

UV radiation is possible only after clearing the dense gas which surrounds these very

massive star clusters (Dale et al., 2015; Howard et al., 2018). If we assume that SNe

dominate the gas clearing, this is achieved only after ∼ 10 Myr, and thus a significant

UV photon escape cannot be achieved (Kim et al., 2013b; Ma et al., 2015; Oey et al.,

2017). A better understanding of how the star formation and feedback processes

occur during the very first few years after massive stars are born is needed to solve

this puzzle.

Although I have discussed the study of star clusters in nearby galaxies, at larger

scales (for what concerns both sizes and masses) the study of clumps, still retain much

of the fundamental physics described above. Star-forming clumps are generally de-

fined as stellar ensembles with masses ranging 107-109M� and sizes of approximately

100−1000pc (Elmegreen et al., 2005). Clumps can be observed in much more distant

galaxies than clusters, and the structure of high redshift galaxies are often defined by
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the presence of large clumps. The interest in studying such systems, and in general

the clumpiness of star formation, has grown due to evidence that high redshift galaxies

have on average more irregular, asymmetric, and clumpy morphologies (Glazebrook

et al., 1995; Driver et al., 1995, 1998; van den Bergh et al., 1996; Im et al., 1999)

relative to star-forming galaxies at lower redshifts (Lotz et al., 2004; Cassata et al.,

2005; Overzier et al., 2010; Cameron et al., 2010). All these observations suggest that

star formation has on average happened in a more clumpy fashion in the past. Their

characterization is therefore crucial for understanding how the star formation process

evolves with redshift.

The ISM conditions of local starburst and merging galaxies (where on average the

cluster population is more numerous and massive, see e.g., Bastian & Silva-Villa, 2013;

Whitmore et al., 2010) are in many ways similar to the intense star-forming galaxies of

the early Universe. Their cluster populations can therefore help our understanding of

what happens at high redshift, where our ability to study YSC formation is limited

by resolution and sensitivity. Further, finding young massive clusters within local

starbursts (see e.g. Larsen & Richtler, 2006) has pushed the idea that these objects

are connected to the globular cluster systems observed in the MW today. Even if

simple and appealing, the direct link from young massive clusters to globular clusters

presents a number of still unsolved issues, from the shape of the mass function to the

presence of multiple populations (and multiple metallicities) inside globular clusters

(see Gratton et al., 2012; Bastian & Lardo, 2018) and not in their YSC counterparts,

makes this an area of active debate.
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1.2 Radio Emission as a Probe of Star

Formation Activity

The link between radio continuum emission and massive star formation (≥ 8M�)

has been established since Bolton et al. (1949) first identified the Crab Nebula super-

nova remnant (SNR) as a bright, compact radio continuum source. Soon after this

initial discovery, numerous other compact radio sources observed in the MW were

found to be associated with known SNR (Hanbury Brown & Hazard, 1952; Baade

& Minkowski, 1954), with Shklovskii (1953) identifying synchrotron radiation as the

process producing the observed radio continuum. Synchrotron emission is produced

by cosmic ray electrons (CRe) which are accelerated by magnetic fields found within

the SNRs themselves, and is characterized by a steep power-law spectrum at ra-

dio frequencies. The discovery of the diffusive shock acceleration mechanism (DSA:

Krymskii, 1977; Axford et al., 1977; Bell, 1978a,b; Blandford & Ostriker, 1978) pro-

vided a convenient process to accelerate the charged particles in SNR shock fronts,

and successfully explained the radio properties of Galactic SNR (Harris, 1962; Lerche,

1980).

However not all compact radio sources identified in the MW were associated with

known SNR. A study of the Rosette Nebula HII region (Ko & Kraus, 1955), demon-

strated that the observed radio continuum emission was attributed to Bremsstrahlung

radiation, which originates from the free-free interactions between charged particles

in an ionized plasma (i.e., typically within an HII region), and is characterized by a

flat power-law spectrum at radio frequencies. Even from these early observations, it

was clear that free-free emission could explain many of the flat-spectrum radio sources

observed in the star-forming disk of the Milky Way.
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Figure 1.2: Adapted from Figure 1 in Condon (1992), a fit to the observed radio/FIR
spectrum of M82 is shown. The solid line is the sum of synchrotron (dot-dashed
line), free-free (dashed line), and dust (dotted line), and illustrates the contributions
of these various emission processes as a function of frequency. It is clear from this fit
that the HII regions in this nearby starburst galaxy start to dominate the observed
spectrum at frequencies above ∼ 30 GHz.

Thus a simple paradigm emerged where the radio continuum emission from a nor-

mal star-forming galaxy encompasses two main components: a thermal component

originating from the ionized gas surrounding massive stars and a non-thermal compo-

nent originating from cosmic ray electrons, which have been accelerated when these

massive stars end their lives in supernova explosions. As both of these components

are closely related to the products of massive star formation and evolution, and the

typical lifetimes of massive stars are very short (a few million years; e.g., Kennicutt

& Evans, 2012), radio continuum emission offers a unique tracer of star-formation

activity.

Generally, the radio continuum spectral energy distributions (SED) of normal
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star-forming galaxies follow the same approximate shape (see Figure 1.2 Condon,

1992). Starting at low-frequencies (< 1GHz), we find that the observed radio SED

is dominated by the non-thermal synchrotron component with a spectral index that

closely resembles the injection index (α ∼ −0.5). At mid-radio continuum frequen-

cies (1-10GHz; Tabatabaei et al., 2017), this non-thermal component tends to steepen

due to CRe energy loss processes (with a power-law index ∼ −0.8), and the thermal

component starts to play a larger role in the observed SED. Finally, at even higher

frequencies (≥ 10GHz) the observed SED tends to be dominated by the thermal com-

ponent. At frequencies above ∼ 30GHz their may be a requirement for an additional

component describing Anomalous Microwave Emission (AME; however the total con-

tribution of AME to an integrated galaxy SED is not yet known due to generally

poor frequency coverage at radio continuum frequencies above 10 GHz; Dickinson

et al., 2018), and at ∼ 100GHz, we encounter the Rayleigh-Jeans tail of the thermal

emission from cold dust in the ISM.

Thus radio continuum observations from 1-100 GHz can provide maps of the

ionizing luminosity from individual massive star-forming regions, and can be used

to accurately measure the current ΣSFR in galaxies similar to what has been done

using optical spectral line diagnostics (Calzetti et al., 1997). Further, since radio

emission is optically thin, and therefore insensitive to the effects of dust extinction,

we can directly probe very young (∼ 1−2 Myr) star clusters and HII regions still too

near (or immersed in) their natal gas to be visible in the near-UV and optical with

instruments like the Hubble Space Telescope (e.g. Kobulnicky & Johnson, 1999; Turner

et al., 2000a; Johnson et al., 2001, 2003; Johnson & Kobulnicky, 2003; Johnson, 2004).

Ultimately, the timescale for a cluster to escape its birth cloud is likely dependent on

the density and size of the star cluster’s giant molecular cloud (GMC), as well as the

dynamical state and specific star formation rate (sSFR) of the galaxy.



Chapter 1. Introduction 8

1.3 Luminous Infrared Galaxies

Over the last three decades there has been mounting evidence to suggest that

a significant mode of galaxy evolution occurs via galaxy mergers (Schweizer, 2000).

This process links gas-rich disk galaxies like the Milky Way, star-bursting galaxies,

active galactic nuclei (AGN), post-starburst galaxies, and gas-poor elliptical galaxies,

as objects representing different stages of major galaxy mergers. Luminous and ultra-

luminous infrared galaxies (LIRGs: defined as having IR luminosity, LIR [8−1000µm]

≥ 1011L�; ULIRGs ≥ 1012L�) are the most extreme, massive, star-forming galaxies

in the local Universe. The Infrared Astronomical Satellite (IRAS) detected a large

population of these galaxies in the 1980s, and optical follow-up showed them to be

primarily interacting or merging disk galaxies. As these galaxies interact the large

reservoirs of gas in their discs are compressed, which triggers an enhancement of

the star formation activity, particularly in their central regions (Sanders & Mirabel,

1996). Additionally, some fraction of the gas feeds giant black holes (i.e., with masses

a million to a billion times the mass of our Sun) in the centers of the merging pair,

which at times makes their active galactic nuclei (AGN) outshine all of the stellar

light in the system.

U/LIRGs have since been established as an important extragalactic population.

The primary reasons are: (i) With star formation rates (SFR) up to 2 orders of

magnitude larger than what is seen in our Milky Way galaxy, these luminous infrared

galaxies are essentially giant stellar nurseries for high-mass star formation (Downes &

Solomon, 1998). (ii) A strong evolution in their space density with increasing redshift,

z, is observed, with LIRGs becoming the dominant contributor to the IR luminosity

density at z ≥ 0.5 (Magnelli et al., 2011). (iii) Many U/LIRGs are known to host

AGN, making them ideal for studying the connection between AGN and starburst
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Figure 1.3: HST, Spitzer Space Telescope and VLA images of the LIRG VV 114. The
source of the bulk of the energy is obscured by dust in the optical, and is thus not
visible in the B-band image (Evans 2008). For e) (Murphy et al. 2013a), 8.4/1.5 GHz
flux density ratio contours are shown.

activity.

However the detailed nature of U/LIRGs has proven difficult to unravel. The

problem is well illustrated for VV 114 in Figure 1.3, where the optical dust lanes in

the eastern part of the galaxy (Figure 1.3a) hide the sources of the bulk (≥ 90%:

Howell et al., 2010) of the bolometric luminosity, which emanates at mid-to-far IR

wavelengths (e.g., Figure 1.3b, 1.3c). This general conclusion is representative of the

U/LIRG galaxy class as a whole (e.g., Armus et al., 2009; Howell et al., 2010).

Therefore, understandably, the ultraviolet (UV) properties of these very IR-luminous

galaxies have received far less scrutiny. However, the small fraction of the UV ra-

diation from super star clusters, AGN, and diffuse stellar emission that escapes can

nonetheless make LIRGs powerful sources of UV radiation (e.g., Armus et al., 2009;

Evans et al., 2008; Howell et al., 2010; Inami et al., 2010). Of interest for our study

of LIRGs are the luminous star clusters, which track basic information regarding the

formation and fate of star formation in a variety of different environments. The Hub-

ble Space Telescope (HST) has revealed evidence of star formation not only in the

extended discs and tails, but also in the central regions of LIRGs where one would

expect the optical light to be completely enshrouded by dust (Figure 1.3a). An anal-

ysis of these bright star clusters in the central regions form part of the star formation
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picture of the nuclear regions, and are clearly complemented by tracers of the more

embedded star formation that accounts for the bulk of the energy generated in these

galaxies.

1.4 The Great Observatories All-Sky LIRG

Survey and My Contributions to Open

Questions

The Great Observatories All-sky LIRG Survey (GOALS: Armus et al., 2009), is a

complete, multiwavelength, census of the SF and AGN activity in all 202 U/LIRGs in

the IRAS Revised Bright Galaxy Sample (f60µm ≥ 5.24 Jy: Sanders et al., 2003). One

of the primary purposes of GOALS is to quantify the degree to which the merging

environment affects the nature of star formation and AGN activity in LIRGs. Since

these merging systems take a few hundred million years to coalesce, large samples of

objects must be studied in order to evaluate each phase in the life cycle of LIRGs and

correlate interaction stages with the evolution of star formation activity. Further,

the complex structure of these dynamically evolving systems and the presence of

both dust-obscured and un-obscured activity necessitates the need for high-resolution

observations that sample as much of the electromagnetic spectrum as possible to best

identify and reconstruct the distribution and luminosity of star-formation and AGN-

related phenomena. Therefore, to understand the power sources in these galaxies,

it is essential to characterize the energy budget by measuring both the emerging

UV/optical and the more embedded, longer wavelength, radio emission.

As a member of GOALS my PhD thesis is focused on understanding the details of

star cluster and HII region formation, their evolution (including both stellar feedback),

and the impact of this process on the ISM of galaxies. In particular, the three key
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questions we will address are: (1) How do the properties of extra-nuclear star-forming

regions in LIRGs compare to those of nearby normal star-forming galaxies, and what

is their contribution to star formation in LIRGs as a whole? (2) How do the derived

physical properties of HII regions and YSCs (age, mass, size, and ionizing luminosity)

fit within the context of star cluster formation and evolution in extreme environments?

(3) Can high-frequency radio emission be used as a measure of star formation rates in

both normal and starburst galaxies (and by extension, high-z galaxies)? Local LIRGs

are the only nearby massive galaxies with the appropriate physical conditions within

their ISMs to directly address the open questions surrounding cluster formation and

evolution discussed above.

We emphasize that in order to properly place these results in the greater context of

galaxy evolution we must compare the star formation properties of LIRGs to nearby,

generally isolated, normal star-forming galaxies. Additionally, since the progenitors

of these IR-luminous starbursts are gas-rich spiral galaxies, it is most appropriate

to compare our LIRG sample to a sample of spiral galaxies similar in nature to

the Milky Way. By studying both types of galaxies at high spatial resolution we

can make detailed morphological and physical comparisons of individual regions of

both obscured and un-obscured star-formation activity. Ultimately we hope that

by establishing what the key physical differences between LIRGs and normal star-

forming galaxies are we can understand how galaxies have evolved over time and how

they will continue to evolve in the future.

The research contained within this dissertation was led by the author with con-

tribution from several collaborators. Chapters 2-3 are published in the Astrophysical

Journal with co-authors which include A. Evans, E. Murphy, L. Armus, T. Diaz-

Santos, K. Larson, J. Howell, V. U, G. Privon, Y Song, L. Barcos-Munoz, J. Rich,

and V. Charmandaris, each of whom provided useful feedback on both the methods
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and the manuscripts. Chapter 4 has been accepted for publication in the Astro-

physical Journal with co-authors E. Murphy, D. Dong, E. Momjian, R. Kennicutt,

E. Schinnerer, J. Turner, and D. Meier, each of whom provided useful feedback on

both the methods and the manuscripts. Finally, feedback on Chapter 5 was provided

primarily by A. Evans with input from L. Armus and E. Murphy. The author was

supported by several funding sources for his dissertation work, including the Grote

Reber Doctoral Fellowship from the National Radio Astronomy Observatory and the

Graduate Research Fellowship from the Virginia Space Grant Consortium.
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Chapter 2

Massive Star Cluster Formation

and Destruction in Luminous

Infrared Galaxies in GOALS

2.1 Introduction

Galaxies with high infrared (IR) luminosities, e.g., luminous infrared galaxies

(LIRGs: LIR[8 − 1000µm] > 1011.0 L�), are rare in the local Universe, yet they are

a cosmologically important class of objects because they dominate the infrared lumi-

nosity density at redshifts z = 1 − 2 (Magnelli et al., 2013). Their high bolometric

luminosities emanate from energetic star-formation (SF) regions, and sometimes ac-

tive galactic nuclei (AGN), which are primarily triggered by interactions and mergers

of gas-rich galaxies (e.g., Sanders & Mirabel, 1996). Further, the complex structure of

these dynamically evolving systems and the presence of both dust-obscured and un-

obscured activity necessitates the need for high-resolution observations that sample

as much of the electromagnetic spectrum as possible to best identify and reconstruct
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the distribution and luminosity of star-formation and AGN-related phenomena, and

to probe the connection between merger stage and the observed activity. Understand-

ably, the ultraviolet (UV) properties of these very IR-luminous galaxies have received

far less scrutiny. However, the small fraction of the UV radiation from super star

clusters, AGN, and diffuse stellar emission that escapes can nonetheless make LIRGs

powerful sources of UV radiation (e.g., Evans et al., 2008; Armus et al., 2009; Howell

et al., 2010; Inami et al., 2010).

Of interest for the present study of LIRGs are the luminous star clusters (SCs),

which track basic information regarding the formation and fate of star formation in

a variety of different environments. The Hubble Space Telescope (HST) has been

instrumental in the detection of numerous star clusters (& 1000) in gas-rich mergers

(e.g. Zepf et al., 1999; Whitmore & Schweizer, 1995; Whitmore et al., 1999) and

recent merger remnants (e.g. Schweizer et al., 1996; Miller et al., 1997; Schweizer

& Seitzer, 1998; Whitmore et al., 1997). The presence of young (. 10 Myr) and

intermediate age (100 - 500 Myr) star cluster populations in late stage mergers such

as the Antennae galaxies (NGC 4038/4039; Whitmore et al., 1999), Arp 220 (Wilson

et al., 2006), the Mice galaxies (NGC 4676 A/B; Chien et al., 2007) is consistent with

the description of these galaxies as experiencing powerful starbursts triggered by the

interaction and merger of pairs of gas-rich galaxies. However, optical studies of other

late stage mergers such as NGC 6240 (Pasquali et al., 2003) and NGC 7673 (Homeier

et al., 2002) reveal only young star clusters, indicating that older star clusters, which

would have formed earlier on in the merger, are either undetected or rare. In contrast,

the lack of young star clusters in the tidal tails of NGC 520 and NGC 2623 (Mulia

et al., 2015) relative to what is observed for NGC 3256 suggests that the remaining

reservoirs of predominately neutral hydrogen (HI) gas in the tails cannot always form

new clusters.
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Many studies have been devoted to understanding the long-term stability of the

youngest clusters in mergers (e.g. Fall et al., 2009; Whitmore et al., 2007). It ap-

pears that only those which survive the disruption processes and are still dense and

gravitationally bound are likely to become the globular clusters (GCs) we observe

today (Zhang & Fall, 1999). The relative contributions from various cluster disrup-

tion mechanisms such as infant mortality (Fall et al., 2005; Chandar et al., 2010),

two-body relaxation (Fall et al., 2009), and tidal shocks (Gnedin & Ostriker, 1997) as

a function of galactic environment continues to be the subject of much work. Infant

mortality or rapid disruption, is caused by mass-loss during the early gas expulsion

phase of cluster evolution and is expected to work on timescales of ≤ 10 Myr. In con-

trast, disruption from large scale shocks is expected to be important over roughly 108

yr timescales, and two body relaxation will cause disruption on even longer timescales

(on the order of a Hubble time). Ultimately, the manner in which these young massive

clusters (YMCs) evolve is crucial to connecting them to present day globular clusters.

If YMCs are indeed local analogues to present-day GCs, then by understanding their

formation and evolution, it is possible to gain insight into the formation of the earliest

most massive clusters in the Universe (Kruijssen, 2014).

In addition to understanding the fate of clusters, it is important to understand

to what degree their environment affects where and how they form, as well as what

their collective properties are – e.g., the distribution of massive clusters (Initial Cluster

Mass Function: ICMF) and the efficiency with which bound star clusters form (Larsen

& Richtler, 2000; Bastian, 2008a). Although the low mass end of the ICMF appears

to be universal (de Grijs et al., 2003; Fall & Chandar, 2012), the formation conditions

of the highest-mass clusters are still subject to debate.

One idea is that the formation mechanism of the most massive clusters is indepen-

dent of environment (Whitmore et al., 2007; Chandar et al., 2015), and thus the total
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number and maximum cluster mass scale linearly with the star formation rate of the

galaxy (Hunter et al., 2003; Whitmore et al., 2010; Vavilkin, 2011). Alternatively, the

formation of the most massive clusters may require special physical conditions, such

as high ambient pressure or enhanced gas densities. Kruijssen (2012) predicts that

the formation of bound stellar clusters takes place in the highest-density peaks of the

ISM. Therefore, YMCs should form more efficiently at high gas pressures (and hence

gas surface densities), because these conditions lead to higher density peaks. This

leads to a non-linear scaling of the maximum cluster observed and the star formation

rate surface density (ΣSFR) of the galaxy.

To really quantify the role of galactic environment in shaping massive cluster for-

mation and destruction, we need to study the properties of star clusters in a statisti-

cally larger sample of Luminous Infrared Galaxies which represent the most extreme

star-forming systems observed in the local Universe. The Great Observatories All-

Sky LIRG Survey (GOALS Armus et al., 2009), is a multi-wavelength imaging and

spectroscopic study of a complete flux density-limited (S60µm > 5.24 Jy) sample of

the 202 LIRGs in the IRAS Revised Bright Galaxy Sample (RBGS; Sanders et al.,

2003). The proximity, size, and completeness of the sample, combined with broad

wavelength coverage, makes GOALS the definitive sample for studying star clusters

in local, luminous star forming galaxies. The present study makes use of HST UV

and optical images from GOALS to estimate the cluster age distribution, the cluster

mass function, and the cluster formation efficiency in a sample of 22 LIRGs.

The paper is organized as follows: In §2, the sample selection is summarized.

In §3, the observations and data reduction are described, as well as our method for

identifying clusters. In §4, the manner in which the cluster ages are estimated is

described. In §5, the age distribution, the mass function and the cluster efficiency are

discussed within the context of lower luminosity star-forming galaxies. Section 6 is a
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summary of the results.

Throughout this paper, we adopt a WMAP Cosmology of H0 = 70 km s−1 Mpc−1,

Ωmatter = 0.28, and ΩΛ = 0.72 (e.g., see Armus et al., 2009).

2.2 Sample Selection

Within GOALS, there are HST B- and I-band observations of all 88 LIRGs with

LIR ≥ 1011.4 L�. Of those, we select the 22 LIRGs observed to have greater than 100

B-band luminous clusters (mB ∼ 21−23 mag) within the central 30x30” of the galaxy

(i.e, a limit imposed by our far-UV imaging field of view – see below). In total we

observed 9131 B-band luminous star clusters from galaxies in the sample (see Table

2.1).
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2.3 Observations, Data Reduction, and

Cluster Selection

The HST B- (F435W) and I- (F814W) band images were obtained with the Wide

Field Camera (WFC) on the Advanced Camera for Surveys (ACS) during the period

2005 August to 2007 January (PI: A. Evans; PID 10592). In all but a few cases,

the wide field-of-view of the WFC (202”x202”) enabled the full extent of each LIRG

to be observed. Each galaxy was observed in both filters per orbit, with two and

three dithered exposures in ACCUM mode in the F814W filter and F435W filters,

respectively. The approximate integration times for each filter were 21 minutes in

F435W and 12 minutes in F814W. The ACS data were reduced with the Multidriz-

zle software included in IRAF/STSDAS provided by STScI, to identify and reject

cosmic rays and bad pixels, remove geometric distortion, and to combine the images

into mosaics. Because of the limited number of dithers, additional cosmic rays rejec-

tion routines were run on each image prior to drizzling (see Kim et al., 2013a, for a

detailed description).

The HST far-UV (F140LP) and optical images in the sample were obtained with

the Solar Blind Channel (SBC) on the Advanced Camera for Surveys (ACS) during

the period 2008 April – 2009 August (PID 11196; PI: A. Evans). The field of view

of the SBC is ∼ 30” x 30” – this placed a limit on the area within each LIRG over

which the clusters could be analyzed. The data were taken in the ACCUM mode

using the PARALLELOGRAM four-position dither pattern for a total integration

time per galaxy of 40–45 minutes. We further reduced the SBC data with the Mul-

tidrizzle software included in IRAF/STSDAS provided by STScI, to identify and

reject cosmic rays and bad pixels, remove geometric distortion, and to combine the
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images into mosaics.

Before an automated routine for cluster identification could be applied to the

images, contamination from foreground stars and distant background galaxies outside

of the area of each image subtended by the LIRG (i.e., the “sky” area) had to be

minimized. Masks of each image were made by first creating a median-smoothed

version of the F435W and F814W images. The effect of this filtering is to minimize

structures in the sky region with spatial extents significantly smaller than the filter

size (i.e., faint stars and distant background galaxies). The backgrounds, containing

low pixel values, were then set to zero, while the high pixels corresponding to the

LIRG were set to one. Finally, pixels associated with any bright stars in the image

were set to zero. The original reduced image was then multiplied by the final mask

of the galaxy to set the regions outside of the galaxy equal to zero.

Star clusters in all three bands were selected using the program SExtractor (Bertin

& Arnouts, 1996). The identification of clusters and the extraction of photometry

is complicated by the non-uniform surface brightness of the underlying galaxy. To

estimate and subtract the underlying galaxy, Source Extractor iteratively computes

the median and standard deviation of the pixels within a mesh of nxn pixels. During

each iteration, outlier pixels are discarded until all of the pixels within each mesh are

within 3σ of the median value. Several mesh sizes were tested, and for each mesh

the photometry of several of the clusters was separately computed via the IPAC im-

age display and analysis program Skyview and compared to values estimated from

the original image (Skyview allows users to manually size and place apertures on

clusters, and it allows for local background around the aperture to be subtracted).

The mesh sizes varied between 9 and 14 pixels, and overall did an efficient job of

removing the underlying galaxy and minimizing the creation of negative value holes

surrounding clusters created through over-subtraction of the local background. Clus-
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ter photometry across all background-subtracted images was then calculated using

the IDL package APER (originally modified from DAOPHOT). We used an aper-

ture of radius 6.0 pixels for the HRC images and 3.0 pixels for the WFC images (=

0.15” in both cases). An annulus with radius 4 pixels and a thickness of 5 pixels was

used to measure the local background in the WFC images; the radii and thickness

of the annulus was adjusted accordingly for the SBC images. Aperture corrections

were calculated based on the flux calibrations of unresolved sources by Sirianni et al.

(2005). We corrected the photometry for foreground Galactic extinction, using the

Schlafly & Finkbeiner (2011) dust model combined with the empirical reddening law

of Fitzpatrick (1999) available through the NASA Extragalactic Database (NED).

In the process of doing the photometry, we filtered out all sources which had a

signal-to-noise ratio, S/N < 5 and which were not visible in all three filters. This

left us with a total of 1186 cluster candidates identified in the sample. We then used

ISHAPE (Larsen, 1999) to measure the FWHM values for all remaining sources in all

three wavelengths; this was done in order to separate stars and background galaxies

from clusters. ISHAPE measures FWHMs by de-convolving the HST instrumental

point spread function with a King profile, then performing a χ2 calculation to test

the goodness of fit to each individual cluster (King, 1966). ISHAPE iterates through

different values for the effective radius until a minimum χ2 is found. Similar to the

approach in Mulia et al. (2015), we find that a conservative cut of 2 pixels FWHM

effectively removes extended sources in both the nearest and furthest galaxies in the

sample. Additionally, we made a cut of MB ≤ −9.5 mag, corresponding to the

Humphreys & Davidson (1979) limit, where we might expect contamination of the

cluster sample from single bright yellow supergiants in the Milky Way. This was

shown in Whitmore et al. (2010) to be an effective way to remove foreground stars by

their luminosity alone. A total of 665 clusters across all 22 LIRGs (27 nuclei) meet
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the above criteria.

One remaining concern with this approach was that at the average distance of

the galaxies in our sample (115 Mpc), our size estimates would not correspond to

physically relevant values for individual clusters. Indeed a 2 pixel FWHM at the

resolution of WFC gives an average cluster size of Reff ∼ 24 pc. For the most nearby

galaxies in the sample, we derive consistent results with the established cluster size

in the Antennae of Reff ∼ 5 − 10 pc (Anders et al., 2007). However, for the most

distant galaxies in the sample our size estimates are nearly three times larger (∼ 37

pc), which is an effect we must take into consideration when interpreting our results

(see §5). Importantly, the measured cluster sizes are all still well below the average

size of an entire cluster complex or OB association (Reff ∼ 100 − 200 pc: Bastian

et al., 2006), where the application of simple stellar population (SSP) models would

be questionable.

2.4 Age-Dating Clusters

2.4.1 Model Fitting

For each cluster in each galaxy, the measured colors were compared with the

evolutionary tracks from GALAXEV (version 2003), a library of evolutionary stellar

population synthesis models that were computed using the isochrone synthesis code

of Bruzual & Charlot (2003), hereafter referred to as BC03. This code computes

the spectral evolution of a stellar population based on a stellar evolution prescription

(Bertelli et al., 1994) and a library of observed stellar spectra. The output of the model

SED was multiplied by the ACS F435W, F814W, and SBC 140LP filter response

functions in order to obtain magnitudes and colors in these filters. We first estimate

the age and the extinction AV by performing a χ2 fit assuming an instantaneous burst
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simple stellar population (SSP), a Salpeter IMF (Salpeter, 1955), and both solar and

sub-solar metallicities as suggested for LIRGs by Kewley et al. (2010). We also apply a

Calzetti extinction law of the form k(λ) = A(λ)/E(B−V )∗ = a+ b/λ+ c/λ2 + d/λ3,

where a, b, c, and d are constants in a given wavelength range, and A(λ) is the

attenuation in magnitudes. The total attenuation of the stellar continuum, RV =

A(V )/E(B − V )∗ = 4.05 ± 0.8, is calibrated specifically for starburst galaxies and

differs from the typical Milky Way value of RV ∼ 3.1 (Calzetti et al., 2000). It has

been shown empirically that clusters and HII regions are more heavily attenuated

than the underlying stellar continuum, due to the fact that these objects are often

found near dusty regions of ongoing star formation (Calzetti 1994). From galaxy to

galaxy, there can be considerable variations in the detailed dust distributions, but

Calzetti et al. (2000) points out that in all the cases they studied, the empirical law

recovers the total dust optical depth of UV-bright starburst galaxies within a factor

of two.

It is worth noting here that a major concern in estimating cluster ages is the effect

of stochasticity which affects clusters with low masses. Such clusters have too low a

mass to adequately produce a sufficient of number of stars in all mass ranges, and thus

any age-dating prescription making use of a standard IMF fails to predict the correct

cluster age. Given the distance of the LIRGs in the sample and thus the brightness

of clusters detected by our HST observations, the detected clusters are unlikely to

have low masses. Indeed, stochastic fluctuations are relatively minor for clusters with

masses greater than 104M� (Fouesneau et al., 2012), which in our case is the lower

limit of clusters we can observe.

Another factor affecting the age estimates is the metallicity. LIRGs are known to

have gas-phase metallicities within 0.2 dex of solar in 12 + log [O/H] (Relaño et al.,

2007; Rupke et al., 2008). Thus we consider both a solar (z = 0.02) and sub-solar
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(z = 0.008) BC03 model for each galaxy. Rich et al. (2012) also finds that the

metallicity gradients in LIRGs are flattened by the merging process, allowing us to

parameterize the metallicity of clusters with a single value for each galaxy.

The mass of each cluster is estimated from the observed B-band extinction-

corrected luminosity and the mass-to-light ratios (M(M�) = LBx(M/L)) predicted

by the unextincted model at the fitted age. The models assume that the stellar IMF

for each cluster is fully sampled. The largest contribution to the uncertainty in the

mass estimates are the uncertainties in the estimated ages, which are typically on

the order of 0.3 dex in log(τ). These translate to similar uncertainties of 0.3 and 2

in log(M) and M , respectively. The derived masses of the clusters depend on the

IMF assumed in the stellar population models. For example, if a Chabrier IMF is

adopted, the estimated mass of each cluster would decrease by a near constant 40

percent (although the shape of the mass function would not change). The average

fractional uncertainty in the distances of each galaxy taken from NED are ∼ 7%. This

would introduce uncertainties in the cluster mass estimates of roughly 13%, which is

less than the error contribution from our cluster age fitting procedure.

The age and mass estimations using color-color diagrams together with evolu-

tionary tracks suffer from age–reddening degeneracy. As pointed out in Maoz et al.

(2001), the use of a UV filter when examining the colors of star clusters does help to

avoid the issue of “backtracking,” whereby the reddening shifts the models in a direc-

tion nearly parallel to the aging direction. However, a cluster that appears red in the

FUV-B, B-I color space can still be either very old, or young and heavily obscured

by dust. In particular, young star clusters are assumed to be embedded in dust that

is present in the star-forming region. Despite the fact that a fraction of the dust can

be cleared away from young star-forming regions in as little as a few Myr (Larsen,

2010), 0.5 ≤ AV ≤ 2.5 mag extinction has been reported for 4 Myr old clusters in
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nearby, lower luminosity galaxies (Whitmore & Zhang, 2002; Reines et al., 2008).

Since our analysis involves the use of three filters, we cannot break this degeneracy

with our photometry alone. Thus, the ages of clusters in our LIRG sample are solved

for by creating a suite of SSPs within the FUV-B, B-I color space, incrementing by

0.1 in AV as input to the extinction law, then solving for the age–reddening of each

cluster based on the best χ2 fit to an individual model within the suite. Further, it

is important to note that because FUV light can accurately trace the ages of star

clusters over two orders of magnitude (Meurer et al., 1995) our analysis of cluster

ages is not biased by the requirement to detect a cluster in the F140LP SBC filter.

In order to better refine the age–reddening estimates for each cluster, two addi-

tional constraints were applied: First, we required that the extinction of any given

cluster could not exceed estimates for the AV of its host galaxy taken from the liter-

ature. Considering the fact that our F140LP cluster detections often span the entire

SBC field-of-view, the average galaxy AV is a good proxy for the amount of redden-

ing one would expect each cluster could have before we are unable to detect it. It is

important to note that only 5% of clusters in the final sample have extinctions which

are equal to the maximum allowed for their host galaxy based on our fits, meaning

that our choice of AV is not systematically biasing our final derived values. This

constraint additionally prevents our model from obtaining cluster properties with ar-

bitrarily high extinctions and therefore cluster masses, which exceed what is possible

for bound stellar clusters so far observed in extragalactic systems (Maraston et al.,

2004). Second, we constructed B-I color images in order get a visual clue of where

the projected dust lanes are in each galaxy. The reasoning is that by making a man-

ual assessment of each image we can distinguish globular clusters, which have much

redder colors and are often found in uncrowded regions away from sites of recent star

formation (e.g., see Whitmore et al., 2014). One complicating factor is that a YMC
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that forms behind a projected dust lane can appear to have a color similar to these

old GCs. By overlaying the cluster centroids, we identified which clusters had no

obvious dust lanes in a surrounding annulus of 4− 9 pixels. These clusters are there-

fore more likely to be young and extincted as opposed to relatively old and dust-free

clusters. The results can be seen in the false-color images shown in the appendix.

In total, only 10% of the clusters modeled had ages which differ by 0.6 dex (roughly

twice the expected uncertainty) when including or excluding the additional dust-lane

constraints. Whitmore et al. (2014) used this additional constraint when looking at

the cluster populations of 20 star-forming galaxies in the Local Universe, and found it

to be effective regardless of the detailed galaxy morphologies seen in the color images.

We consider here how these constraints can be understood based on the F435W −

F814W value of each cluster: Clusters designated with (F435W − F814W ) < 0.51

mag can be reliably age-dated as being younger than 7 Myr, because the old-age

track of the model never reach that part of the parameter space. Clusters with

(F435W − F814W ) = 0.51 − 1.0 mag have a wide range of possible ages (7 − 500

Myr), but if the cluster resides in a dustier region of the galaxy, then it is either an

unreddened to moderately reddened old cluster or a young, heavily reddened cluster.

This color bin covers the widest range of cluster ages and therefore contains the largest

number of SCs. Finally, any SCs with (F435W − F814W ) = 1.0 − 1.5 mag that do

not reside in a more heavily extincted region of the galaxy are old, with ages between

500 Myr and 1 Gyr. The ages of clusters in these last two regions that lie in and

around dust lanes are the ones most affected by our above criteria for solving the

age–reddening degeneracy. Clusters with (F435W − F814W ) > 1.5 have ages older

than 1 Gyr assuming reasonable values for the internal extinction within the galaxy.

By examining the distributions of internal visual extinction and age for each cluster

derived from the model, we see that nearly 1/3 of all young clusters in the sample
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have a relatively small dust correction (AV ≤ 1), and nearly 80% of all young clusters

have an AV ≤ 2 correction. Thus the majority of all clusters in the sample need

only a relatively modest dust correction, compared to a galaxies global average, to

properly derive young ages.

2.4.2 Consistency Checks: Comparison with Direct SED-Fitting

In order to account for the effect our chosen filter set has on the derived cluster

properties as described above, we compare the results of anchoring each color to the

F435W measurement, with the results from fitting the three broadband photometric

measurements (F140LP, F435W, and F814W) simultaneously, as was similarly done

in Maoz et al. (2001), and shown to be an effective way to further improve our

ability to separate the effects of age and extinction. To perform this full “SED-based”

fitting we use the same galaxy evolution code, extinction model (minus the additional

dust-lane constraints in both cases), IMF, and metallicity. From our sample of 665

clusters, we further remove from the final analysis any clusters for which the method

described in Section 4.1 and this SED fitting method do not produce ages which agree

within 0.6 dex of each other. These clusters are almost always ones for which their is

nearly equal probability of the cluster being young and highly-extincted or old and

less heavily extincted. These highly degenerate cases are therefore removed due to

their uncertain contribution to the overall shape of the age and mass distributions

to be derived. This leaves us with a final sample of 484 (∼ 83% of verified clusters)

clusters that have age and mass estimates independent of the fitting method chosen

for deriving cluster properties. We also note that of the original 67 clusters which

provide inconsistent age results in our own dust-lane vs. no-dust-lane analysis, 48

(∼ 83%) are kept when comparing to the results of the full SED-fit. This again shows

that our additional dust-lane constraints did not systematically bias the estimation
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of cluster ages.

2.4.3 Consistency Checks: Comparisons with Spectroscopic-

Derived Ages

Chien (2010) measure Balmer line-derived cluster ages for a sample of GOALS

LIRGs. Three of the systems in their sample overlap with our present study (NGC

2623, Arp 256, and Arp 299). Figure 2.1 is a comparison of our photometrically

derived ages and the Balmer line-derived ages. Approximately 77% (17 of 22) of

the clusters have ages that agree to within ±0.3 dex, and 91% (20 of 22) have ages

that agree to within ±0.6 dex. This means that the majority of our 3-band cluster

ages agree with the spectroscopic ages within the uncertainty of the BC03 models.

Further, it is important to note that we derive young ages for all seven of the star

clusters in our sample with identified Wolf-Rayet spectral features from Chien (2010).

Wolf-Rayet features are very sensitive probes of young cluster ages since they only

exist for clusters with ages of 3− 7 Myr (Leitherer et al., 1999; Chien, 2010).

It is potentially not surprising that the older clusters in the sample have more un-

certain spectroscopic age measurements. In particular, as a cluster ages, the strength

of the Balmer lines is significantly decreased (González Delgado et al., 2005). Finally,

the most discrepant age estimates come from NGC 2623. This could be due to the

fact that the galaxy has a complicated morphology (Evans et al., 2008). All the

young clusters identified come from a single “pie-wedge” structure to the right of the

nucleus (see Additional Figures and Tables), while all the older clusters come from

the nuclear regions. This makes using a simple prescription for an AV correction over

the entire FOV more uncertain.
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Figure 2.1: A comparison between the spectroscopically derived ages from Chien
(2010) to to our UV, B, I broadband age estimates for NGC 2623, NGC 3690E/W,
and ARP 256N/S. The red circles denote star clusters which have Wolf-Rayet spectral
features as identified in (Chien, 2010). The solid line represents the 1 : 1 correlation,
whereas the dashed and dotted lines are within 0.3 and 0.6 dex of the 1 : 1 correlation.
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2.4.4 Consistency Checks: Comparisons with Paschen-β Equiv-

alent Widths Derived from WFC3 Imaging

Larson et al. (2020) obtained Paschen-α and Paschen-β imaging for a subset of

the GOALS sample, with 6 LIRGs (9 galaxies) overlapping our present HST sample.

For any B-band cluster centroid that is spatially coincident with a high density clump

in the Paβ images we can directly compare our cluster ages to ages derived via the

equivalent width (in Angstroms) of the Paβ emission line. For an instantaneous burst

SSP and a Salpeter IMF, the presence of Paβ emission constrains the burst age to less

than 20 Myr because stars with masses greater than 10 M� are required for significant

production of ionizing photons. We utilize Starburst99 models of Paβ equivalent

width as a function of clump age to independently derive ages for 27 clusters in the

sample (Leitherer et al., 1999).

From Figure 2.2 we find that approximately 78% (21 of 27) of the clusters have

ages that agree to within ±0.3 dex, and 96% (26 of 27) have ages that agree to within

±0.6 dex. This shows us that the majority of all clusters we identify as having bright

Paβ counterparts are indeed young. Additionally, 89% of the clusters (= 24 out of 27)

which are photometrically identified as having ages less than 20 Myrs have a mean Paβ

equivalent width of log(W (Paβ)[]) ∼ 1.7 or log(AgeSB99(yr)) ∼ 6.8. It is important

to note that of the 142 young (t ≤ 107 yr) star clusters photometrically identified in

these 6 LIRGs, we only associated a strong Paβ clump in the continuum-subtracted

image with 19% (27 of 142) of them. This fraction is likely low for two reasons:

(1) Our clusters are located primarily in the central regions of the galaxies, where

the continuum subtraction is much more uncertain due to the larger contribution

of diffuse large-scale NIR emission. As a result, the minimum equivalent width of

a marginal 3σ Paβ detection can vary by a factor of a few within a galaxy and by
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Figure 2.2: The 1 : 1 comparison of cluster ages derived using our UV, B, and
I photometry and the equivalent width of the Paβ emission line associated with
the cluster centroid from Larson et al. (2020). The solid line represents the 1 : 1
correlation, whereas the dashed and dotted lines are within 0.3 and 0.6 dex of the
1 : 1 correlation.
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almost an order of magnitude on a galaxy-by-galaxy basis. This variation corresponds

to ∼ 0.3 dex change in the maximum derivable age using the SB99 model, which if we

assume a 1 : 1 correlation, changes the age of the oldest cluster for which we would

expect a counterpart in FUV emission by the same amount. (2) The resolution of the

NIR Paβ images is 0.12′′/pixel, which is a factor of two lower than what we achieve in

the FUV and optical imaging. This makes detecting bright compact sources of Paβ

line emission embedded in a larger diffuse GMC cloud difficult at the distance of the

galaxies in our sample.

Ultimately, both the local background subtraction and resolution contribute to

the lack of overlap we observe in the Paβ and FUV emission. Regardless, this is

an independent verification of our ability to derive accurate young ages for clusters

in the sample, and shows us that our AV corrections can do a reasonable job at

photometrically separating young and old clusters.

2.4.5 Mass-Age Diagram and Completeness

Figure 2.3 shows the derived age and corresponding mass of each cluster identified

in the sample. An immediate observation one can make is the lack of low-mass, old

clusters. This is due to the fact that clusters dim as they age and eventually become

fainter than our UV detection limits. We also note the large number of clusters seen

with ages below 10 Myr over the full range of masses.

Although the cluster fitting method can create some observed structure in the

mass-age diagram, it is unlikely to do so over all masses at young ages. In particular

the lack of clusters with ages of ∼ 107 Myr is a common feature of model-derived

mass-age diagrams of star clusters in galaxies (Gieles et al., 2005; Goddard et al.,

2010). This is due to the limited age resolution and overall degeneracy of the UV-

B, B-I color track at these ages (See color-color diagrams in the Additional Figures
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and Tables). From the histograms in Figure 2.3, we conclude that there is a genuine

over-density of clusters with ages below 10 Myr compared to above 10 Myr.

In order to determine the completeness limit of the cluster sample, we used a

similar prescription to Whitmore et al. (1999), and set the limit for each galaxy as

the magnitude at which 50% of the clusters are detected at B and I, but are missed at

FUV. The magnitude distributions for each band are corrected for foreground galactic

extinction, and spatially matched to the FOV of the SBC. Of the 22 LIRGs in the

sample, 19 have magnitude distributions which span the full range of observed cluster

values (MB = −10 ∼ −15 mag), and have a mean completeness of MB ∼ −11.2 mag.

The three remaining sources have completeness limits which are shifted to higher

magnitudes MB ∼ −13 mag, likely due to the fact that they are all further away

than the mean distance of the galaxies in the sample (115 Mpc). It is important to

note however, that there are several other galaxies for which a larger distance did not

result in a shifted magnitude distribution, meaning that the actual 50% limit for the

sample is not a strong function of the mean distance to any galaxy. Additionally, these

outliers represent only 7% of the total cluster population. Therefore, to minimize their

contributions to the final adopted limit for the entire sample, we calculated a cluster-

weighted mean completeness limit, and found that the mean shifted only slightly to

MB = −11.26.

By applying this completeness limit to the BC03 model, we can define regions of

this parameter space (both as a function of cluster ages over a mass range and masses

over an age range) where we are observationally complete and thus working with a

mass-limited sample of clusters. Mass-limited cluster samples have the advantage

over luminosity-limited samples because they recover the underlying shape of the

age distribution, and are thus not affected by the distance to each galaxy. However,

the total number of clusters can be highly uncertain simply because the lower mass
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clusters are not included. We will discuss the implications for this fact in §5.

The four cuts were selected to sample distinct regions of the mass and age distri-

bution for which we could maintain completeness. We define Region 1 to be:

6 < log(M/M�) < 8 (2.1)

6.5 < log(τ) < 8.7 (2.2)

Region 2 to be:

5.3 < log(M/M�) < 6 (2.3)

6.6 < log(τ) < 8 (2.4)

Region 3 to be:

log(τ) < 7 (2.5)

5.3 < log(M/M�) < 8 (2.6)

and Region 4 to be:

7.5 < log(τ) < 8.7 (2.7)

6 < log(M/M�) < 8 (2.8)
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Figure 2.3: The mass, age distribution of all 484 clusters found in the 27 galaxies.
The solid, dashed, and dotted red curves represent mass-age tracks produced from
the BC03 model with an input of MB = −11.26, MB = −12.07, MB = −13.31 for
the 50%, 75%, and 100% completeness limits respectively. The green and purple
boxes in the left panel represent Regions 1 and 2 respectively, and are used for the
two mass-age cuts applied when analyzing the cluster age distribution. The blue and
gold boxes in the middle panel represent Regions 3 and 4 respectively, and are used
for the two mass-age cuts applied when analyzing the cluster mass distribution. The
histograms show the distribution of cluster ages and masses for the full sample. The
cross on the bottom right of each panel represents the median errors in cluster age
and mass bootstrapped from our model.
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The two mass cuts are marked as Regions 1 and 2 in the left panel of Figure 2.3.

Since older clusters are intrinsically fainter, a higher mass limit will result in a cluster

population that is mass-limited to a wider range of ages. Note that the chosen mass-

regimes do not contain the youngest least massive clusters that are only observed in

a subset of our galaxies, and thus would bias any estimate for the global mass and

age distributions of all the galaxies combined. Region 2 is chosen to match the age

and mass limits from Fall et al. (2005), allowing us to make accurate comparisons to

the cluster population of the most well-studied nearby major merger, the Antennae

Galaxy. Regions 3 and 4 are chosen to sample the young (≤ 10 Myr) and old (τ ≥

107.5) clusters respectively within the completeness limit. When analyzing Regions

1, 3, and 4 we will exclude the largest mass bin of log(M/M�) = 8.0. These very

high masses are most likely the result of either an imperfect extinction correction

or multiple star clusters in close proximity appearing as a single star cluster at the

resolution of these images, resulting in a large derived total mass (See §5.2). While

clusters of these masses have rarely been observed in abundance, we note that Bastian

& Silva-Villa (2013) studied several young star clusters in NGC 7252 with masses

greater than 107M�, including one cluster with a total mass of ∼ 108M�.

2.5 Discussion

After determining ages, masses, and extinctions for the entire cluster sample we

directly compare these distributions with those of nearby normal and interacting

galaxies. We focus on the interpretation of the derived cluster age distribution and

mass function, and briefly discuss the implications for cluster formation efficiency. Ul-

timately, we discuss to what degree the differences observed in our cluster population

can be attributed to the extreme star-forming environment unique to LIRGs in the

local Universe. Individual cluster age and mass functions for the most ’cluster-rich’
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(i.e. greater than 25 detected clusters) galaxies are computed in Table 2.2.

2.5.1 Age Distribution

We consider the age distribution of clusters in our complete LIRG sample over

the two mass ranges (i.e., Regions 1 and 2) described in §4.3. Specifically, we are

interested in measuring the power law index γ, where dN/dτ = τ γ. Figure 2.4 is a

plot of the logarithm of the number of clusters per time interval, log(dN/dτ), versus

the logarithm of the cluster age, log(τ). The plotted data are binned by 0.4 in

log(τ) so as to fully encapsulate the model errors of 0.3 in log(τ) discussed in §4.1.

We see that that a large fraction (∼ 30%) of the clusters have ages less than 7.5

Myr. For the youngest most massive clusters in the sample (contained in Region 1),

a weighted linear least-squares fit to the cluster age distribution gives a power law

index of γ = −0.9±0.3, consistent with the derived power law index for the Antennae

Galaxies within 1σ (Fall et al., 2005, ; Figure 2).

The distribution of the lower mass clusters (Region 2) can be fit with a power

law index of γ = −0.87 ± 0.1, also consistent with the derived power law index

for the Antennae Galaxies within 1σ. The change in γ (∼ 0.04) for the solar and

sub-solar models was less than the uncertainty in the fit to the data in Figure 2.4.

The similarity in the slope of the power-law index between the two mass-cuts is also

further confirmation that we are working in a mass-limited regime, where the slope of

the age distribution does not get systematically flatter with increasing cluster mass

or distance to the host galaxy (Bastian, 2016).

Also plotted in Figure 2.4 are the age distributions for M83 and the LMC, nor-

malized to the fitted-number of clusters in the youngest age bin. As can be seen, γ

for the LIRG sample is steeper than what is measured for these lower mass, normal

star-forming systems. In addition, Adamo & Bastian (2015) provide a Table summary
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Figure 2.4: The stacked age distribution functions for all 27 galaxies. We have broken
our age distribution up into the two age-mass ranges described in Equations 1 and
2, and shown as Regions 1 and 2 in the left panel of Figure 2.3. The red and black
lines represent weighted linear least squares fits to the data. The blue, green, and
yellow age functions of the LMC, M83, and the Antennae respectively, are taken from
Adamo & Bastian (2015), and are normalized to the total number of clusters in our
sample to best compare the slope for each galaxy.
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of γ for several local galaxies; in all cases, γ is flatter than -1.

There are two possible interpretations of this plot:

(1) If a continuous (or near continuous) cluster formation rate is assumed during the

merging process for each LIRG, then the index of γ = −1 is an indication that 90%

of the clusters formed are disappearing every age dex. In the case of the Antennae

Galaxies, Fall et al. (2005) concluded that the majority of the clusters are rapidly

disrupted within the merger via ’infant mortality’. This scenario not only seems to fit

into the nature of the violent environments of galaxy mergers, but may also explain

the negative value of γ (albeit, not as negative as measured for mergers) observed in

lower-mass, less star-forming, quiescent nearby spirals.

We note that when discussing ’infant mortality’, it is important to mention that

the rapid decrease in the number of clusters as a function of age could be due to the

inclusion of young, low-density, unbound OB associations in cluster catalogues (e.g.,

Bastian et al., 2012; Silva-Villa et al., 2014). When these associations are removed, the

age distributions for local star-forming galaxies appear to flatten. Kruijssen (2015)

point out that these effects can be minimized by selecting slightly older clusters

(10− 50 Myr), so that associations will have already been dispersed into the field. If

this were a dominant effect in our sample, we would expect the age distribution of

Region 2 to be much flatter and inconsistent with the Antennae value. Further, while

we cannot verify the amount of contamination from OB associations for the youngest

clusters (t < 10 Myr) in our sample, the high mass cut-off for Region 1, ensures that

the this effect is minimized.

(2) The star formation rate has increased such that the bulk of the star formation,

and cluster formation, has happened fairly recently as a result of the interaction of

the two galaxies. This seems unlikely due to the fact that many of the galaxies

within the sample have been interacting for a few hundred million years, whereas
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the median age of clusters for the whole sample is only ∼ 107 years. Hopkins et al.

(2013) finds that when simulations use realistic prescriptions for galaxy feedback, the

star formation in a galaxy merger can in fact be time-variable and drops between

each passage. Therefore, the average SF enhancement is only ever a factor of a few

during the course of a merger, which is not enough to explain a 90% decrease in the

number of clusters at each age dex (Karl et al., 2011). We could assume that all of

the galaxies across the various merger stages are being viewed at these bursty peaks

in the star formation rate, but we also consider this an unlikely scenario.

Under this framework, we would also be forced to accept that the star formation

rates in nearby normal galaxies (which have negative γ values - though, note the

above discussion of possible OB association contamination) are also increasing. In

well-studied star-forming galaxies like the Milky Way and the Magellanic Clouds, the

SFR is observed to have been nearly constant over the last Gyr, which argues strongly

for the fact that the decline in dN/dτ is primarily a consequence of disruption in the

MW and Magellanic Clouds (Harris & Zaritsky, 2009; Chandar et al., 2010).

Given the above, the most plausible explanation is that clusters are being rapidly

destroyed in luminous galaxy mergers at a rate that exceeds the cluster destruction

process occurring in nearby normal galaxies.

2.5.2 Mass Function

The cluster mass function (CMF) has the form dN/dM ∼Mβ. For star clusters in

our sample, this was derived by stacking the mass distributions of each galaxy, keeping

the binning constant (0.4 in log(M)), and then performing a cluster-weighted linear

least-square fit as a function of derived mass. For clusters with ages t ≤ 107 years and

t ∼ 108 years, we derive a mass function with a β = −1.95± 0.11 and −1.67± 0.33,

respectively (see Figure 2.5). By comparison, β is commonly measured to be −2
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for the majority of lower luminosity star-forming galaxies, as well as the Antennae

Galaxies (Larsen, 2010). The change in β for the solar and sub-solar models was less

than the uncertainty in the fit (i.e., < 0.1) to the data in Figure 2.5.

An alternative approach to modeling the ICMF is with a two component Schechter

function of the form dN/dM = (M/Mc)
αe(M/Mc). For reference, theMc, or character-

istic mass, measured for the Milky Way is ∼ 105M� (Bastian, 2008b). If we assumed

that a star formation rate of ∼ 100M�/yr went into forming only clusters, the number

clusters withM ≥ 107M� would still be negligible forMc = 105M�; even if these high

SFRs could be sustained for ∼ 100 Myrs. Thus, the mere presence of 107M� clus-

ters in our sample indicates that the cluster formation environment in more extreme

systems is different than that observed in lower-luminosity spiral galaxies.

Larsen (2010) shows that a Schechter function with a canonical -2 power-law slope

and Mc = 106.3M� can reproduce the observed distribution in the Antennae galaxies

equally well. In Figure 2.5 it is clear that we cannot simply adopt these parameters to

fit our observations. Instead, we require both a slightly shallower power-law slope and

a slightly larger cut-off mass due primarily to the fact that we are observing clusters

with masses greater than 106.5M�, which simply are not observed in the Antennae.

It is important to note that our data (Region 3 + 4) is consistent to within 1σ of a

-2 power law in dN/dM over the same mass range as the Antennae, but can also be

fit at the high-mass end using a modified Schechter function with a cut-off mass of

107M�. This is clearly larger than what has been recently observed in M31, where the

observed cut-off mass for the cluster sample is Mc ∼ 8x103M� (Johnson et al., 2017).

Interestingly, in that work, the authors define a relationship for the expected Mc as

a function of ΣSFR as: log Mc = (1.07± 0.10)xlogΣSFR + (6.82± 0.20). If a typical

value of ΣSFR for LIRGs in the GOALS sample is used (U et al., 2012), we expect an

Mc ∼ 107M�, which is consistent with our derived fit, and indicates that high-mass
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clusters can indeed form more efficiently in higher star-forming environments.

When interpreting these results, it is important to consider several possible factors

which could affect our derived mass functions:

(1) If lower-mass star clusters are preferentially disrupted, the mass distribution of the

surviving star clusters in a merger remnant will be shallower than what is observed

in a quiescent spiral galaxy (Kruijssen et al., 2012; Li et al., 2017). We might also

expect this to correspond to a steeper age distribution for the lower-mass cluster

sample (Figure 2.4; Region 2), but given that our ’low-mass’ clusters are still rather

massive, the lack of a clear difference in dN/dτ is not surprising. Therefore, the

cluster disruption in these galaxies appears to be mostly mass-independent (i.e., we

find that γ ∼ −1 over the mass range of M� = 105 − 106), a finding that Whitmore

et al. (2010) confirmed for the Antennae over the same range of cluster masses (Figure

2.5; yellow track).

When we increase the lower limit cluster mass for Region 1 to 106.5M� in Figure

2.4, we observe a disruption rate of dN/dτ ∼ τ−0.75±0.4. This leads us to conclude

that cluster disruption in LIRGs appears largely consistent with what is seen in the

Antennae up to 106.5M�. We note that the uncertainty on the measured slope is

much larger than for Region 2, so in principle, gamma could be shallower than the

Antennae Galaxies in this mass regime. However, if this were a strong effect in our

data we would expect our observed CMF in Region 3 to be shallower than the -2

power-law used to represent the underlying ICMF.

(2) The choice of bin size for our data could systematically flatten the measured β

(Maíz Apellániz et al., 2005). We use bin sizes in mass and age of 0.4 dex in Log(M)

and Log(t), chosen to fully encapsulate the typical uncertainty associated with our age

and subsequent mass estimations. To test the effect this choice has on the measured

slope, we explored two other bin sizes, 0.2 and 0.6 dex respectively. We found that
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the slopes derived for dN/dτ and dN/dM change on average by 0.1−0.2 dex. As this

is comparable with the 1σ uncertainties on each slope measurement, we conclude our

choice of bin size is not significantly affecting our determination of the shape of the

cluster mass distribution.

(3) At the resolution of our observations, multiple lower mass clusters may appear as

one, massive cluster, and thus systematically flatten the CMF. To test this possibility,

we ran Source Extractor on B-band and I-band WFC images of NGC4038/9 from

the Hubble Legacy Archive (HLA) to identify star clusters. The distance used for

NGC4038/9 is ∼ 24Mpc, but the median distance of our sample is four times farther

away. Since the pixel scale of the Drizzlepac output images is the same, we simply

smoothed the HLA images with a boxcar function of 4 pixels. Source Extractor was

then run on this smoothed image with the Source Extractor results from the original,

pre-smoothed images as a reference. For this step, Source Extractor only outputs

sources which are both identified in the smooth image and also match a source in the

original list (within a search radius of 4 pixels, i.e., the same size as the smoothing).

The ratio: (Norig −Nsmoothed)/Norig should give a upper limit for the fraction of dual

sources identified as 1 in the smoothed image.

For the B-band and I-band image comparisons, this ratio is 0.3 and 0.26, re-

spectively. Thus, roughly 30% of ‘blended clusters’ identified in our LIRGs with

D ≥ 100Mpc would actually be identified as a complex of single clusters at the res-

olution of the Antennae. By redistributing to the lower mass end this percentage

of clusters, with masses greater than 5x106M�, we observe a steepening of the mass

function ∼ 0.1 dex. Despite this fact, it is clear that the existence of young high-mass

(≥ 107M�) clusters in our sample cannot be solely attributed to a resolution limit.

Finally, it is worth noting that cluster blending can effect the estimated cluster ages.

The effect most likely pushes clusters toward the median cluster age, and thus if de-
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blending randomly populates the young and old cluster parts of the age distribution,

there will not be a dramatic effect on γ.

Given the above, it appears that the differences in the slope observed in the

LIRG sample relative to the Antennae mass function is not caused by mass-dependent

cluster disruption from 105−106.5M�. When we consider the effect of a resolution limit

on the high-mass end of the distribution, we can reconcile the small discrepancies in

the observed slopes. Therefore, cluster formation in these galaxies can be explained

with a universal -2 power law fit to the mass distribution up to at least 106.5M�.

However, we emphasize that the prevalence of the most-massive clusters observed in

the sample is compelling evidence that these clusters exist more predominately in the

more extreme star-forming environments of LIRGs.

This idea is further supported by the fact that a Schechter function, with an

Mc ∼ 107M�, can also fit our data over the full range of observed cluster masses

relative to a simple power-law formalism. This implies that GMCs in LIRGs can

have higher ISM pressures and densities than what has been seen in other galactic

environments. Recently, Maji et al. (2017) used hydrodynamic simulations of two

equal-mass MW-like merging galaxies to show that such ISM conditions are actually

capable of producing clusters in the range of 105.5−7.5M� (Figure 2.4), consistent with

the mass-scales we observe in our LIRG sample.
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Figure 2.5: The stacked mass distribution functions for all 27 galaxies. We have
separated our mass distribution up into two mass-age ranges described in Equations
3 and 4, and shown as Regions 3 and 4 in the right panel of Figure 2.3. These cuts
allow us to test the effects of our completeness limits and the mass dependence of
cluster disruption in the sample. The red and black lines represent weighted linear
least squares fits to the data. The yellow error bars represent the mass function of
the Antennae taken Whitmore et al. (2010), and is normalized to the total number of
clusters in our sample. The green, magenta, and blue lines represent three different
analytic Schechter function fits to the empirical distribution.
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2.5.3 Merger Stage Dependence

Since our LIRG sample spans the full range of merger stages, we can test if our

explanation of cluster formation and destruction depends on the dynamical state

of the galaxy. Haan et al. (2013), Kim et al. (2013a), Stierwalt et al. (2013) have

classified the merger stage of each U/LIRG in the GOALS sample based on their mor-

phological appearance at multiple wavelengths. These merger classification schemes

run from pre-first passage to single coalesced nuclei. We separated the sample into

early (classes 0-2), middle (classes 3-4), and late-stage (classes 5-6) mergers. In order

to quantify any differences in each age distribution we ran a KS-test comparing the

normalized distributions of the early, middle, and late-stage mergers to the total sam-

ple. We find that within our sub-sample of GOALS LIRGs these individual merger

stage distributions are drawn from the same parent distribution of ages with a 92%

probability or higher.

For galaxies classified across all merger stage bins we find that the most massive

clusters in the sample (Region 1) are always consistent with a -1 power law in dN/dτ ,

which is further justification for combining the cluster populations for each galaxy into

a single sample, and indicates that disruption does not vary much, within uncertainty,

throughout the merger. It also provides credence to the idea that the SFR of a merging

galaxy is bursty, which given the large size of our age bins, is an effect on the age

distribution we can safely ignore. This allows us to characterize each galaxy as having

an elevated but roughly continuous SFR.

When breaking the sample down to early and mid-stage mergers in Figure 2.6 we

find that star clusters in both early and mid-stage mergers show a power-law distri-

bution of dN/dM ∼M−1.8 across both age-regimes. Additionally, each mass function

is normalized by the total duration within their respective age bin in order to remove
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Figure 2.6: The stacked age-normalized mass distribution functions for the 11 galaxies
with a merger class of 0-2 (Top Plot) and the 8 galaxies with a merger class 3-4
(Bottom Plot) identifying them as early-stage and mid-stage mergers respectively.
The total number of clusters in each class is 260 and 154 for pre- and mid-stage
mergers respectively. We have broken our mass distribution up into the same age
ranges as in Figure 2.5
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any artifacts of the bins having different time ranges. This helps to emphasize that

the number of clusters that survive decreases in absolute number and independent of

mass from the pre- to ongoing-merger systems.

Under the assumption of a constant SFR, the youngest clusters in each galaxy

merger class will show the same slope in dN/dM . Our results are consistent with

the idea that the star formation history is not changing significantly between merger

stages, and thus cannot be a dominant effect in driving the observed age distributions

we see for our sample, when combing all galaxies together.

Additionally, when analyzing the cluster mass distribution we assumed that the

formation conditions (i.e characteristic mass Mc and slope α) do not change signif-

icantly throughout the merging process. The similarity of the slopes between each

merger class is consistent with simulations of merging disk galaxies, which find that

the characteristic mass Mc evolves at a rate of only ∼ 0.3− 0.4 dex/Gyr (Kruijssen,

2012).

2.5.4 Cluster Formation Efficiency

Finally, we consider the efficiency of cluster formation (CFE) within the high star

formation rate environments of LIRGs. CFE, or Γ, is defined the ratio of the rate

of stellar mass formation in bound clusters, ṀSC, to the global star formation rate,

ṀSF, over the same time interval, i.e.,

Γ =
ṀSC

ṀSF

x100%. (2.9)

For our sample, the fact that we do not detect clusters well below 105M�, and

that we have significant cluster disruption over all masses, makes the estimation of

the cluster formation efficiency (CFE) highly uncertain.

This is compounded by the fact that our UV-Bright cluster population is not
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sampling the full SFR as traced by the total UV+IR based SFR measurements from

Howell et al. (2010). Additionally, we cannot match our UV-based CFR to the total

GALEX UV SFR estimation because the field of view of the SBC is ∼ 1/140 that

of GALEX, and thus a correction for the clusters we miss is uncertain. The large

amount of obscuring dust also makes a completeness correction to derive a total mass

and CFR based on our mass distributions difficult for our LIRG sample. Johnson

et al. (2016) notes that CFE calculations are best done in dust-free environments

that show little sign of significant cluster disruption, a scenario we are simply not

presented with in our sample. Therefore we leave a discussion about CFE in LIRGs

to future studies involving deep IR-based observations that have both a larger FOV,

and the ability to detect more dust-enshrouded low-mass clusters.

2.6 Summary

Hubble Space TelescopeACS/HRC FUV (F140LP) and ACS/WFC optical (F435W

and F814W) observations of a sample of 22 star cluster-rich LIRGs in the GOALS

sample were obtained. These observations have been utilized to derive the ages and

masses of the star clusters contained within these systems in order to examine the

cluster properties in extreme starburst environments relative to those in nearby, lower

luminosity star-forming galaxies. The following conclusions are reached:

(1) We have detected 665 clusters within the inner 30”x30” of these 22 LIRGs (27

nuclei). These clusters have S/N ≥ 5 in all three filters and de-convolved FWHMs

as measured by ISHAPE of ≤ 2 pixels.

(2) Cluster ages have been derived by assuming an instantaneous SSP, Salpeter IMF,

and either a solar or sub-solar metallicity. By requiring the derived cluster ages to be

consistent when using both a color-color and SED-based fitting technique, we obtain

a final sample of 484 clusters whose properties are reliably constrained within the
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1σ uncertainties of the SSP models. The derived cluster ages imply a disruption

rate of dN/dτ = τ−0.9+/−0.3 for cluster masses ≥ 106M�, and dN/dτ = τ−0.87+/−0.08

for cluster masses 105.3 < M < 106M�. This is consistent with what is seen in

the Antennae, and indicates the general influence mergers have on the creation and

destruction of star clusters. The measured γ is steeper than that measured for lower

mass, less star-forming systems in the local Universe, implying that the merging

process produces a fundamentally different cluster disruption law.

(3) We have identified a large number of M ≥ 106M� clusters in the sample, which

indicates that the more extreme star-forming environments of LIRGs are capable of

producing more high-mass clusters than what is observed in galaxies like the Milky

Way or even the Antennae (Larsen, 2009; Bastian et al., 2012; Whitmore et al.,

2010). The derived cluster masses also imply a CMF for the sample of dN/dM =

M−1.95+/−0.11, which is consistent with a -2 power law in dN/dM . Together with the

fact that we do not see a significant change in the age distribution slope as a function

of mass, we interpret our mass function slope as evidence against mass-dependent

cluster disruption at M ≥ 105.3M� which would flatten the observed CMF relative

to a canonical -2 power law in this regime.

2.7 Additional Figures and Tables

In the following sections we give a brief description of the basic morphology and

star cluster spatial distributions within each galaxy, as well as the adopted values for

the maximum amount of visual extinction we use in our model. See Evans et al. in

prep for a detailed description of all 88 LIRGs in the GOALS sample that have been

observed with HST.
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Figure 2.7: Inverted black and white B-I image of NGC 0017 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.

2.7.1 NGC 0017

NGC 0017 is a late stage merger that contains a single resolved nucleus surrounded

by dust lanes associated with spiral arms in the inner few kpc. Several bright star

clusters are visible within this nuclear spiral region. The maximum AV adopted for

this galaxy is 3.0 mags of visual extinction (Dametto et al., 2014).
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Figure 2.8: Color-Color plot of all star clusters identified in NGC 0017 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.7.
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2.7.2 Arp 256S

Arp 256 is a mid-stage merger containing a southern (MCG-02-01-051) and north-

ern (MCG-02-01-052) galaxy. Arp 256S has an elongated ∼ 1′′ (400 pc) nucleus, and

the north and southwest tails contain the majority of the star clusters in the galaxy.

The maximum AV adopted for this galaxy is 1.7 mags of visual extinction (Smith

et al., 2014).
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Figure 2.9: Inverted black and white B-I image of Arp 256S taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.10: Color-Color plot of all star clusters identified in Arp 256S in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.9.
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2.7.3 Arp 256N

Arp 256N has a central, point-like nucleus. The majority of the star clusters are

seen along the tidal tails in this galaxy. The maximum AV adopted for this galaxy is

1.7 mags of visual extinction (Smith et al., 2014).
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Figure 2.11: Inverted black and white B-I image of Arp 256N taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.12: Color-Color plot of all star clusters identified in Arp 256N in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.11.
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2.7.4 NGC 0695

NGC 0695 is a face-on spiral galaxy with a companion at a projected nuclear

separation of ∼ 26′′ (16 kpc) to the northwest. There are multiple spiral arms on

the northwestern half of the galaxy, and star clusters are distributed throughout disk.

The maximum AV adopted for this galaxy is 2.8 mags of visual extinction (Kennicutt

et al., 2009).
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Figure 2.13: Inverted black and white B-I image of NGC 0695 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.14: Color-Color plot of all star clusters identified in NGC 0695 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.13.
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2.7.5 UGC 02369

UGC 02369 is a mid-stage merger consisting of a southern face on galaxy (MCG

+02-08-029) and an inclined northern galaxy (MCG +02-08-030). The nuclei of the

two galaxies are separated by ∼ 21′′ (13 kpc). A spiral arm containing multiple star

clusters extends from the nucleus of the southern galaxy towards the northern galaxy.

The maximum AV adopted for this galaxy is 2.3 mags of visual extinction (van Driel

et al., 2001).
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Figure 2.15: Inverted black and white B-I image of UGC 02369 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.16: Color-Color plot of all star clusters identified in UGC 02369 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.15.
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2.7.6 NGC 1614

NGC 1614 is a late-stage merger with two resolved components in the nucleus

separated by ∼ 0.8′′ (300 pc). Beyond the nucleus are two well defined spiral arms,

with a significant number of bright clusters scattered throughout this region. The

maximum AV adopted for this galaxy is 4.0 mags of visual extinction (Alonso-Herrero

et al., 2001).
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Figure 2.17: Inverted black and white B-I image of NGC 1614 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.18: Color-Color plot of all star clusters identified in NGC 1614 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.17.
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2.7.7 2MASX J06094582-2140234

2MASX J06094582-2140234 is a mid-stage merger consisting of two face-on galax-

ies which appear to overlap and have a projected seperation of ∼ 8.4′′ (6.3 kpc).

Prominent rings/arms in each galaxy contain the bulk of the visible star clusters.

The maximum AV adopted for this galaxy is 1.0 mags of visual extinction (Miralles-

Caballero et al., 2012).
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Figure 2.19: Inverted black and white B-I image of 2MASX J06094582-2140234 taken
with HST ACS/WFC F814W and F435W. The bright emission corresponds to redder
(i.e. dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.20: Color-Color plot of all star clusters identified in 2MASX J06094582-
2140234 in F814W, F435W, and F140LP plotted against SSP models with various
amount of visual extinction. The green points correspond to the clusters found in
dustier regions of the galaxy in Figure 2.19.
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2.7.8 2MASX J08370182-4954302

2MASX J08370182-4954302 is a mid-stage merger containing two nuclei separated

by ∼ 0.66′′ (0.36 kpc). Surrounding the nuclei are multiple bright star clusters in a

spiral ridge just northwest and west of the nuclei. The maximum AV adopted for this

galaxy is 3.7 mags of visual extinction (Rich et al., 2012).
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Figure 2.21: Inverted black and white B-I image of 2MASX J08370182-4954302 taken
with HST ACS/WFC F814W and F435W. The bright emission corresponds to redder
(i.e. dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.22: Color-Color plot of all star clusters identified in 2MASX J08370182-
4954302 in F814W, F435W, and F140LP plotted against SSP models with various
amount of visual extinction. The green points correspond to the clusters found in
dustier regions of the galaxy in Figure 2.21.
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2.7.9 NGC 2623

Evans et al. (2008) discusses the detailed morphology of this galaxy at length.

NGC 2623 is a late-stage merger with dust lanes running along its tidal tails into

the nucleus. Several bright clusters are distributed throughout the bulge and in a

’pie-wedge’ concentration south of the nucleus. The maximum AV adopted for this

galaxy is 1.9 mags of visual extinction (Privon et al., 2013).
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Figure 2.23: Inverted black and white B-I image taken of NGC 2623 with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.24: Color-Color plot of all star clusters identified in NGC 2623 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.23.
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2.7.10 UGC 04881

UGC 04881 is an early-stage merger containing two nuclei separated by ∼ 11′′

(9 kpc). Spiral dust lanes and strings of star clusters surround the NE nucleus. In

the SW nucleus a linear distribution of star clusters and a prominent dust lane are

seen. The maximum AV adopted for this galaxy is 1.9 mags of visual extinction

(González-Martín et al., 2009).
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Figure 2.25: Inverted black and white B-I image of UGC 04881 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.26: Color-Color plot of all star clusters identified in UGC 04881 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.25.
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2.7.11 IC 2545

IC 2545 is a late-stage merger being viewed face-on. Dust lanes and strings of

star clusters extend from two unresolved nuclei separated by ∼ 0.8′′ (0.54 kpc) in the

center of the galaxy. Multiple star clusters are also visible throughout the tidal tails.

The maximum AV adopted for this galaxy is 4.0 mags of visual extinction (van den

Broek et al., 1991).
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Figure 2.27: Inverted black and white B-I image of IC 2545 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.28: Color-Color plot of all star clusters identified in IC 2545 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.27.
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2.7.12 NGC 3256

NGC 3256 is a late-stage merger containing a large number of star clusters along

the inner (∼ 20′′, or 4 kpc) spiral structure of the nuclear region. The spiral dust

lanes extending from the nucleus give this galaxy pockets of high and low extinction.

The maximum AV adopted for this galaxy is 3.3 mags of visual extinction (Rich et al.,

2012).
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Figure 2.29: Inverted black and white B-I image of NGC 3256 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.30: Color-Color plot of all star clusters identified in NGC 3256 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.29.
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2.7.13 Arp 148

Arp 148 is an early-stage merger and the only example of a ring galaxy in the

sample. This ∼ 23′′ (16 kpc) diameter galaxy is comprised of clumps of star clusters

along its perimeter, and throughout much of its interior. The maximum AV adopted

for this galaxy is 2.1 mags of visual extinction.
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Figure 2.31: Inverted black and white B-I image of Arp 148 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.32: Color-Color plot of all star clusters identified in Arp 148 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.31.
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2.7.14 NGC 3690E

NGC3690 is a mid-stage merger. NGC 3690E contains a multitude of star clusters

and dust lanes from the southeast tip of the galaxy to the northwest. The maximum

AV adopted for this galaxy is 3.4 mags of visual extinction (García-Marín et al., 2006).
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Figure 2.33: Inverted black and white B-I image of NGC 3690E taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.34: Color-Color plot of all star clusters identified in NGC 3690E in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.33.



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 132

Ta
bl
e
2.
29

:
O
bs
er
ve
d
P
ro
pe

rt
ie
s
of

St
ar

C
lu
st
er
s
in

N
G
C

36
90

E

ID
R
A

D
ec

M
B

σ
B

M
I

σ
I

M
F
U
V

σ
F
U
V

1
17
2.
13
36
51
5

58
.5
65
72
96

9
-1
1.
56

0.
01

-1
2.
23

0.
01

-1
1.
95

0.
02

2
17
2.
14
24
57
8

58
.5
61
16
57

8
-1
1.
76

0.
01

-1
2.
83

0.
02

-1
3.
14

0.
01

3
17
2.
13
88
00
5

58
.5
61
24
18

8
-1
0.
20

0.
05

-1
1.
19

0.
04

-1
1.
52

0.
05

4
17
2.
14
00
28
4

58
.5
61
49
75

7
-1
0.
81

0.
04

-1
0.
97

0.
14

-1
2.
79

0.
02

5
17
2.
13
45
80
3

58
.5
61
18
87

3
-8
.9
6

0.
04

-9
.8
1

0.
05

-1
1.
46

0.
03

6
17
2.
13
92
39
5

58
.5
61
56
97

2
-1
2.
52

0.
02

-1
4.
15

0.
01

-1
3.
50

0.
02

7
17
2.
13
99
47
9

58
.5
61
61
79

1
-1
1.
73

0.
02

-1
2.
28

0.
02

-1
3.
31

0.
02

8
17
2.
13
86
98
5

58
.5
61
53
79

8
-1
0.
07

0.
08

-1
0.
97

0.
10

-1
1.
61

0.
10

9
17
2.
13
78
10
6

58
.5
61
46
99

6
-1
0.
01

0.
04

-1
1.
00

0.
04

-1
1.
91

0.
04

10
17
2.
13
87
89
9

58
.5
61
77
44
3

-1
2.
85

0.
02

-1
3.
61

0.
03

-1
4.
51

0.
02

11
17
2.
13
85
67
7

58
.5
61
77
22
4

-1
2.
15

0.
03

-1
2.
98

0.
03

-1
3.
82

0.
02

12
17
2.
13
76
67
3

58
.5
61
86
07

-1
1.
11

0.
03

-1
1.
81

0.
03

-1
2.
38

0.
04

13
17
2.
13
81
87

58
.5
61
97
96
6

-1
1.
39

0.
05

-1
2.
33

0.
07

-1
3.
14

0.
05

14
17
2.
13
66
28
7

58
.5
61
97
70
6

-1
0.
22

0.
18

-1
2.
26

0.
06

-1
1.
91

0.
06

15
17
2.
13
65
06
5

58
.5
61
98
53
4

-1
0.
79

0.
10

-1
2.
11

0.
05

-1
1.
93

0.
05

16
17
2.
13
67
65
8

58
.5
62
09
28
5

-1
0.
89

0.
04

-1
1.
16

0.
06

-1
2.
39

0.
04

17
17
2.
13
76
12
2

58
.5
62
26
71
3

-1
0.
54

0.
10

-1
1.
22

0.
08

-1
2.
52

0.
05

18
17
2.
13
57
03
3

58
.5
62
56
55
5

-9
.6
8

0.
08

-9
.9
3

0.
10

-1
1.
77

0.
02

19
17
2.
13
49
18
8

58
.5
62
68
91
3

-1
1.
06

0.
01

-1
1.
80

0.
02

-1
2.
68

0.
01

20
17
2.
13
90
30
5

58
.5
63
85
38
2

-1
1.
61

0.
02

-1
2.
65

0.
02

-1
2.
09

0.
02

21
17
2.
14
12
55
6

58
.5
64
31
43
2

-1
1.
46

0.
04

-1
2.
81

0.
02

-1
1.
69

0.
04

22
17
2.
14
12
39
2

58
.5
64
51
11
7

-1
1.
52

0.
02

-1
2.
28

0.
03

-1
2.
36

0.
01

23
17
2.
14
33
59
2

58
.5
64
75
55
1

-1
1.
38

0.
01

-1
1.
95

0.
01

-1
2.
46

0.
01



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 133



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 134

Ta
bl
e
2.
30

:
D
er
iv
ed

P
ro
pe

rt
ie
s
of

St
ar

C
lu
st
er
s
in

N
G
C

36
90

E

ID
L
og
(A

ge
)

σ
A
g
e

L
og
(M

/M
�
)

σ
M

A
V

σ
A

V

1
8.
46

0.
01

6.
13

0.
17

0.
01

0.
15

2
6.
94

0.
05

5.
66

0.
17

1.
00

0.
35

3
7.
00

0.
23

5.
22

0.
24

1.
10

0.
15

4
6.
56

0.
43

5.
06

0.
42

1.
00

0.
38

5
6.
82

0.
01

3.
99

0.
19

0.
20

0.
06

6
6.
82

0.
83

5.
99

0.
18

1.
30

0.
04

7
7.
76

0.
31

5.
88

0.
31

0.
20

0.
25

8
6.
98

0.
30

4.
99

0.
27

0.
90

0.
19

9
6.
84

0.
04

4.
64

0.
19

0.
60

0.
06

10
7.
24

0.
15

6.
25

0.
22

0.
70

0.
13

11
6.
98

0.
20

5.
77

0.
20

0.
80

0.
10

12
6.
74

0.
46

5.
31

0.
41

1.
20

0.
37

13
6.
92

0.
12

5.
32

0.
19

0.
70

0.
06

14
7.
65

0.
24

5.
21

0.
30

0.
20

0.
15

15
6.
84

0.
11

5.
26

0.
22

1.
20

0.
09

16
6.
52

0.
30

5.
29

0.
37

1.
40

0.
32

17
7.
42

0.
30

5.
23

0.
30

0.
30

0.
21

18
6.
72

0.
45

4.
49

0.
42

0.
70

0.
38

19
7.
12

0.
20

5.
49

0.
25

0.
80

0.
17

20
7.
76

0.
27

6.
26

0.
29

1.
00

0.
22

21
7.
57

0.
27

6.
30

0.
29

1.
40

0.
22

22
8.
16

0.
84

6.
01

0.
69

0.
20

0.
74

23
6.
42

0.
42

5.
91

0.
47

1.
90

0.
44



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 135

2.7.15 NGC 3690W

NGC 3690W has the brightest cluster complexes in the merging system located

∼ 6.8′′ (1.6 kpc) from the resolved nucleus. Cluster-rich spiral arms extend north

and westward from the nuclear region out to a maximum projected distance of ∼ 58′′

(14 kpc). The maximum AV adopted for this galaxy is 3.9 mags of visual extinction

(García-Marín et al., 2006).
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Figure 2.35: Color-Color plot of all star clusters identified in NGC 3690W in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.33.
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2.7.16 NGC 5257E

NGC5257/8 is an early-stage merger system with the E and W nuclei separated

by ∼ 80′′ (40 kpc). Star clusters and dust lanes make up the prominent spiral arms

seen in the eastern galaxy. The maximum AV adopted for this galaxy is 2.6 mags of

visual extinction (Smith et al., 2014).
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Figure 2.36: Inverted black and white B-I image of NGC 5257E taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.37: Color-Color plot of all star clusters identified in NGC 5257E F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.36.
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2.7.17 NGC 5257W

NGC 5257W contains a prominent group of bright clusters located ∼ 10′′ (5 kpc)

south from the nucleus in a ∼ 17′′ (4.2 kpc) long spiral arm. The maximum AV

adopted for this galaxy is 1.8 mags of visual extinction (Smith et al., 2014).
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Figure 2.38: Inverted black and white B-I image of NGC 5257W taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.39: Color-Color plot of all star clusters identified in NGC 5257W in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.38.
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2.7.18 NGC 5331S

NGC 5331 is a mid-stage mergering system. NGC 5331S and N have a projected

nuclear separation of ∼ 27′′ (19 kpc). Large dust lanes are visible along the near edge

of the galaxy, and only a small number of star clusters are visible. The maximum AV

adopted for this galaxy is 3.6 mags of visual extinction (Lutz, 1992).
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Figure 2.40: Inverted black and white B-I image of NGC 5331S taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.41: Color-Color plot of all star clusters identified in NGC 5331S in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.40.
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2.7.19 NGC 5331N

NGC 5331N has a nucleus and two distinct spiral arms, with a small number of

star clusters visible throughout the galaxy. The maximum AV adopted for this galaxy

is 1.8 mags of visual extinction (Lutz, 1992).
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Figure 2.42: Color-Color plot of all star clusters identified in NGC 5331N in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.40.
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2.7.20 UGC 09618NED02

Armus et al. (2009) discusses the detailed morphology of this galaxy at length.

UGC 09618NED02 is an early-stage merger with the two nuclei separated by ∼ 40′′

(30 kpc). Multiple star clusters are visible along the spiral arms in the face-on galaxy

(VV430A). The maximum AV adopted for this galaxy is 2.4 mags of visual extinction

(Leech et al., 1989).



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 164

Figure 2.43: Inverted black and white B-I image of UGC 09618NED02 taken with
HST ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 165

Figure 2.44: Color-Color plot of all star clusters identified in UGC 09618NED02
in F814W, F435W, and F140LP plotted against SSP models with various amount of
visual extinction. The green points correspond to the clusters found in dustier regions
of the galaxy in Figure 2.43.
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2.7.21 IC 4687N

IC 4687 is an early-stage merging system. The two primary galaxies (IC 4686 and

IC 4687) have a nuclear separation of ∼ 84′′ (31 kpc). The northern galaxy contains

several bright clusters in a nuclear arm stretching north and westward. The maximum

AV adopted for this galaxy is 2.8 mags of visual extinction (Rich et al., 2012).
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Figure 2.45: Inverted black and white B-I image of IC 4687N taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.46: Color-Color plot of all star clusters identified in IC 4687N in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.45.
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2.7.22 IC 4687S

The southern galaxy contains several bright clusters in the nuclear region as well

as a series of dust lanes. Their is little evidence of extended tidal structures which

contain star clusters. The maximum AV adopted for this galaxy is 3.7 mags of visual

extinction (Rich et al., 2012).
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Figure 2.47: Inverted black and white B-I image of IC 4687S taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.48: Color-Color plot of all star clusters identified in IC 4687S in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.47.
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2.7.23 NGC 6786

NGC 6786 is an early-stage merger consisting of a pair of face-on galaxies with

a nuclear separation of ∼ 72′′ (37 kpc). Faint star clusters are seen along the inner

spiral structure. The brightest clusters sit at roughly 5′′ (3 kpc) from the southwest

nucleus in the large arm/tail extending between the two galaxies. The maximum AV

adopted for this galaxy is 2.0 mags of visual extinction (Martin et al., 1991).
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Figure 2.49: Inverted black and white B-I image of NGC 6786 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.50: Color-Color plot of all star clusters identified in NGC 6786 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.49.
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2.7.24 IRAS 20351+2521

IRAS 20351+2521 is an early-stage merger containing multiple star clusters in the

northern region where the spiral arms diffuse into multiple components beyond the

inner ∼ 5′′ (4 kpc). The maximum AV adopted for this galaxy is 4.7 mags of visual

extinction, which is lower than the cited value of 9.4 mags, but prevents our model

from predicting masses unrealistically high for even the most massive YSCs found in

the sample. (Stierwalt et al., 2013).
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Figure 2.51: Inverted black and white B-I image of IRAS 20351+2521 taken with
HST ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 191

Figure 2.52: Color-Color plot of all star clusters identified in IRAS 20351+2521 in
F814W, F435W, and F140LP plotted against SSP models with various amount of
visual extinction. The green points correspond to the clusters found in dustier regions
of the galaxy in Figure 2.51.
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2.7.25 II ZW 096

Inami et al. (2010) discusses the detailed morphology of this galaxy at length. II

Zw 096 is a mid-stage merging system. The western component is a roughly face-

on spiral galaxy with star clusters along the spiral arms. The southeast end of the

spiral, approximately 11.6′′ (8.4 kpc) from the nucleus, contains a distinct cluster-rich

region. The maximum AV adopted for this galaxy is 3.0 mags of visual extinction

(Inami et al., 2010).
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Figure 2.53: Inverted black and white B-I image of II ZW 096 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.54: Color-Color plot of all star clusters identified in II ZW 096 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.53.
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2.7.26 ESO 148-IG002

ESO 148-IG002 is a late-stage merger with a projected nuclear separation of∼ 4.7′′

(4.2 kpc). The galaxy has a series of bright clusters which lie along a north-south

ridge to the east of the bulge. The maximum AV adopted for this galaxy is 2.5 mags

of visual extinction (Johansson & Bergvall, 1988).
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Figure 2.55: Inverted black and white B-I image of ESO 148-IG002 taken with
HST ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in rel-
atively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.
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Figure 2.56: Color-Color plot of all star clusters identified in ESO 148-IG002 in
F814W, F435W, and F140LP plotted against SSP models with various amount of
visual extinction. The green points correspond to the clusters found in dustier regions
of the galaxy in Figure 2.55.
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2.7.27 NGC 7674

NGC 7674 an early-stage merger with a face-on spiral galaxy and companions to

the northeast and southeast. Star clusters are visible along the prominent spiral arms

throughout the galaxy. The maximum AV adopted for this galaxy is 2.0 mags of

visual extinction (Momjian et al., 2003).
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Figure 2.57: Inverted black and white B-I image of NGC 7674 taken with HST
ACS/WFC F814W and F435W. The bright emission corresponds to redder (i.e.
dustier) regions of the galaxy. The blue centroids correspond to clusters found in
relatively “dust-free” regions of these galaxies, whereas the green centroids correspond
to clusters found in relatively dustier regions of the galaxy.



Chapter 2. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS 209

Figure 2.58: Color-Color plot of all star clusters identified in NGC 7674 in F814W,
F435W, and F140LP plotted against SSP models with various amount of visual ex-
tinction. The green points correspond to the clusters found in dustier regions of the
galaxy in Figure 2.57.
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Chapter 3

A Very Large Array Survey of

Luminous Extranuclear

Star-forming Regions in Luminous

Infrared Galaxies in GOALS

3.1 Introduction

Galaxies with high infrared (IR) luminosities, e.g., luminous infrared galaxies

(LIRGs: 1011 < LIR[8− 1000µm] < 1012 L�), are rare in the local Universe, yet they

are a cosmologically important class of objects that dominate the infrared luminosity

density at redshifts z = 1 − 2 (e.g. Murphy et al., 2011a; Magnelli et al., 2011).

LIRGs, which are often triggered by the interactions and mergers of gas-rich disk

galaxies, have high bolometric luminosities that primarily emanate from nuclear star-

formation, as well as active galactic nuclei (AGN) (e.g., Sanders & Mirabel, 1996). In

addition to strong nuclear star formation, enhanced star-formation activity has been
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seen in the outer disks and tidal structures of many interacting galaxies (Schweizer,

1978; Hibbard & van Gorkom, 1996; Smith et al., 2010, 2016).

To fully assess the nature of star formation and AGN activity in LIRGs as a

function of merger stage, luminosity, and optical depth, we initiated the Great Ob-

servatories All-sky LIRG Survey (GOALS; Armus et al., 2009). The multi-wavelength

dataset, which is most complete for LIRGs with LIR ≥ 1011.4L�, contains observa-

tions using Chandra (Iwasawa et al., 2011; Torres-Albà et al., 2018), GALEX (Howell

et al., 2010), HST (Kim et al., 2013a; Linden et al., 2017), Spitzer (Stierwalt et al.,

2013, 2014), Herschel (e.g., Díaz-Santos et al., 2013, 2017; Chu et al., 2017), VLA

(e.g. Barcos-Muñoz et al., 2015, 2017) and ALMA (e.g., Xu et al., 2014, 2015; Privon

et al., 2017).

These studies have revealed one of the primary challenges in studying LIRGs is

that their nuclear regions can be heavily dust-enshrouded, thus necessitating long

wavelength observations to unveil their properties (e.g., Condon et al., 1991; Downes

& Solomon, 1998; Soifer et al., 2000). Although weak with respect to a galaxies’

bolometric luminosity, radio emission is largely optically-thin and unaffected by dust

extinction. The emission is primarily powered by stars more massive than ∼ 8M�

which end their lives as core-collapse supernovae, and their remnants are thought to

be the primary producers of cosmic ray (CR) electrons that give rise to the diffuse

synchrotron emission observed from star-forming galaxies (Condon, 1992). These

same massive stars are also responsible for the creation of H II regions that produce

radio free-free emission, whose strength is directly proportional to the production rate

of ionizing (Lyman continuum) photons.

Ground-observable radio frequencies (∼ 1 − 100 GHz) are particularly useful in

probing both processes. The nonthermal component typically has a steep spectrum

[S(ν) ∝ ναNT , where αNT ∼ −0.85], while the thermal (free-free) component is
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relatively flat (αT ∼ −0.1; e.g., Condon, 1992). Accordingly, for globally integrated

measurements of star-forming galaxies, lower frequencies (e.g., 1.4 GHz) are generally

dominated by nonthermal emission, while the observed fraction of thermal free-free

emission increases with frequency, eventually dominating beyond ∼ 30 GHz. Thus,

by observing galaxies across this frequency range we can separate these two emission

components and produce maps of the current star formation activity.

However, a robust decomposition of the radio spectral energy distribution (SED)

may be complex. For example: the thermal and nonthermal fractions may vary

with galaxy mass (e.g., Hughes et al., 2007; Bell, 2003), the nonthermal spectral

index can vary within galaxies (Tabatabaei et al., 2013, 2017), and anomalous mi-

crowave emission may add unexpected features to the radio SED in some regions

(e.g., Murphy et al., 2011b, 2018b). More relevant to the present study, observations

of U/LIRGs over the last decade have revealed that they can have significant variation

from system-to-system in their global radio properties (Leroy et al., 2011; Murphy

et al., 2013; Barcos-Muñoz et al., 2017).

This was the basis for the GOALS "equatorial" survey, which is a multi-frequency

VLA program to image a complete sample of 68 U/LIRGs within the declination

range −20o < δ < 20o, from 3 − 33 GHz at resolutions of 10 − 1000 pc. One of

the fundamental goals of this study is to quantify the level of variation we see in

the radio SEDs on sub-galactic scales in these galaxies, and determine the validity

of applying a two-component power-law model to characterize the star-formation

activity of individual regions in LIRGs.

In this paper we examine the radio and near-IR properties of "extranuclear" star-

forming regions identified in galaxies in the GOALS equatorial sample. This spatial

cut is imposed to control for any contribution to the observed radio continuum emis-

sion from a strong central AGN. Thus, we require all regions for which we perform



Chapter 3. A Very Large Array Survey of Luminous Extranuclear
Star-forming Regions in Luminous Infrared Galaxies in GOALS 216

photometric analysis to reside outside the measured mid-infrared (MIR) core of the

galaxy, where an AGN would have the largest influence (see Section 3.2 for details).

Further, due to the sensitivity of our VLA observations, we are only able to observe

the most luminous star-forming regions in the disks of these galaxies. An analysis of

the radio continuum properties of nuclear and circumnuclear star-forming regions in

LIRGs will be presented in a series of future papers.

The paper is organized as follows: In Section 2 we describe the observations, data

reduction, imaging, and sub-sample selection. In Section 3, we describe our ancillary

Spitzer data products, and outline our method for identifying individual extranuclear

star-forming regions and extracting multi-wavelength photometry. In Section 4, we

discuss the radio continuum properties of the sample. In Section 5, we discuss these

results in the context of both the far-infrared - radio correlation, as well as the star-

formation rate main sequence. In Section 6 we summarize the results.

Throughout this paper, we adopt WMAP Three-Year Cosmology of H0 = 73 km

s−1 Mpc−1, Ωmatter = 0.27, and ΩΛ = 0.73 (Spergel et al., 2007).

3.2 Sample and Data Analysis
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3.2.1 VLA Observations and Data Reduction

The VLA observations were carried out for the full sample during three separate

C-configuration cycles in February 2014 (14A-471), February 2016, and March 2016

(16A-204). The maximum baseline of this array configuration is 3.4 km. Three VLA

receiver bands were utilized in these observations: the S-band (2-4 GHz), Ku-band

(12-18 GHz), and Ka-band (26.5-40 GHz). The 8-bit samplers were used for the

S-band observations, delivering 2 GHz of total bandwidth, centered at 3 GHz, by

using two 1 GHz baseband pairs, both with right- and left hand circular polariza-

tions. The 3-bit samplers were used in the Ku-band observations, delivering 6 GHz

of total bandwidth, centered at 15 GHz, by using three 2 GHz baseband pairs. The

3-bit samplers were also used in the Ka-band observations, delivering 8 GHz of total

bandwidth, centered at 33 GHz, by using four 2 GHz baseband pairs. Hereafter, we

may refer to the data and/or the images from the S-, Ku-, and Ka-bands as the 3,

15, and 33 GHz data and/or images, respectively.

To reduce and calibrate the VLA data we followed standard calibration and editing

procedures, and utilized the VLA calibration pipeline built on the Common Astron-

omy Software Applications (CASA; McMullin et al., 2007) versions 4.6.0 and 4.7.0.

After each pipeline run, we manually inspected the visibilities and calibration tables

for evidence of bad antennas, frequency ranges, or time ranges, flagging correspond-

ingly. We also flagged any instances of RFI, for which we removed several significantly

affected frequency ranges in the S- and Ku-bands, and very little of the 33 GHz data.

After flagging, we re-ran the pipeline, and repeated this process until we could not

detect any further signs of poorly-calibrated data. A detailed description of our data

reduction procedures can be found in Murphy et al. (2018a).
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Figure 3.1: The distribution of infrared luminosity and bolometric AGN fraction all
galaxies in GOALS within +20 and −20 degrees declination. The AGN fractions
are taken from a recent compilation in Díaz-Santos et al. (2017), and the galaxies are
color-coded by the observed merger stages taken from Haan et al. (2013) and Stierwalt
et al. (2013). The histograms on each side show the full distribution of equatorial
GOALS sources, with the black shaded histogram indicating the sub-sample selected
for this study. What is clear is nearly all of the galaxies identified in our sub-sample
are classified starburst-dominated systems.

3.2.2 Galaxy Selection

The goal of this study is to resolve individual extranuclear regions within LIRGs

for which we can perform multi-band photometry, and extract detailed information

about their star-formation properties.

We therefore selected from the full sample of 68 equatorial LIRGs the 25 which

showed resolved extended structure with the VLA across all three frequency bands

(Table 3.1). By targeting galaxies with high LIR, the GOALS sample includes the

most extreme starbursts and AGN in the local Universe. Importantly, these galaxies

are different from the normal star-forming galaxies studied previously on resolved
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scales in the local Universe (Alonso-Herrero et al., 2001; Bradley et al., 2006; Liu et al.,

2013; Smith et al., 2016). However, in order to properly place our results in the greater

context of galaxy evolution, we must also be able to disentangle any contribution of

a strong central AGN to the measured luminosities of individual regions.

From our sub-sample of 25 galaxies we see that the majority (22/25) of the ex-

tended galaxies in our VLA survey are indeed starburst-dominated, with AGN bolo-

metric fractions under 15% (Díaz-Santos et al., 2017). Figure 3.1 shows that our

sub-sample of sources span both the complete range of interaction stages (i.e widely

separated disk galaxies to fully merged systems: Haan et al., 2013; Stierwalt et al.,

2013), and a luminosity range of LIR = 1011.00−11.65L�. The final analysis of ex-

tranuclear star-forming regions within this sub-sample allows for direct comparison

of the luminosity, SFR, radio spectral indices, and overall morphologies of the active

star-forming regions in LIRGs and normal spiral galaxies without issues associated

with contamination from an AGN or obscuration due to dust.

3.2.3 Interferometric Imaging

Calibrated VLA measurement sets for each source were imaged using the task

tclean in CASA version 4.7.0. The mode of tclean was set to multi-frequency synthesis

(Conway et al., 1990; Sault &Wieringa, 1994, mfs;). For nearly all sources, we chose to

use Briggs weighting with robust=0.5, and set the variable nterms=2, which allows

the cleaning procedure to additionally model the spectral index variations on the

sky. To help deconvolve extended low-intensity emission, we took advantage of the

multiscale clean option (Cornwell, 2008; Rau & Cornwell, 2011) in CASA, searching

for structures with scales ∼ 1 and 3 times the full width at half-maximum (FWHM) of

the synthesized beam. For our S- and Ku-band data we also implemented the widefield

uv-plane gridding and the w-projection algorithm with 16 planes to better model the



Chapter 3. A Very Large Array Survey of Luminous Extranuclear
Star-forming Regions in Luminous Infrared Galaxies in GOALS 221

curvature of the low-frequency sky. For those sources where Briggs weighting of

robust=0.5 failed to capture any significant emission or structure, we increased this

factor in steps of 0.5 towards natural weighting (i.e. robust=2.0) until the source was

detected, and the sidelobes were sufficiently suppressed. A summary of the imaging

parameters is given in Table 3.2.
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A primary beam correction was further applied using the CASA task impbcor

before analyzing the images. The primary-beam-corrected continuum images at each

frequency for two of the targets used in this study are shown in Figure 3.2. Finally,

in order to measure flux densities and spectral indices within consistent apertures

across all three VLA bands, we convolve the images to a common circularized beam

that is closest in size to the image with the lowest resolution for each galaxy. This

allows us to make the cleanest comparison of structure across multiple bands, and

minimize the effect of using circular apertures to extract photometry. The FWHM

of the smoothed beam size for each galaxy is given in Table 3.3, along with the

corresponding point-source rms sensitivity of each image.

3.3 Ancillary Data and Region Photometry

3.3.1 Spitzer IRAC Imaging

With the addition of near-IR Spitzer imaging at 3.6, 4.5, 5.8, and 8µm, we can

make direct comparisons of the measured 33 GHz SFR, powered by young massive

stars, to the total stellar mass (M∗) inferred from the evolved low-mass stellar pop-

ulations within the same regions. Additionally, we can estimate the total infrared

luminosity (LIR [8-1000µm]) per region, and compare these results to the observed

low-frequency (∼ 3GHz) radio emission, which has been shown to serve as a reli-

able proxy of IR emission in local star-forming galaxies via the well-studied IR-radio

correlation (Helou et al., 1985; Condon, 1992).

Spitzer IRAC channels (Ch) 1− 4 data were taken as part of GOALS, and details

on the associated observation strategies and data reduction steps are available in

Mazzarella et al. in prep. IRAC channels 3 − 4 (5.8 and 8.0 µm) are primarily

sensitive to emission due to polycyclic aromatic hydrocarbons (PAHs; e.g., Leger &
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33 GHz 15 GHz 3 GHz

3 GHz15 GHz33 GHz

Figure 3.2: Our native-resolution multi-band VLA imaging at 33, 15, and 3 GHz
from left to right. The top three panels show CGCG 465-012, and the bottom three
panels show NGC 3110. The colormap scaling for each image is given on the right.
The solid red ellipse in the bottom corner is the beam size of each image, with
angular resolutions of ∼ 0.7”, 1.4”, and 0.7” respectively. These galaxies were chosen
as representative cases for the sample, as they live at the median distance of the
sub-sample (∼86 Mpc).
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Puget, 1984), whereas Spitzer/IRAC NIR channels 1 and 2 (3.6 and 4.5µm) data are

treated as free of hot dust emission, except when a powerful AGN is present, and thus

primarily sensitive to old stellar emission (e.g., Helou et al., 2004). Lu et al. (2003)

used global measurements of nearby star-forming galaxies with ISO, which spanned

3 orders of magnitude in IR-luminosity, to confirm that hot dust does not contribute

significantly to the emission below 3 µm. Hunt et al. (2002) further showed that the

contribution in Spitzer Ch 1 − 2 is on average 3 − 4%, making these bands highly

sensitive probes of stellar emission. We therefore utilize the calibration presented in

Querejeta et al. (2015) to convert our 3.6 and 4.5µm flux densities to total stellar

mass (M∗).

To account for the significant fraction of scattered light in the images due to the

structure of the Spitzer point-spread function (PSF), we use the convolution kernels

presented in Aniano et al. (2011) to deconvolve the Spitzer PSF from each image,

and produce corrected images for each band.
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3.3.2 Extranuclear Region Identification

Extranuclear candidate regions were identified as being discrete knots with a S/N

of at least 3 in all three radio bands before a background subtraction of the surround-

ing diffuse radio emission within the galaxy. The median S/N of the regions selected

for photometry is ∼10, 37, and 15 for 33 GHz, 15 GHz, and 3 GHz respectively. A

full list of regions and their photometric properties are given in additional Tables 3.4

and 3.5. To determine the physical separation for each of the identified candidate

regions we compiled the axis-ratio (b/a) and position angle (PA) of all of the host

galaxies (see Table 3.1). We adopted a hierarchy whereby values are taken from our

HST-GALFIT structural analysis (Kim et al., 2013a) were used first, then values were

taken from the latest release of the HYPERLEDA database (Paturel et al., 2003),

and finally if necessary we take values from the 2MASS Extended Source Catalog

(Jarrett et al., 2000). We then used the equation in Dale et al. (1997) to calculate

inclination angle (i) of each galaxy such that,

cos2(i) =
(b/a)2 − (b/a)2

int

1− (b/a)2
int

(3.1)

where a and b are the observed semi-major and semi-minor axes. The intrinsic axial

ratio ((b/a)int) is 0.2 for morphological types earlier than Sbc, and 0.13 otherwise.

These measurements allow us to convert the apparent angular separation of a region

to its host galaxy nucleus into a de-projected galactocentric radius (rG) in units of kpc.

We then compared all the measured rG values of the candidate extranuclear regions

to the 13.2µm core sizes (FWHM), as measured from Díaz-Santos et al. (2010) using

Spitzer/IRS 2D spectra, which serve as our best probe of the total size of the nuclear

regions in these systems. Three galaxies in our sub-sample (IC 1623, NGC 7592, NGC

7679) were not studied in that paper, and therefore we estimate the core-size using the
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IRAC 8µm imaging as a proxy. We note that 8µm emission is more extended than the

MIR continuum in a significant fraction of LIRGs, making our estimates conservative

upper-limits (Díaz-Santos et al., 2011). Of the 50 candidates we manually identified

48 regions in 25 galaxies with rG values larger than the MIR core radius, and were

thus retained in the final sample of extranuclear star-forming regions.

3.3.3 Aperture Photometry

In order to measure beam-matched photometry between the VLA and Spitzer

images, we smoothed all VLA, 3.6, and 4.5µm data to a common gaussian beam with

a FWHM of 2.5” (the best resolution achievable across all 5 bands). This resulted in

a physical resolution of ∼ 1 kpc for the median distance to the galaxies in the sample

(86 Mpc). In Figure 3.3, the beam-matched images for all three VLA bands as well

as the IRAC Ch1 data are shown for the same sources as in Figure 3.2.

We chose an aperture diameter of 4”, which is larger than the FWHM of the

worst resolution for any galaxy in the sample. To extract consistent photometry

for the 8µm data, we applied an empirical aperture correction from Reach et al.

(2005) to account for missing flux due to the irregular shape of the IRAC PSF. We

verified these empirical corrections gave consistent results when compared with the

photometry done on the de-convolved 3.6µm and 4.5µm data alone. For the VLA

imaging, the RMS was calculated by scaling the measured uncertainties by the square

root of the restoring-beam area to the aperture area to account for the size of the

aperture used. Finally, we take the intrinsic VLA flux uncertainty of ∼ 3% added in

quadrature with our empirically measured noise (Perley & Butler, 2013).

In order to account for the fact that many of these regions are not isolated, but

rather, are embedded in larger star-forming disks, we perform a local background

subtraction (using an annulus of 1” surrounding the photometric aperture) for each
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33 GHz 15 GHz 3 GHz 3.6 µm

3.6 µm3 GHz15 GHz33 GHz

Figure 3.3: Our matched-resolution multi-band VLA imaging at 33, 15, 3 GHz, and
3.6µm IRAC Ch1 from left to right. The top four panels show CGCG 465-012, and
the bottom four panels show NGC 3110. The colormap scaling for each image is given
on the right. The circularized red beam in the bottom left corner is matched across
all 4 images, and is ∼ 1.7” and 2.4” for the top and bottom panels respectively. The
black circles represent our photometric apertures centered on our confirmed extranu-
clear star-forming regions. These galaxies were chosen as representative cases for the
sample, as they live at the ∼ median distance of the sub-sample (86 Mpc).

source in both the VLA and IRAC imaging. This allows us to separate the radio

and IR emission directly associated with the young star-forming regions we identify,

and is the only way to consistently compare the two wavelength regimes together.

The resulting background-subtracted measurements and uncertainties for each region

are given in Table 3.5. All further derived quantities and results are based on our

background-subtracted photometry.

3.4 Results

With matched-resolution observations at ∼ 2.5”, which cover three broad windows

within the 3 - 33 GHz frequency range, we can measure the spectral slope, the relative
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contributions of thermal and nonthermal emission, the star-formation rates, and ages

of individual star-forming regions within our subsample of equatorial LIRGs.

3.4.1 Radio Spectral Indices

When interpreting the observed radio SEDs of galaxies we adopt a two-component

power-law, with the thermal/nonthermal ratio as well as the nonthermal spectral

index set as free parameters. For many normal and extreme star-forming galaxies in

the local Universe this model adequately describes the dominant physical processes

occurring (Condon, 1992; Murphy et al., 2012a). However for U/LIRGs, these models

have mainly been applied to globally-integrated measurements, and scarcely studied

on sub-galactic scales (Scoville et al., 2017).

To measure the 3 − 33 GHz spectral indices we performed a linear least-squares

fit to the data with a single power-law representing the combination of thermal and

nonthermal emission. Distributions of the full- (α3−33GHz) and inter-band (α3−15GHz

and α15−33GHz) spectral slopes are given in Figure 3.4. The median spectral indices

we measure from 3− 15, 15− 33, and 3− 33 GHz are −0.58± 0.11, −0.27± 0.23, and

−0.51 ± 0.13, respectively. This is consistent with the expectation for star-forming

regions where the lower frequencies are predominately synchrotron-dominated, and

that at higher frequencies the overall radio SED begins to flatten as the contribution

of thermal emission increases (Condon, 1992; Leroy et al., 2011; Murphy et al., 2013).

Indeed a two-sided Kolmogorov-Smirnoff (KS) test yields a probability of ≤ 10% that

α3−15GHz and α15−33GHz are drawn from the same distribution.

By comparison, results from modeling the integrated radio SED’s of U/LIRGs,

which are dominated by their nuclear emission, show that the radio spectrum of many

LIRGs remain steep even at high frequencies (Clemens et al., 2008, 2010; Barcos-

Muñoz et al., 2017; Tisanić et al., 2019). Therefore, we conclude that extranuclear
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Figure 3.4: The measured spectral index values for all extranuclear regions identified
in the GOALS sample. Histograms of the inter- (3− 15 and 15− 33 GHz) and full-
band (3− 33 GHz) spectral index distributions are shown in blue short-dashed, solid
black, and red long-dashed lines respectively. The median values of −0.58± 0.11 and
−0.27± 0.23 for the 3− 15 and 15− 33 GHz spectral index distributions indicates an
increasing contribution of thermal free-free emission to the radio SED at increasing
frequencies.
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star-forming regions in LIRGs have distinctly different radio spectral shapes, and show

significantly less system-to-system variation relative to the integrated properties of

local U/LIRGs.

This interpretation can be complicated by the fact that low-frequency radio emis-

sion traces cosmic rays, which potentially diffuse out of the area covered by our

photometric apertures used as they lose energy. Using far-infrared and 22 cm ra-

dio emission maps for a sample of 29 nearby spiral galaxies, Murphy et al. (2006b)

reported a correlation between the typical CR electron propagation length and the

disk-averaged star formation rate, where CR electron propagation is found to de-

crease with increasing star formation activity (Equation 5). Murphy et al. (2012b)

used analogous observations of the LMC and 30 Doradus to derive a CR electron

propagation length of ∼ 100 − 140 pc (corresponding to a τcool ∼ 1x105 yr). These

values are consistent with the empirical trend describing spiral galaxies, extrapolated

to environments with nearly an order of magnitude higher star-formation rate surface

density (log(ΣSFR) ∼ −1). Using this scaling relation, the measured star formation

rate surface densities for the regions in our sample (−1.5 <log(ΣSFR) < −0.5: See the

following Section), suggest an average CR electron propagation length of ∼ 100−200

pc; this is still several times smaller than the physical scale of our aperture in the clos-

est galaxy in the sample (NGC 0838). Thus we do not expect any missing synchrotron

emission on the scales of our photometric apertures due to cosmic ray diffusion.

3.4.2 Thermal Fractions at 33 GHz

As a pilot study, Murphy et al. (2012a) used the Westerbork Synthesis Radio

Telescope (WSRT) and Green Bank Telescope (GBT) to construct 1.4−33 GHz SEDs

for 50 normal star-forming galaxy nuclei and extranuclear star-forming complexes

at a matched resolution of ∼ 25”. They found evidence that the median thermal
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fraction at 33 GHz (fth) was ∼ 80 − 90% on physical scales of ≤ 0.5 kpc, with

the fraction decreasing to ∼ 60% as the projected size of the photometric aperture

increased to ∼ 1 kpc. This study served as the basis for the Star Formation in Radio

Survey (SFRS: Murphy et al., 2018a), which is a VLA campaign designed to extract

the same multi-frequency band photometry as GOALS for 118 galaxy nuclei and

extranuclear star-forming regions in a sample of 56 nearby lower-luminosity galaxies

at a matched-resolution of ∼ 2”. By comparing the 33 GHz radio emission to Hα

and 24µm observations of 225 discrete star-forming regions, Murphy et al. (2018a)

demonstrates that the striking morphological similarities between these tracers on

50 − 100 pc scales requires the emission from all three to be powered by the same

source, namely massive star formation. The complete 3 − 33 GHz SFRS data and

associated analysis will be presented in a forthcoming paper.

In contrast, nonthermal synchrotron has been observed to be the dominant con-

tributor to the global 33 GHz emission (i.e. fth ≤ 50% for 1011 < LIR < 1012) of

local U/LIRGs (Barcos-Muñoz et al., 2017). A possible explanation as to why LIRGs

may have significantly lower thermal fractions relative to normal star-forming galax-

ies is that the absorption of a large fraction of ionizing stellar photons by dust grains,

densely concentrated in starburst regions, suppresses the production of thermal radio

emission relative to what is seen in the more diffuse star-forming regions in normal

galaxies. Here we extend this investigation to isolated extranuclear regions in the

disks of our LIRG sample.

To calculate the ratio of thermal/nonthermal emission at 33 GHz we use the

spectral index, measured in Section 4.1, from 3−15 GHz (α3−15GHz) to set the lower-

limit on the nonthermal spectral index (αNT ) such that αNT = −0.85 if α3−15GHz ≥

−0.85, and αNT = α3−15GHz−0.1 if α3−15GHz < −0.85. This latter equation accounts

for the fact that the measured 3 - 15 GHz radio spectral slope contains contributions
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Figure 3.5: The measured 33 GHz thermal fraction values for all extranuclear regions
identified in the GOALS sample. The median fraction is 65 ± 11% for the empirical
calibration presented in Equation 2. This value is in good agreement with estimates
of the thermal fraction made for star-forming regions in normal star-forming galaxies
in the SFRS on the same physical scales (Murphy et al., 2012a, 2018a).
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from both non-thermal and thermal free-free emission components, and ultimately

represents a lower-limit on the true thermal fraction at 33 GHz. Importantly, only

3/42 regions have α3−15GHz < −0.85, and thus we adopt αNT = −0.85 for the majority

of the regions in our sample. Further, the removal of these three regions does not

affect the median of the measured thermal fraction distribution, and are thus not

biasing our results in any way. Finally, we assume the same power-law exponent for

the thermal emission (∼ −0.1), and use the fitted slope from 3 − 33 GHz to set the

overall SED shape. Then, using the prescription in Murphy et al. (2012a), we can

calculate the thermal fraction at 33 GHz such that,

f ν1T =
(ν2
ν1

)−α − (ν2
ν1

)−α
NT

(ν2
ν1

)−0.1 − (ν2
ν1

)−αNT
(3.2)

where ν1 is the target frequency, α is the observed slope from ν1 to ν2, and αNT is

the nonthermal spectral index. These values are given in Table 3.4.

In Figure 3.5 we show the resulting thermal fractions of the star-forming regions

identified in our sample using the shape of the radio SED as determined in Equation

2. We find that the median thermal fraction is 65% at 33 GHz on ∼ kpc-scales in

the extranuclear regions of LIRGs. This value is in good agreement with estimates

of the thermal fractions for star-forming regions in normal star-forming galaxies on

the same physical scales (Murphy et al., 2012a). The results of Figures 3.4 and

3.5 strongly suggest that while extranuclear star-forming regions in LIRGs have a

non-negligible contribution from non-thermal synchrotron emission, these regions are

much more heavily-dominated by thermal free-free emission relative to the resolved

nuclei of local ULIRGs, which in the case of Arp 220 can be as low as ∼ 20% on

∼ 50 pc scales, and high-redshift star-forming galaxies in the VLA-COSMOS survey

(Barcos-Muñoz et al., 2015; Tisanić et al., 2019).
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3.4.3 Star Formation Rates

We have shown in the previous two sections that one can use 33 GHz emission

to reliably trace the current star formation activity of kpc-sized regions in the disks

of both normal and extreme star-forming galaxies in the local Universe. Therefore,

we assume that the thermal and nonthermal spectral indices do not vary significantly

across the individual extranuclear regions in our sample, and that any differences in

the observed SED are due to the relative contribution of each emission mechanism.

This allows us to use Equation 10 presented in Murphy et al. (2012a) to convert the

measured 33 GHz luminosity (L33GHz) into the current SFR within our apertures,

where the assumed thermal and nonthermal power-law indices are −0.1 and −0.85

respectively, and the electron temperature of the gas is 104K. In Figure 3.6 we show

that the measured range of SFRs for our sample is ∼ 0.05− 7.5M�yr−1, with a clear

peak at ∼ 1M�yr−1.

Smith et al. (2016) used GALEX near-UV (NUV) and far-UV (FUV) maps, along

with Spitzer IRAC (Ch 1 − 4), MIPS (24 µm), and archival Hα images to estimate

the extinction-corrected SFRs, in 1 kpc apertures, for nearly 700 star-forming regions

in 46 interacting and non-interacting galaxy pairs. Importantly, they classify regions

in their interacting galaxy sample into "inner-disk", "tidal", and "nuclear" regions,

whereas, regions identified in the spiral galaxy sample were classified as either "disk"

or "nuclei." They find that the distribution of star-formation rates for both "tidal"

and normal galaxy "disk" regions range from 10−4 < SFR < 10−1M� yr−1. In Figure

3.6, we see that all but one of our regions, as measured in the same ∼ 1 kpc apertures,

lie beyond the upper-end of this range.

In a new study, Larson et al. (2020) identified over 750 extranuclear star-forming

regions in 50 U/LIRGs in GOALS using Paα and Paβ line emission. These regions
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Figure 3.6: The distribution of star-formation rates, as inferred from the measured
33 GHz luminosity (L33GHz), is shown along with the spectral indices assumed for the
thermal and nonthermal emission components at 33 GHz. The SFR distribution for
our sample shows a clear peak at ∼ 1M�yr−1, and lies beyond the upper-end of the
range observed for star-forming regions in normal star-forming galaxies in the local
Universe (Smith et al., 2016).
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range in size from ∼ 50 − 500 pc with SFRs as low as 0.001 M�yr−1 up to 10

M�yr−1, consistent with the high SFRs observed for the regions in our sample. These

results confirm that a significant population of star-forming regions exist at much

lower SFRs in LIRGs, and that the peak observed in our distribution represents the

sensitivity of our current radio observations to regions in the outer-disks of these

galaxies. Therefore, while we cannot draw conclusions for the entire population of

star-forming regions seen in LIRGs, it is clear that the most luminous extranuclear

star-forming regions, as identified in the radio, are not seen in large samples of normal

and interacting galaxies in the local Universe (Smith et al., 2016). This is consistent

with numerical simulations which show tidal disturbances can trigger enhancements of

the gas turbulence and pressure in the ISM throughout the disks of luminous galaxy

mergers, which leads to larger fractions of dense gas, and thus more massive star-

forming regions (e.g. Elmegreen, 1993; Hopkins et al., 2008; Struck & Smith, 2012;

Kruijssen, 2014). In Section 5 we will examine how the measured SFRs in each region

compare to the IR and M∗ properties inferred from our near-IR observations.

3.4.4 Model Age Fitting

In this Section we estimate the age of the starburst in each region by examining

how thermal and nonthermal affect the measured 3 - 33 GHz radio spectral slope of

the starburst as it ages. Since thermal emission is only produced by the shortest-

lived (≤ 10 Myr) massive stars, its presence in large amounts relative to synchrotron

emission is indicative of very young star formation. This correlation can then be a

method of determining approximate ages for the global star formation history of a

galaxy.

To quantify these different timescales, we use Starburst 99 (SB99) models with

default inputs (solar metallicity and 2-component Kroupa Initial Mass Function),
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in order to estimate the ionizing photon rate (QH0 s−1) and supernova rate (NSN

yr−1) of a simple stellar population (SSP; Leitherer et al., 1999). To transform these

quantities into a theoretical 3 - 33 GHz spectral index as a function of time we

use Equations 5 and 8 in Murphy et al. (2012a) respectively, to estimate the total,

thermal, and nonthermal luminosity at 3 and 33 GHz (assuming the same values for

the thermal and nonthermal spectral index as the previous sections). We stress that

this model does not include losses due synchrotron, inverse Compton scattering, or

free-free self-absorption. Instead the model is meant to illustrate the effect an aging

stellar population has on the radio spectral slope of an isolated HII region. Further,

given that the cooling timescale estimated for CR elections in Section 4.1 (∼ 105 yr) is

equal to the time-step used in SB99, we expect synchrotron losses to have a negligible

effect on the 3 - 33 GHz radio spectral slope. Rabidoux et al. (2014) used this simple

framework to describe the 1.4-33 GHz spectral slope, and thus the average age of the

global star-formation activity, in a sample of 27 nearby normal star-forming galaxies.

With our sample, we are able to extend this analysis to individual star-forming regions

in the disks of luminous starburst galaxies.

To take into account the fact that a single instantaneous starburst may not be

representative at the physical scales we are probing (∼1 kpc), we also include SB99

models with a continuous star formation history (SFH) of SFR = 1M�yr−1 using

the same metallicity and IMF input as in the instantaneous burst model. One can

see that in the continuous SFR model, there are no large jumps in the 3-33 GHz

spectral index. Instead, the model transitions smoothly from a very shallow (thermal

dominated) spectral slope to an intermediate spectral slope. This model predicts

that a spectral index of -0.5 would be expected for a kpc-sized region that has been

actively forming stars for ∼ 10 Myr. This is consistent with the median spectral index

of -0.51 measured for the star-forming regions in our sample.
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Figure 3.7: Left panel: The two sub-panels show SB99 models of both an instanta-
neous burst and continuous SFH, using standard Kroupa IMF, and solar metallicities.
We perform a χ2-minimization to the observed 3− 33 GHz spectral index of each re-
gion. Right panel: The distribution of model ages for both types of SFH (blue and
green) and the best-fitting model in each case (black). It is clear that there exists
two populations of regions: Those younger than t ∼ 107 yr, which are best-modeled
by an instantaneous burst, and those older than t ∼ 107 yr, which are best-modeled
by a continuous SFH.
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Using both models, we then perform a χ2 minimization to the observed spectral

index for each extranuclear region in the sample. The right panel of Figure 3.7 shows

the distribution of fitted-ages considering only the instantaneous burst model in blue,

only the continuous model in green, and whichever model better-fits the observed

spectral index of each region in black. Overall, the estimated median age of our star-

forming regions is ∼ 10 Myr, which agrees with the age distributions derived for a

large sample of young massive star clusters in a sample of local U/LIRGs in GOALS

(Linden et al., 2017). By comparing each model individually, we see that 45% of

regions in our sample are best modeled by an instantaneous burst, which indicates

that these regions are very young. However, the majority of the star-forming regions

are best fit with a continuous SFR model with ages between 107 − 107.5 yr, and even

some regions which are relatively old (t > 108 yr). Finally, when examining the ages

of these regions as a function of merger stage we do not see evidence that the oldest

regions are observed exclusively in the latest-stage mergers. This indicates that while

the nuclear starburst activity dominates as the merger progresses, prodigious star

formation still occurs in the outer-disks of these systems.

3.5 Discussion

For the following analysis, we first create a sub-sample of the 48 star-forming

regions, which have 3 − 33 GHz spectral indices which span a parameter space that

can be reliably modeled with one of our two SB99 models (−1.2 < α3−33GHz < 0.0).

This is to ensure that any differences in the slopes observed are not due to regions

that are faint in one of the three radio bands, which could affect both the measured

spectral index, and the inferred low-frequency radio luminosity. Particularly, if the

region is faint at 33 GHz the assumption that the region is fully sampling the IMF,

a key detail which underpins all SFR calibrations, might break down. In total we
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retain 42/48 regions identified in the initial sample, and in fact the six regions we

remove have the lowest S/N ratios across all three bands we identified in the initial

candidate selection.

3.5.1 The Infrared – Radio Correlation

The far-infrared – radio correlation (Helou et al., 1985) is an empirical relationship

which holds remarkably well for galaxies spanning a wide range in mass and luminosity

(Yun et al., 2001). At centimeter wavelengths, the radio continuum is dominated by

synchrotron emission, which decays on timescales of ∼ 100 Myr for pseudo-continuous

star formation in galaxies (Condon, 1992). The infrared (IR) traces the peak of the

dust emission, which is a proxy for recent star formation in a starburst galaxy. For

a fixed initial mass function (IMF) and star formation history, the production of

cosmic rays is roughly equal to the rate of dust-heating from UV photons produced

by young stars, such that the IR-radio correlation holds in both normal and extreme

star-forming galaxies in the local Universe (Lisenfeld et al., 1996). The physical

explanation for the tightness of this correlation has long been debated, given the fact

that the methods which produce each emission mechanism have timescales which

differ by an order of magnitude.

However, when individual star-forming regions on smaller spatial scales (∼ hun-

dreds of parsecs) are examined in both normal and extreme star-forming galaxies,

this correlation can break down, and is sensitive to these various timescales and local

SFH, CR propagation, and metallicity of the galaxy (Murphy et al., 2006b). Further,

it has been shown with lower-resolution data that ongoing mergers, whose progenitors

still share a common envelope, may also exhibit excess radio emission from bridges

and tidal tails that is unassociated with the current star-formation activity. This

scenario may also explain the seemingly low far-infrared/radio ratios measured for
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many high-z submillimeter galaxies, a number of which are merger-driven starbursts

(Murphy et al., 2013). Here we aim to test whether the infrared – radio correlation

will hold on kpc-scales in the extended disks of LIRGs at various stages along the

merger sequence, and determine to what level we see evidence for excess non-thermal

emission relative to the inferred far-infrared luminosity within individual star-forming

regions.

In order to make accurate measurements of infrared luminosity, we require ob-

servations at matched resolution to our VLA images, for which MIPS and Herschel

data are not sufficient. We therefore used the IRAC Ch4 8µm flux as a proxy for the

total-IR (L1−1000µm) by assuming a fixed IR8 ratio (LTIR/L8µm). Elbaz et al. (2011)

used observations of IRAS selected galaxies, including the full GOALS sample, to

determine that the global ratio of total IR luminosity to rest-frame 8µm luminos-

ity follows a distribution centered on IR8 = 4, thus defining an IR main sequence

for star-forming galaxies independent of redshift. This study was limited by the fact

that the galaxies in their sample were not classified into AGN- and SF-dominated sys-

tems. Wu et al. (2010) and Magdis et al. (2013) used the 5MUSES sample of galaxies,

which builds on the Elbaz et al. (2011) sample by including spectral diagnostics from

Spitzer and Herschel respectively, to isolate galaxies which are dominated by star-

formation. Both studies concluded that the IR8 ratio was larger (by up to a factor

of 2), than what Elbaz et al. (2011) found for the complete galaxy sample. Following

these studies, we used the global L8µm and LIR photometry presented in Chu et al.

(2017) and Mazzarella et al. in prep to derive a median IR8 ratio of 8.1±2 for the 25

galaxies in our equatorial sub-sample. This is in good agreement with the Wu et al.

(2010) and Magdis et al. (2013) calibrations, and consistent with the notion that once

AGN-dominated galaxies are removed from the global IR-bright galaxy population

the ratio is significantly enhanced in pure starburst-dominated galaxies.
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Using the measured 3 − 15 GHz radio spectral slope (α3−15GHz) we extrapolate

the observed 3 GHz flux density of each region to 1.4 GHz and measure the q-ratio

(qTIR) defined as the logarithmic ratio of the total infrared to radio flux density

for each region. While this measurement differs from the traditional qFIR analysis

discussed above, it allows us to make direct comparisons with a recent calibration of

the global TIR-radio correlation observed for a large sample of normal star-forming

galaxies in the local Universe (Bell, 2003). Overall, we find that the median qTIR

derived for kpc-sized regions in our LIRG sample (2.7 ± 0.34) is consistent with the

Bell (2003) calibration (qTIR = 2.64). While the uncertainty in our IR8 calibration

limits the robustness of this result, we do not see strong evidence for regions with a

significant excess nonthermal emission associated with tidal bridges and tails. With

future ALMA and pre-approved JWST/MIRI programs we will further investigate

the physical origin of the infrared – radio correlation by directly measuring the total

infrared luminosity, dust, and gas masses of individual star-forming clumps identified

in GOALS galaxies.

3.5.2 The Star-Formation Main Sequence

The relationship between the star-formation rate (SFR) and the observed stellar

mass (M∗) in galaxies has been extensively investigated over the past decade as means

for understanding the evolution of galaxies (e.g., Noeske et al., 2007; Daddi et al.,

2007; Elbaz et al., 2011). From these studies it is clear that there are two main modes

of star formation that are known to control the growth of galaxies: a relatively steady

rate, which defines the star formation rate - stellar mass main sequence (SFMS),

and a starburst mode above this sequence. Further, homogeneous collections of the

integrated SFMS of galaxies across large ranges in redshift (e.g. Speagle et al., 2014;

Kurczynski et al., 2016) show that while the slope remains relatively constant, the
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fitted zero-point of the relation appears to increase at higher (z > 1) redshifts (SFR ∝

M0.5
∗ : Speagle et al., 2014), indicating a more significant contribution from starburst

galaxies at earlier times.

More recently, several studies (e.g., Wuyts et al., 2013; Cano-Díaz et al., 2016;

Maragkoudakis et al., 2017; Medling et al., 2018) have provided evidence that MS-

like correlations are also present at sub-galactic scales in a wide variety of galactic

environments, by comparing the SFR surface densities (ΣSFR) with stellar-mass sur-

face densities (ΣM∗) for individual sub-galactic regions ∼ 1kpc or larger. Thus far

observations at high-redshift suggest this correlation has a slope close to unity (Wuyts

et al., 2013), whereas at lower redshifts linearity and sub-linearity have been reported

(Cano-Díaz et al., 2016; Medling et al., 2018). Here we look to test which of these two

modes of star-formation best describes the extranuclear star-forming regions identi-

fied in the equatorial GOALS sample, and whether or not a MS-like correlation exists

for the most luminous regions in LIRGs.

In Figure 3.8 we compare the star-formation rates and stellar masses of our ex-

tranuclear regions with both integrated galaxy properties (left panel) and correlations

found for the sub-galactic main sequence (right panel). In the left panel the orange

points are globally-integrated measurements from our sub-sample of 25 galaxies taken

from U et al. (2012), and in purple are our extranuclear star-forming regions identified

with the VLA. The integrated stellar mass measurements from U et al. (2012) used the

observed H-band luminosity and a Chabrier IMF, whereas for our SFR calculations

and the IRAC-M∗ conversion we utilize a Kroupa and Chabrier IMF respectively.

However, the differences in the integrated total mass are small compared to our mea-

sured uncertainties, and therefore we do not expect to introduce any systematic biases

when comparing the two datasets using slightly different IMFs. The light blue points

are integrated measurements of galaxies in the SFRS as a reference sample of normal
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Figure 3.8: Left panel: The sSFR distribution as a function of stellar-mass showing
that the global fit from Speagle et al. (2014) is not an appropriate calibration for both
the galaxy-integrated (GOALS: orange) and extranuclear star-forming regions in local
LIRGs (purple). Further, the specific star formation rate of the extranuclear regions
themselves lie at the upper-end of the relation for normal star-forming galaxies in the
local Universe (SFRS: blue, Skibba et al., 2011). Right panel: The star-formation
main sequence (SFR−M∗). In purple we show the results for the extranuclear star-
forming regions identified in GOALS. The blue, dark green, and red lines show the
resolved galaxy main-sequence, normalized to the GOALS fit presented in the left
panel, for the SAMI, CALIFA, and WISE surveys respectively.
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star-forming galaxies (Skibba et al., 2011; Murphy et al., 2018a). The solid black line

shows the main-sequence as defined by a large homogeneous collection of local spirals

taken primarily from SINGS (Speagle et al., 2014). We can see that the galaxies in

the SFRS generally follow the local MS calibration, and that the massive extranuclear

regions identified in our LIRG sample are consistently above it.

If the integrated measurements of starburst-dominated galaxies were simply the

sum of the individual star-forming regions identified within them, then the integrated

LIRGs and the extranuclear regions should be well described by a single linear fit.

Shown in purple is the fit to only the extranuclear regions, and we can see that the

integrated LIRG measurements are systematically offset by ∼ 0.2 dex in sSFR. By

comparing the median values of sSFR for both the integrated GOALS LIRGs and our

individual star-forming regions we find that they make up on average 16.5% of the

current star formation activity (fSFR = SFRregion/SFRgalaxy) in their host galaxies.

This is consistent with a recent suite of 75 hydrodynamic simulations of major galaxy

mergers (Mrat ∼ 2.5 : 1), which show a median fSFR ∼ 13% in regions from 1 - 10 kpc

away from nucleus over a broad range of interaction geometries (Moreno et al., 2015).

Further, it is clear that the fit to the local galaxy reference sample is steeper than

the relation found for the most luminous GOALS regions identified. Ultimately, this

suggests that while the integrated properties of the starburst-dominated LIRGs are

driven by the central nuclear starburst, extranuclear regions in LIRGs have elevated

sSFRs even relative to normal star-forming galaxies.

In the right panel of Figure 3.8 we show a plot of the star-formation - stellar mass

plane for our identified regions with fits to the sub-galactic main sequence overlaid. By

normalizing the zero-points of each fit we can test which correlation most accurately

represents our star-forming regions, and to what degree the linear or sub-linear rela-

tionships found for integrated galaxies hold on kpc-scales in LIRGs. We see clearly
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Figure 3.9: The 33 GHz continuum images for NGC 5257 (Left), NGC 5258 (Middle),
and NGC 5331S (Right) are shown overlaid with our photometric apertures, the
measured 3 − 33 GHz radio spectral index, and the locations of super star cluster
identified in Linden et al. (2017). The colors of the markers in all panels indicate
their age, with t ≤ 107 yr shown in blue, 107 < t < 108 yr shown in green, and
t ≥ 108 yr shown in red.

that the correlation found for the Calar Alto Legacy Integral Field Area (CALIFA)

survey of galaxies is shallower than our distribution of star-forming regions. This dis-

crepancy is likely due to the range of morphological types included in the CALIFA fit,

with regions from early-type galaxies systematically flattening the slope of the cor-

relation (Cano-Díaz et al., 2016). Indeed, when the fit is restricted to only late-type

galaxies the correlation closely follows the distribution of star-forming regions ob-

served in our VLA sample (Hall et al., 2018; Medling et al., 2018). This confirms that

there is a sub-galactic main sequence of star-formation present in LIRGs with both in-

dividual star-forming regions and the globally-integrated galaxy measurements, which

lie above the locally-calibrated SFRMS.

3.5.3 Spatially Coincident Massive Star Clusters

Radio continuum emission has been used as an effective way to identify ultra-

young (1 − 3 Myr) massive star clusters still deeply embedded in their natal birth

material (Turner et al., 2000b; Johnson et al., 2001, 2003). Our results from the

initial SFRS sample (Murphy et al., 2018a) reveal both purely thermal (and thus
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very young) sources, as well as sources which have higher nonthermal fractions at

33 GHz. In general, we expect to find that these latter radio sources are associated

with regions that contain multiple star clusters visible at optical wavelengths (Evans

et al., 2008; Inami et al., 2010; Modica et al., 2012; Mazzarella et al., 2012; Mulia

et al., 2015). Four galaxies in our sample, NGC 5257/8 and NGC 5331N/S, have

been observed with HST as part of a larger program to search for young, UV-bright,

massive star clusters in LIRGs (Linden et al., 2017). In this subsection, we compare

the mean spectral index of each region, which tracks the relative fraction of young (∼

5 Myr) and old (≥ 50 Myr) star-formation to the median cluster age, which tracks

the ∼ 1− 100 Myr SFH of the region within our photometric apertures.

At the resolution of our matched-VLA observations, it is unclear if these extranu-

clear regions are powered primarily by a single massive star cluster, or several lower-

mass clusters tightly packed within a group. In Figure 3.9 we show the star clusters

identified in these galaxies, color-coded by their modeled ages (i.e., blue t ≤ 107 yr,

green 107 < t < 108 yr, and red t ≥ 108 yr). In only one case, NGC 5257, do we

have significant overlap with regions identified in the radio for which a meaningful

comparison of cluster ages, masses, and extinctions to the radio spectral slope can be

done. We find that the region in NGC 5257 (left panel), which is the most luminous

and shows the flattest 3− 33 GHz spectral index (-0.22), is associated with a single,

young (∼ 4 Myr), massive (Mcl ∼ 107M�) star cluster, whereas regions with steeper

radio spectral indices are coincident with several star clusters whose median age is

slightly older (∼ 10 Myr) and mass significantly smaller (∼ 105.5M�: Linden et al.,

2017).

Overall we do see evidence, albeit in one system, that the luminosity and spectral

index of the radio continuum measured at kpc-scale resolution is able to roughly track

variations in the median age and mass of the spatially-coincident super star clusters
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identified in the UV/optical. A more thorough discussion of massive star clusters and

their relationship to star-forming regions identified at 33 GHz will be discussed in

a forthcoming paper, which will be a comparison of the cluster mass functions, and

luminosity distributions of young massive star clusters using HST data available for

the SFRS sample of galaxies.

3.6 Summary

We have presented the first results of a high-resolution VLA survey for 25 luminous

infrared galaxies (LIRGs) in the Great Observatories All-Sky LIRG Survey (GOALS).

Radio emission provides a critical, optically-thin view on the massive star formation

activity within deeply embedded HII regions, and it tracks nonthermal emission from

relativistic cosmic rays associated with recent supernova in galaxies. We have ex-

tracted luminosities, spectral indices, star-formation rate (SFRs), thermal fractions

(fth), ages, and stellar masses for a total of 42 individual extranuclear star-forming

regions identified as having de-projected galactocentric radii (rG) which lie outside

the 13.2µm core size of the galaxy measured in Díaz-Santos et al. (2010). These

"extranuclear’" regions, allow us to cleanly examine the evolution of star-formation

activity in LIRGs, free from possible contamination associated with an AGN. Our

results indicate that:

(1) The median 3−33 GHz spectral index and thermal fraction at 33 GHz measured for

the extranuclear regions identified in our VLA survey is −0.51±0.13 and 65±11% re-

spectively. These results suggest that on kpc-scales extranuclear star-forming regions

in LIRGs have flatter radio spectral slopes, and are much more heavily-dominated

by thermal free-free emission relative to the centers of local U/LIRGs. Further, the

median 3 − 33 GHz spectral index observed is consistent with models of continuous

star-formation activity over a median lifetime of ∼ 10 Myr.
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(2) The median derived SFR of the extranuclear regions identified is ∼ 1M�yr−1.

Despite the sensitivity of our observations to low-mass star-forming regions LIRGs,

it is clear that the most luminous extranuclear star-forming clumps identified in our

survey are not seen in large samples of normal or interacting galaxies in the local

Universe (Smith et al., 2016).

(3) The median qTIR derived for our extranuclear star-forming regions (2.71 ± 0.34)

is broadly consistent with the IR-radio correlation measured for normal and extreme

star-forming galaxies in the local Universe (i.e. qTIR = 2.64). This suggests that

on kpc-scales in LIRGs we are sampling a representative volume of the ISM over a

sufficiently long SFH so as to cause these regions to lie along the correlation.

(4) When we place our regions on the star-formation rate main sequence (SFMS),

we find that they are not consistent with their host galaxies’ globally-averaged spe-

cific star-formation rate (sSFR). This indicates that the nuclear starburst activity

predominately drives LIRGs above the SFMS.

With maps of the star-forming regions which energize LIRGs now in possession for

the equatorial sample, the next step will be to obtain complementary high-resolution

imaging and kinematics of the associated molecular gas, which fuels star formation

and AGN activity in these extraordinary galaxies. The combined datasets would

serve as a means to measure both the conditions under which star formation is most

efficient, and energetic feedback on the ISM at scales that are inaccessible to extreme

starbursts being studied at high-redshift.

3.7 Additional Tables

In the following section we present both the derived (thermal fraction, SFR, age,

etc.) and observed (IRAC and VLA) properties for 42 extragalactic star-forming

regions identified in a sample of 25 galaxies from the Great Observatories All-Sky
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LIRG Survey. In Table 3.4, the star formation rates at 33 GHz are calculated using

Murphy et al. (2012a), and the Starburst99 model ages for both the continuous and

instantaneous starburst are given for region. In Table 3.5, all VLA and Spitzer IRAC

photometry is given in mJy.
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Chapter 4

The Star Formation in Radio

Survey: 3 – 33GHz Imaging of

Nearby Galaxy Nuclei and

Extranuclear Star-forming

Regions

4.1 Introduction

The radio spectra of star-forming galaxies, typically characterized as a power law

(Sν ∝ να), encode information about the thermal and non-thermal energetic processes

which power them. Both thermal (Bremsstrahlung) and non-thermal (synchrotron)

emission are associated with massive (≥ 8M�) star formation, underlying the basis for

the well-known far-infrared (FIR: 42-122µm)-radio correlation (de Jong et al., 1985;

Helou et al., 1985; Condon, 1992; Bell, 2003). FIR emission arises from the absorp-
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tion and re-radiation of UV and optical photons that heat dust grains surrounding

massive star-forming regions. The O and B stars in such regions, with lifetimes of

≤ 10 Myr, produce ionizing (Lyman continuum) radiation whose strength is directly

proportional to the amount of free-free emission. These same massive stars end their

lives as core-collapse supernovae, whose remnants accelerate cosmic ray (CR) elec-

trons/positrons that produce the diffuse non-thermal synchrotron emission observed

in star-forming galaxies (Condon, 1992; Koyama et al., 1995; Murphy et al., 2006a;

Lacki & Thompson, 2010; Lacki et al., 2010).

However, the connection between the non-thermal synchrotron emission and the

current star-formation rate (SFR) of a galaxy is far less direct relative to thermal

free-free emission. Variations in the generation and propagation of CRs through the

interstellar medium (ISM) can affect the observed low-frequency emission surrounding

star-forming regions. Despite the complexity in interpreting this non-thermal emission

from galaxies, several empirical (Bell, 2003; Koyama et al., 1995; Murphy et al.,

2006a; Heesen et al., 2014; Tabatabaei et al., 2017) and theoretical (Condon, 1992;

Murphy et al., 2011b) calibrations for the star-formation rate (SFR) exist in the

literature. These studies demonstrate that at frequencies low enough (typically ∼

1GHz) the emission is dominated by the non-thermal, steep spectrum component

(αNT ∼ −0.8), and at frequencies high enough (∼ 30GHz) the emission becomes

dominated by thermal emission (αT ∼ −0.1). Hence, radio observations can serve as

an excellent, extinction-free, diagnostic for the current SFR within nearby galaxies.

This was the motivation for initiating the Star Formation in Radio Survey (SFRS),

which began as a 33GHz imaging campaign with the Green Bank Telescope (GBT)

to study 103 galaxy nuclei and extranuclear star-forming complexes at a matched

resolution of 25”. In the initial investigation, Murphy et al. (2012b) used the Wester-

bork Synthesis Radio Telescope (WSRT) in combination with the GBT to construct
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1.7-to-33GHz radio spectra for 53 galaxy nuclei and extranuclear star-forming regions

on ∼kpc scales. They found evidence that the measured thermal fraction at 33GHz

varied significantly for star-forming regions observed at different physical resolution

due to the range in galaxy distance. Photometric apertures larger than ∼ 1kpc were

observed to have thermal fractions as low as 40−50%, whereas regions measured with

apertures≤1kpc appeared to be heavily dominated by free-free emission, with thermal

fractions as high as ∼ 90%. However, without high-resolution maps of both free-free

and non-thermal emission from individual Hii regions within these larger complexes,

it is difficult to determine the physical nature of these trends within nearby galaxies.

This study served as the foundation for extending the SFRS into a multi-frequency

Karl G. Jansky Very Large Array (VLA) campaign to image hundreds of star-forming

regions in 50 galaxies taken from the Spitzer Infrared Nearby Galaxies Survey (SINGS:

Kennicutt et al., 2003) and the Key Insights on Nearby Galaxies: a Far-Infrared Sur-

vey (KINGFISH: Kennicutt et al., 2011). The results from our 33GHz observations,

along with corresponding Hα and Spitzer/MIPS 24µm photometry were recently pre-

sented in Murphy et al. (2018a), hereafter M18a, and explored the Hα-to-33GHz and

24µm-to-33GHz flux density ratios of star-forming regions as a function of galacto-

centric radius and physical resolution. An outlier of these distributions, NGC4725B,

was later followed up with higher-frequency observations (Q-band: ∼ 44GHz) in or-

der to confirm this region as the second known source of extragalactic anomalous

microwave emission (AME: Murphy et al., 2018b). Building on this analysis, we have

also obtained 3 and 15GHz imaging for the SFRS, allowing us to map the full radio

spectrum of each star-forming region at a matched-resolution of ∼ 2”. In this paper,

we focus our presentation on the results associated with the radio spectral indices

and corresponding free-free emission fractions for the entire sample.

The paper is organized as follows: In §2 we describe our sample selection, data
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reduction, and imaging procedure for the 3 - 33GHz VLA data. In §3 we describe

the ancillary data products included in this study as well as the analysis procedures

used. Our results are presented in §4, and discussed in §5. Our main conclusions

are summarized in §6. In §7 we additionally provide ancillary photometry from the

Galaxy Evolution Explorer (GALEX), Spitzer, and ground-based Hα observations at

a matched resolution of 7" that are not used in the present analysis. Throughout the

paper we report the median absolute deviations rather than standard deviations, as

this statistic is more resilient against outliers in a data set.

4.2 Sample and Data Analysis

In this section we describe the sample selection, and present the VLA observations

along with the data reduction and imaging procedures.
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4.2.1 Sample Selection

The SFRS sample includes targeted observations from 56 nearby galaxies (dL < 30

Mpc) in the SINGS and KINGFISH legacy programs (Table 4.1). All nuclear and

extranuclear star-forming regions were chosen to have mid-infrared spectral mappings

carried out by the IRS instrument on board Spitzer, and Herschel/PACS far-infrared

spectral mappings, for a combination of the principal atomic ISM cooling lines ([OI]

63µm, [OIII] 88µm, [NII] 122, 205µm, and [CII] 158µm). NGC5194 and NGC2403

are exceptions; these galaxies were part of the SINGS sample, but are not formally

included in KINGFISH. They were observed with Herschel as part of the Very Nearby

Galaxy Survey (VNGS; PI: C. Wilson). Similarly, there are additional KINGFISH

galaxies that were not part of SINGS, but have existing Spitzer data: NGC5457

(M101), IC 342, NGC3077, and NGC2146.

The SINGS and KINGFISH galaxies are fully representative of the integrated

properties and ISM conditions found in the local Universe, spanning the full range in

morphological types, as well as a factor of 100 in IR luminosity (LIR: 8-1000µm), global

IR/optical flux ratio, and the star formation rate. Similarly, the spectroscopically

targeted star-forming regions included in the SFRS cover the full range of physical

conditions found in nearby galaxies, including the extinction-corrected production

rate of ionizing photons Q(H0), metallicity, visual extinction, radiation field intensity,

and ionizing stellar temperature.

The full sample over the entire sky consists of 118 star-forming complexes (56

nuclei and 62 extranuclear regions), 112 of which (50 nuclei and 62 extranuclear re-

gions; see Tables 4.2 and 4.3, respectively) are observable with the VLA (i.e., having

δ > −35◦). The coordinates given in both tables list the pointing center for the

VLA observations (see Section 2.2), which correspond to the centers of the Spitzer
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mid-infrared and Herschel far-infrared spectral line maps. Morphologies, adopted

distances, optically-defined nuclear types, diameters (D25), inclinations (i), and po-

sition angles (P.A.) for each source are given in Table 4.1 and described in detail in

M18a.

4.2.2 VLA Observations and Data Reduction

The observational set-up and reduction procedure for the Ka-band (29− 37GHz)

data (11B-032,13A-129) is described in detail in M18a. Observations in the S-band

(2 − 4GHz) were taken during the 2013 VLA B-configuration cycle (13B-215), and

utilized the 8-bit sampler. Observations in the Ku-band (12 − 18GHz) were taken

November 2014 in the C-configuration (13B-215) using the 3-bit samplers. Both sets

of observations utilized the full available bandwidth of the respective receivers. Given

the large range in brightness among our targeted regions, we varied the time spent

on-source by estimating the expected 3−15GHz flux density using the Spitzer/MIPS

24µm maps. The median integration time for regions in our sample was ∼ 10 minutes

at both frequencies. The choice of array configurations were made to match the

angular resolution (i.e., FWHM of the synthesized beam ∼ 2”) of the observations at

each band. This allows us to probe the same spatial scales across the full 3− 33GHz

frequency range, and ensures that any differences in the measured spectral index

of individual star-forming regions is due to physical variation in the region being

measured, and not due to resolving out more emission at higher frequencies.

The standard VLA flux density calibrators 3C48, 3C286, and 3C147 were used,

and the data reduction procedures presented in M18a are repeated for our present

analysis, and briefly described here. To reduce the VLA data, we used the Common

Astronomy Software Applications (CASA; McMullin et al., 2007) versions 4.6.0 and

4.7.0, and followed standard calibration and flagging procedures, including the uti-
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lization of the VLA calibration pipeline. We further inspected the visibilities and

calibration tables for evidence of bad antennas, frequency ranges, and time ranges,

flagging correspondingly. We also flagged any instances of radio frequency interfer-

ence (RFI). Importantly, the fractional bandwidth of our observations lost to RFI

flagging is negligible relative to the full bandwidth of the receivers. After flagging,

we re-ran the pipeline, and repeated this process until all poorly-calibrated data were

removed. For all delay and bandpass tables applied on-the-fly, we used the default

nearest-neighbor interpolation. For complex gain and flux density scale tables, we

used a linear interpolation.



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions267

Ta
bl
e
4.
2:

N
uc
le
ar

So
ur
ce

P
os
it
io
ns

an
d
Im

ag
in
g
C
ha

ra
ct
er
is
ti
cs

3
G
H
z

15
G
H
z

G
al
ax

y
R
.A

.
D
ec
l.

Sy
nt
he
si
ze
d

σ
σ
T
b

Sy
nt
he
si
ze
d

σ
σ
T
b

(J
20
00
)

(J
20
00
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

N
G
C
03
37

0
0

5
9

5
0
.3

−
0
7

3
4

4
4

2
.′′
4
3
×

1
.′′
7
4

18
.7

59
7.
32

2
.′′
0
0
×

1
.′′
1
3

9.
1

21
.7
1

N
G
C
06
28

0
1

3
6

4
1
.7

+
1
5

4
6

5
9

1
.′′
9
6
×

1
.′′
7
8

14
.0

54
3.
15

1
.′′
5
5
×

1
.′′
1
9

9.
6

28
.1
4

N
G
C
08
55

0
2

1
4

0
3
.7

+
2
7

5
2

3
8

1
.′′
8
0
×

1
.′′
6
2

13
.2

61
3.
61

1
.′′
5
0
×

1
.′′
2
5

8.
6

24
.9
3

N
G
C
09
25

0
2

2
7

1
7
.0

+
3
3

3
4

4
3

1
.′′
8
0
×

1
.′′
5
9

13
.0

61
1.
30

1
.′′
4
7
×

1
.′′
2
3

9.
1

27
.0
4

N
G
C
10
97

0
2

4
6

1
9
.1

−
3
0

1
6

2
8

5
.′′
7
6
×

1
.′′
8
0

44
.9

58
6.
45

3
.′′
8
1
×

0
.′′
9
9

16
.9

24
.1
1

N
G
C
12
66

0
3

1
6

0
0
.8

−
0
2

2
5

3
8

2
.′′
2
0
×

1
.′′
7
8

14
.0

48
5.
33

1
.′′
8
0
×

1
.′′
1
7

11
.3

28
.8
6

N
G
C
13
77

0
3

3
6

3
8
.9

−
2
0

5
4

0
6

3
.′′
5
6
×

1
.′′
7
1

17
.4

38
5.
40

2
.′′
6
1
×

1
.′′
0
9

11
.6

21
.9
3

IC
03
42

0
3

4
6

4
8
.5

+
6
8

0
5

4
6

2
.′′
2
3
×

1
.′′
7
6

41
.6

14
30
.6
1

1
.′′
7
2
×

1
.′′
1
3

11
.4

31
.4
4

N
G
C
14
82

0
3

5
4

3
9
.5

−
2
0

3
0

0
7

3
.′′
2
5
×

1
.′′
6
7

16
.8

41
9.
18

2
.′′
4
2
×

1
.′′
3
3

14
.1

23
.5
6

N
G
C
21
46

0
6

1
8

3
7
.7

+
7
8

2
1

2
5

2
.′′
5
5
×

1
.′′
5
5

35
.5

12
14
.5
7

1
.′′
9
3
×

0
.′′
9
4

14
.9

44
.6
8

N
G
C
24
03

0
7

3
6

5
0
.0

+
6
5

3
6

0
4

2
.′′
2
1
×

1
.′′
5
3

13
.8

55
1.
32

1
.′′
8
8
×

1
.′′
1
5

9.
8

24
.4
1

H
ol
m
be

rg
II

0
8

1
9

1
3
.3

+
7
0

4
3

0
8

2
.′′
5
9
×

1
.′′
6
7

14
.9

46
5.
55

1
.′′
9
7
×

1
.′′
1
5

9.
4

22
.4
1

N
G
C
27
98

0
9

1
7

2
2
.8

+
4
1

5
9

5
8

2
.′′
1
3
×

1
.′′
7
8

14
.6

52
0.
66

1
.′′
5
8
×

1
.′′
3
8

11
.3

27
.8
3

N
G
C
28
41

0
9

2
2

0
2
.7

+
5
0

5
8

3
6

2
.′′
1
1
×

1
.′′
6
2

13
.3

52
6.
88

1
.′′
5
9
×

1
.′′
2
3

18
.1

50
.1
3

N
G
C
29
76

0
9

4
7

1
5
.3

+
6
7

5
5

0
0

2
.′′
8
3
×

1
.′′
6
6

14
.4

41
3.
49

2
.′′
0
2
×

1
.′′
1
3

9.
7

23
.0
8

N
G
C
30
49

0
9

5
4

4
9
.6

+
0
9

1
6

1
7

2
.′′
1
4
×

1
.′′
8
4

14
.9

51
0.
77

2
.′′
0
7
×

1
.′′
1
3

12
.2

27
.9
8

N
G
C
30
77

1
0

0
3

1
9
.1

+
6
8

4
4

0
2

2
.′′
9
0
×

1
.′′
6
7

14
.4

40
2.
59

1
.′′
9
8
×

1
.′′
1
2

10
.2

24
.8
2

N
G
C
31
90

1
0

1
8

0
5
.6

+
2
1

4
9

5
5

2
.′′
1
2
×

1
.′′
8
1

13
.5

47
5.
29

1
.′′
6
1
×

1
.′′
2
6

8.
5

22
.6
3

N
G
C
31
84

1
0

1
8

1
6
.7

+
4
1

2
5

2
7

2
.′′
4
2
×

1
.′′
7
6

14
.0

44
4.
09

1
.′′
2
9
×

1
.′′
1
8

8.
5

30
.4
9

N
G
C
31
98

1
0

1
9

5
4
.9

+
4
5

3
2

5
9

2
.′′
2
5
×

1
.′′
6
6

14
.4

52
1.
10

1
.′′
3
4
×

1
.′′
1
7

8.
5

29
.0
6

IC
25
74

1
0

2
8

4
8
.4

+
6
8

2
8

0
2

2
.′′
9
6
×

1
.′′
6
4

14
.2

39
3.
53

2
.′′
0
3
×

1
.′′
1
4

8.
8

20
.7
3

N
G
C
32
65

1
0

3
1

0
6
.7

+
2
8

4
7

4
8

2
.′′
2
3
×

1
.′′
7
8

14
.9

50
5.
30

1
.′′
4
4
×

1
.′′
2
5

7.
8

23
.4
2

N
G
C
33
51

1
0

4
3

5
7
.8

+
1
1

4
2

1
4

2
.′′
0
0
×

1
.′′
7
5

18
.4

70
8.
89

1
.′′
9
5
×

1
.′′
6
7

15
.3

25
.3
4

N
G
C
35
21

1
1

0
5

4
8
.9

−
0
0

0
2

0
6

3
.′′
0
7
×

1
.′′
9
5

19
.9

44
8.
93

1
.′′
8
8
×

1
.′′
1
9

16
.4

39
.7
9

N
G
C
36
21

1
1

1
8

1
6
.0

−
3
2

4
8

4
2

4
.′′
7
6
×

1
.′′
5
3

15
.7

29
1.
11

4
.′′
1
7
×

1
.′′
0
8

8.
5

10
.1
6

N
G
C
36
27

1
1

2
0

1
5
.0

+
1
2

5
9

3
0

1
.′′
9
5
×

1
.′′
7
7

15
.7

61
6.
48

2
.′′
3
6
×

1
.′′
9
7

14
.0

16
.2
3

N
G
C
37
73

1
1

3
8

1
3
.0

+
1
2

0
6

4
5

1
.′′
9
5
×

1
.′′
7
6

13
.1

51
8.
26

1
.′′
5
3
×

1
.′′
1
4

9.
8

30
.2
1

N
G
C
39
38

1
1

5
2

4
9
.5

+
4
4

0
7

1
4

3
.′′
1
3
×

1
.′′
7
3

15
.1

37
6.
61

1
.′′
2
5
×

1
.′′
1
0

7.
9

31
.2
3

N
G
C
42
54

1
2

1
8

4
9
.4

+
1
4

2
4

5
9

1
.′′
9
9
×

1
.′′
8
1

15
.3

57
7.
12

1
.′′
5
3
×

1
.′′
1
1

9.
0

28
.5
8

N
G
C
43
21

1
2

2
2

5
4
.9

+
1
5

4
9

2
1

1
.′′
8
9
×

1
.′′
7
2

15
.0

62
2.
65

1
.′′
5
3
×

1
.′′
1
7

9.
8

29
.5
5

N
G
C
45
36

1
2

3
4

2
7
.1

+
0
2

1
1

1
7

2
.′′
1
6
×

1
.′′
8
6

15
.5

52
4.
37

2
.′′
4
4
×

1
.′′
4
5

10
.2

15
.5
8

N
G
C
45
59

1
2

3
5

5
7
.7

+
2
7

5
7

3
6

1
.′′
7
5
×

1
.′′
6
3

13
.6

64
6.
04

1
.′′
3
2
×

1
.′′
2
7

9.
0

29
.1
3

N
G
C
45
69

1
2

3
6

4
9
.8

+
1
3

0
9

4
6

2
.′′
0
1
×

1
.′′
8
0

15
.4

57
2.
68

1
.′′
6
8
×

1
.′′
1
8

10
.7

29
.1
5

N
G
C
45
79

1
2

3
7

4
3
.6

+
1
1

4
9

0
2

2
.′′
1
2
×

1
.′′
8
5

23
.4

80
7.
73

1
.′′
7
2
×

1
.′′
2
1

50
.9

13
2.
87

N
G
C
45
94

1
2

3
9

5
9
.4

−
1
1

3
7

2
3

2
.′′
7
6
×

1
.′′
7
4

19
.7

55
4.
75

2
.′′
0
1
×

1
.′′
0
9

13
.4

32
.8
8

N
G
C
46
25

1
2

4
1

5
2
.4

+
4
1

1
6

2
4

1
.′′
7
3
×

1
.′′
5
6

13
.5

67
7.
51

1
.′′
5
4
×

1
.′′
1
7

9.
7

29
.1
9

N
G
C
46
31

1
2

4
2

0
5
.9

+
3
2

3
2

2
2

1
.′′
8
5
×

1
.′′
7
6

14
.3

59
7.
52

2
.′′
2
9
×

1
.′′
8
3

12
.9

16
.7
1

T
ab

le
4.
2
co
nt
in
ue
d



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions268

Ta
bl
e
4.
2:

N
uc
le
ar

So
ur
ce

P
os
it
io
ns

an
d
Im

ag
in
g
C
ha

ra
ct
er
is
ti
cs

(c
on

ti
nu

ed
)

3
G
H
z

15
G
H
z

G
al
ax

y
R
.A

.
D
ec
l.

Sy
nt
he
si
ze
d

σ
σ
T
b

Sy
nt
he
si
ze
d

σ
σ
T
b

(J
20
00
)

(J
20
00
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

N
G
C
47
25

1
2

5
0

2
6
.6

+
2
5

3
0

0
6

1
.′′
8
5
×

1
.′′
7
6

13
.5

56
1.
64

1
.′′
3
3
×

1
.′′
2
6

9.
0

29
.2
0

N
G
C
47
36

1
2

5
0

5
3
.0

+
4
1

0
7

1
4

1
.′′
7
2
×

1
.′′
5
5

13
.9

70
6.
09

2
.′′
2
5
×

2
.′′
0
6

13
.4

15
.6
7

N
G
C
48
26

1
2

5
6

4
3
.9

+
2
1

4
1

0
0

1
.′′
9
7
×

1
.′′
7
5

14
.3

55
9.
38

1
.′′
4
6
×

1
.′′
3
3

10
.1

28
.2
0

N
G
C
50
55

1
3

1
5

4
9
.2

+
4
2

0
1

4
9

1
.′′
7
6
×

1
.′′
6
0

12
.8

61
9.
07

1
.′′
5
1
×

1
.′′
1
7

9.
7

29
.5
8

N
G
C
51
94

1
3

2
9

5
2
.7

+
4
7

1
1

4
3

1
.′′
7
9
×

1
.′′
5
7

17
.0

82
0.
75

1
.′′
5
4
×

1
.′′
1
5

9.
3

28
.4
3

N
G
C
53
98

1
4

0
1

2
0
.2

−
3
3

0
4

0
9

6
.′′
6
2
×

1
.′′
7
6

20
.6

23
9.
46

3
.′′
9
8
×

1
.′′
0
3

8.
4

11
.0
9

N
G
C
54
57

1
4

0
3

1
2
.6

+
5
4

2
0

5
7

1
.′′
8
2
×

1
.′′
6
7

13
.9

61
9.
05

1
.′′
5
5
×

1
.′′
1
0

8.
6

27
.2
9

N
G
C
54
74

1
4

0
5

0
1
.3

+
5
3

3
9

4
4

1
.′′
8
3
×

1
.′′
7
1

14
.3

61
6.
05

1
.′′
4
9
×

1
.′′
0
7

11
.9

40
.4
0

N
G
C
57
13

1
4

4
0

1
1
.3

−
0
0

1
7

2
7

2
.′′
5
5
×

1
.′′
7
7

17
.6

52
6.
76

2
.′′
3
5
×

1
.′′
8
0

15
.4

19
.6
7

N
G
C
58
66

1
5

0
6

2
9
.5

+
5
5

4
5

4
8

1
.′′
9
2
×

1
.′′
6
3

13
.8

59
5.
03

1
.′′
6
2
×

1
.′′
2
0

15
.4

42
.9
2

N
G
C
69
46

2
0

3
4

5
2
.3

+
6
0

0
9

1
4

2
.′′
0
3
×

1
.′′
6
4

16
.1

65
5.
75

2
.′′
1
5
×

1
.′′
1
2

9.
5

21
.4
4

N
G
C
73
31

2
2

3
7

0
4
.1

+
3
4

2
4

5
6

1
.′′
8
2
×

1
.′′
6
7

15
.1

67
2.
97

1
.′′
5
1
×

1
.′′
2
1

10
.0

29
.8
0

N
G
C
77
93

2
3

5
7

4
9
.2

−
3
2

3
5

2
4

4
.′′
7
7
×

1
.′′
6
2

14
.0

24
5.
06

4
.′′
4
7
×

1
.′′
0
8

9.
4

10
.5
0

N
o
te

—
Se
e
M
ur
ph

y
et

al
.(

20
18
a)

fo
r
th
e
33

G
H
z
im

ag
in
g
ch
ar
ac
te
ri
st
ic
s.



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions269



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions270

Ta
bl
e
4.
3:

E
xt
ra
nu

cl
ea
r
So

ur
ce

P
os
it
io
ns

an
d
Im

ag
in
g
C
ha

ra
ct
er
is
ti
cs

3
G
H
z

15
G
H
z

E
nu

c.
ID

R
.A

.
D
ec
l.

Sy
nt
he
si
ze
d

σ
σ
T
b

Sy
nt
he
si
ze
d

σ
σ
T
b

(J
20
00
)

(J
20
00
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

N
G
C
06
28

E
nu

c.
1

0
1

3
6

4
5
.1

+
1
5

4
7

5
1

1
.′′
9
6
×

1
.′′
7
8

14
.0

54
2.
77

1
.′′
5
6
×

1
.′′
2
1

9.
8

28
.1
6

N
G
C
06
28

E
nu

c.
2

0
1

3
6

3
7
.5

+
1
5

4
5

1
2

1
.′′
9
6
×

1
.′′
7
8

14
.0

54
4.
62

1
.′′
5
7
×

1
.′′
2
2

9.
6

27
.2
7

N
G
C
06
28

E
nu

c.
3

0
1

3
6

3
8
.8

+
1
5

4
4

2
5

1
.′′
9
6
×

1
.′′
7
8

14
.0

54
2.
12

1
.′′
5
7
×

1
.′′
2
3

9.
6

26
.8
2

N
G
C
06
28

E
nu

c.
4

0
1

3
6

3
5
.5

+
1
5

5
0

1
1

1
.′′
9
6
×

1
.′′
7
8

13
.8

53
7.
98

1
.′′
5
6
×

1
.′′
2
0

8.
0

23
.0
7

N
G
C
10
97

E
nu

c.
1

0
2

4
6

2
3
.9

−
3
0

1
7

5
1

5
.′′
7
6
×

1
.′′
8
0

41
.2

53
7.
94

3
.′′
7
6
×

0
.′′
9
5

11
.8

17
.8
4

N
G
C
10
97

E
nu

c.
2

0
2

4
6

1
4
.4

−
3
0

1
5

0
5

5
.′′
7
6
×

1
.′′
8
0

38
.3

50
0.
07

3
.′′
8
0
×

0
.′′
9
8

11
.4

16
.4
2

N
G
C
24
03

E
nu

c.
1

0
7

3
6

4
5
.5

+
6
5

3
7

0
0

2
.′′
2
1
×

1
.′′
5
3

13
.7

54
8.
00

1
.′′
8
6
×

1
.′′
1
6

9.
4

23
.6
1

N
G
C
24
03

E
nu

c.
2

0
7

3
6

5
2
.7

+
6
5

3
6

4
6

2
.′′
2
1
×

1
.′′
5
3

13
.7

54
7.
71

1
.′′
8
5
×

1
.′′
1
5

9.
5

23
.9
6

N
G
C
24
03

E
nu

c.
3

0
7

3
7

0
6
.9

+
6
5

3
6

3
9

2
.′′
2
1
×

1
.′′
5
3

13
.7

54
8.
41

1
.′′
8
4
×

1
.′′
1
6

9.
7

24
.5
1

N
G
C
24
03

E
nu

c.
4

0
7

3
7

1
7
.9

+
6
5

3
3

4
6

2
.′′
2
1
×

1
.′′
5
3

13
.7

54
6.
14

1
.′′
8
0
×

1
.′′
1
5

9.
5

24
.8
6

N
G
C
24
03

E
nu

c.
5

0
7

3
6

1
9
.5

+
6
5

3
7

0
4

2
.′′
2
1
×

1
.′′
5
3

13
.5

54
1.
72

1
.′′
7
9
×

1
.′′
1
5

9.
5

24
.8
4

N
G
C
24
03

E
nu

c.
6

0
7

3
6

2
8
.5

+
6
5

3
3

5
0

2
.′′
2
1
×

1
.′′
5
3

13
.5

54
1.
23

1
.′′
7
7
×

1
.′′
1
3

9.
7

26
.1
5

N
G
C
29
76

E
nu

c.
1

0
9

4
7

0
7
.8

+
6
7

5
5

5
2

2
.′′
8
3
×

1
.′′
6
6

14
.5

41
5.
03

1
.′′
9
9
×

1
.′′
1
3

9.
8

23
.6
2

N
G
C
29
76

E
nu

c.
2

0
9

4
7

2
4
.1

+
6
7

5
3

5
7

2
.′′
8
3
×

1
.′′
6
6

14
.4

41
2.
17

1
.′′
9
7
×

1
.′′
1
3

10
.0

24
.1
9

N
G
C
35
21

E
nu

c.
1

1
1

0
5

4
6
.3

−
0
0

0
4

1
0

3
.′′
0
7
×

1
.′′
9
5

19
.4

43
6.
89

1
.′′
9
2
×

1
.′′
2
2

14
.0

32
.4
1

N
G
C
35
21

E
nu

c.
2

1
1

0
5

4
9
.9

−
0
0

0
3

4
0

3
.′′
0
7
×

1
.′′
9
5

19
.8

44
5.
88

2
.′′
0
5
×

1
.′′
1
1

11
.7

27
.6
6

N
G
C
35
21

E
nu

c.
3

1
1

0
5

4
7
.6

+
0
0

0
0

3
3

3
.′′
0
7
×

1
.′′
9
5

18
.9

42
5.
62

2
.′′
2
1
×

1
.′′
1
3

11
.6

25
.0
2

N
G
C
36
27

E
nu

c.
1

1
1

2
0

1
6
.2

+
1
2

5
7

5
0

1
.′′
9
5
×

1
.′′
7
7

15
.4

60
4.
26

1
.′′
5
0
×

1
.′′
2
2

9.
0

26
.7
0

N
G
C
36
27

E
nu

c.
2

1
1

2
0

1
6
.3

+
1
2

5
8

4
4

1
.′′
9
5
×

1
.′′
7
7

15
.7

61
4.
25

1
.′′
9
2
×

1
.′′
4
1

15
.7

31
.4
8

N
G
C
36
27

E
nu

c.
3

1
1

2
0

1
6
.0

+
1
2

5
9

5
2

1
.′′
9
5
×

1
.′′
7
7

15
.7

61
6.
15

1
.′′
5
1
×

1
.′′
1
7

13
.4

40
.9
2

N
G
C
39
38

E
nu

c.
1

1
1

5
2

4
6
.4

+
4
4

0
7

0
1

3
.′′
1
3
×

1
.′′
7
3

15
.0

37
4.
91

1
.′′
2
7
×

1
.′′
1
2

8.
3

31
.3
8

N
G
C
39
38

E
nu

c.
2

1
1

5
3

0
0
.0

+
4
4

0
7

5
5

3
.′′
1
3
×

1
.′′
7
3

14
.8

36
8.
03

1
.′′
2
7
×

1
.′′
1
2

8.
3

31
.4
0

N
G
C
42
54

E
nu

c.
1

1
2

1
8

4
9
.1

+
1
4

2
3

5
9

1
.′′
9
9
×

1
.′′
8
1

15
.1

56
7.
30

1
.′′
5
5
×

1
.′′
1
4

8.
5

26
.0
5

N
G
C
42
54

E
nu

c.
2

1
2

1
8

4
4
.6

+
1
4

2
4

2
5

1
.′′
9
9
×

1
.′′
8
1

15
.3

57
5.
22

1
.′′
5
1
×

1
.′′
1
6

9.
6

29
.5
5

N
G
C
43
21

E
nu

c.
1

1
2

2
2

5
8
.9

+
1
5

4
9

3
5

1
.′′
8
9
×

1
.′′
7
2

14
.9

62
0.
02

1
.′′
5
3
×

1
.′′
1
8

9.
8

29
.3
0

N
G
C
43
21

E
nu

c.
2

1
2

2
2

4
9
.8

+
1
5

5
0

2
9

1
.′′
8
9
×

1
.′′
7
2

14
.9

61
8.
78

1
.′′
5
2
×

1
.′′
1
8

9.
9

29
.9
8

N
G
C
46
31

E
nu

c.
1

1
2

4
1

4
0
.8

+
3
2

3
1

5
1

1
.′′
8
7
×

1
.′′
7
5

14
.0

57
7.
02

1
.′′
6
6
×

1
.′′
2
7

9.
1

23
.4
4

N
G
C
46
31

E
nu

c.
2

1
2

4
2

2
1
.3

+
3
2

3
3

0
7

1
.′′
8
5
×

1
.′′
7
6

13
.9

57
8.
32

1
.′′
6
1
×

1
.′′
2
8

9.
0

23
.4
8

N
G
C
47
36

E
nu

c.
1

1
2

5
0

5
6
.2

+
4
1

0
7

2
0

1
.′′
7
2
×

1
.′′
5
5

13
.9

70
5.
86

1
.′′
5
4
×

1
.′′
1
7

12
.9

38
.8
9

N
G
C
50
55

E
nu

c.
1

1
3

1
5

5
8
.0

+
4
2

0
0

2
6

1
.′′
7
6
×

1
.′′
6
0

13
.1

63
0.
58

1
.′′
5
0
×

1
.′′
1
7

9.
9

30
.5
0

N
G
C
51
94

E
nu

c.
1

1
3

2
9

5
3
.1

+
4
7

1
2

4
0

1
.′′
7
9
×

1
.′′
5
7

16
.8

81
0.
49

1
.′′
5
3
×

1
.′′
1
4

9.
1

28
.2
0

N
G
C
51
94

E
nu

c.
2

1
3

2
9

4
4
.1

+
4
7

1
0

2
1

1
.′′
7
4
×

1
.′′
5
2

17
.0

86
3.
15

1
.′′
5
2
×

1
.′′
1
4

8.
9

27
.6
2

N
G
C
51
94

E
nu

c.
3

1
3

2
9

4
4
.6

+
4
7

0
9

5
5

1
.′′
7
4
×

1
.′′
5
2

16
.9

85
8.
25

1
.′′
5
2
×

1
.′′
1
4

9.
1

28
.3
7

N
G
C
51
94

E
nu

c.
4

1
3

2
9

5
6
.2

+
4
7

1
4

0
7

1
.′′
7
9
×

1
.′′
5
7

16
.0

76
8.
85

1
.′′
5
2
×

1
.′′
1
4

9.
5

29
.6
1

N
G
C
51
94

E
nu

c.
5

1
3

2
9

5
9
.6

+
4
7

1
4

0
1

1
.′′
7
9
×

1
.′′
5
7

16
.1

77
3.
77

1
.′′
5
2
×

1
.′′
1
4

9.
7

30
.2
1

N
G
C
51
94

E
nu

c.
6

1
3

2
9

3
9
.5

+
4
7

0
8

3
5

1
.′′
7
4
×

1
.′′
5
2

15
.8

80
5.
61

1
.′′
5
1
×

1
.′′
1
2

8.
7

27
.8
1

N
G
C
51
94

E
nu

c.
7

1
3

3
0

0
2
.5

+
4
7

0
9

5
2

1
.′′
7
4
×

1
.′′
5
2

17
.8

90
4.
22

1
.′′
5
2
×

1
.′′
1
1

9.
3

29
.8
0

T
ab

le
4.
3
co
nt
in
ue
d



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions271

Ta
bl
e
4.
3:

E
xt
ra
nu

cl
ea
r
So

ur
ce

P
os
it
io
ns

an
d
Im

ag
in
g
C
ha

ra
ct
er
is
ti
cs

(c
on

ti
nu

ed
)

3
G
H
z

15
G
H
z

E
nu

c.
ID

R
.A

.
D
ec
l.

Sy
nt
he
si
ze
d

σ
σ
T
b

Sy
nt
he
si
ze
d

σ
σ
T
b

(J
20
00
)

(J
20
00
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

B
ea
m

(µ
Jy

bm
−
1
)

(m
K
)

N
G
C
51
94

E
nu

c.
8

1
3

3
0

0
1
.6

+
4
7

1
2

5
2

1
.′′
7
9
×

1
.′′
5
7

16
.7

80
3.
48

1
.′′
5
8
×

1
.′′
1
8

9.
7

28
.0
4

N
G
C
51
94

E
nu

c.
9

1
3

2
9

5
9
.9

+
4
7

1
1

1
2

1
.′′
7
9
×

1
.′′
5
7

17
.0

81
9.
52

1
.′′
5
9
×

1
.′′
1
6

10
.7

31
.2
0

N
G
C
51
94

E
nu

c.
10

1
3

2
9

5
6
.7

+
4
7

1
0

4
6

1
.′′
7
4
×

1
.′′
5
2

18
.1

92
1.
23

1
.′′
5
9
×

1
.′′
1
6

10
.8

31
.5
5

N
G
C
51
94

E
nu

c.
11

1
3

2
9

4
9
.7

+
4
7

1
3

2
9

1
.′′
7
9
×

1
.′′
5
7

16
.3

78
3.
23

1
.′′
5
7
×

1
.′′
2
1

12
.8

36
.2
7

N
G
C
54
57

E
nu

c.
1

1
4

0
3

1
0
.2

+
5
4

2
0

5
8

1
.′′
8
2
×

1
.′′
6
7

13
.8

61
5.
51

1
.′′
5
5
×

1
.′′
1
0

8.
4

26
.6
5

N
G
C
54
57

E
nu

c.
2

1
4

0
2

5
5
.0

+
5
4

2
2

2
7

1
.′′
8
1
×

1
.′′
6
3

14
.1

64
3.
39

1
.′′
5
4
×

1
.′′
0
9

8.
5

27
.1
4

N
G
C
54
57

E
nu

c.
3

1
4

0
3

4
1
.3

+
5
4

1
9

0
5

1
.′′
8
2
×

1
.′′
6
7

14
.1

62
7.
94

4
.′′
6
8
×

2
.′′
2
0

25
.0

13
.1
3

N
G
C
54
57

E
nu

c.
4

1
4

0
3

5
3
.1

+
5
4

2
2

0
6

1
.′′
8
2
×

1
.′′
7
3

13
.8

59
0.
56

1
.′′
5
4
×

1
.′′
0
8

9.
5

30
.7
1

N
G
C
54
57

E
nu

c.
5

1
4

0
3

0
1
.1

+
5
4

1
4

2
9

1
.′′
8
1
×

1
.′′
6
3

13
.8

62
9.
72

1
.′′
4
9
×

1
.′′
0
7

10
.8

36
.4
8

N
G
C
54
57

E
nu

c.
6

1
4

0
2

2
8
.1

+
5
4

1
6

2
6

1
.′′
8
6
×

1
.′′
6
7

13
.7

59
6.
38

1
.′′
5
3
×

1
.′′
0
6

11
.9

39
.6
8

N
G
C
54
57

E
nu

c.
7

1
4

0
4

2
9
.3

+
5
4

2
3

4
6

1
.′′
8
2
×

1
.′′
7
3

13
.7

58
9.
02

1
.′′
5
0
×

1
.′′
0
4

13
.0

44
.8
2

N
G
C
57
13

E
nu

c.
1

1
4

4
0

1
2
.1

−
0
0

1
7

4
7

2
.′′
5
5
×

1
.′′
7
7

17
.6

52
5.
60

2
.′′
3
5
×

1
.′′
8
0

15
.9

20
.3
6

N
G
C
57
13

E
nu

c.
2

1
4

4
0

1
0
.5

−
0
0

1
7

4
7

2
.′′
5
5
×

1
.′′
7
7

17
.6

52
7.
29

2
.′′
3
5
×

1
.′′
8
0

15
.9

20
.3
6

N
G
C
69
46

E
nu

c.
1

2
0

3
5

1
6
.6

+
6
0

1
0

5
7

2
.′′
0
3
×

1
.′′
6
4

15
.2

61
6.
55

2
.′′
0
7
×

1
.′′
1
0

8.
3

19
.7
5

N
G
C
69
46

E
nu

c.
2

2
0

3
5

2
5
.1

+
6
0

1
0

0
3

2
.′′
0
3
×

1
.′′
6
4

15
.0

60
9.
01

2
.′′
0
0
×

1
.′′
0
9

9.
8

24
.3
2

N
G
C
69
46

E
nu

c.
3

2
0

3
4

5
2
.2

+
6
0

1
2

4
1

2
.′′
0
3
×

1
.′′
6
4

15
.0

60
8.
66

2
.′′
0
9
×

1
.′′
0
9

8.
7

20
.6
5

N
G
C
69
46

E
nu

c.
4

2
0

3
4

1
9
.4

+
6
0

1
0

0
9

2
.′′
0
3
×

1
.′′
6
4

14
.8

60
3.
01

2
.′′
4
5
×

1
.′′
9
0

10
.1

11
.7
8

N
G
C
69
46

E
nu

c.
5

2
0

3
4

3
9
.0

+
6
0

0
4

5
3

2
.′′
0
6
×

1
.′′
6
3

15
.1

60
4.
38

1
.′′
9
1
×

1
.′′
1
1

8.
8

22
.3
4

N
G
C
69
46

E
nu

c.
6

2
0

3
5

0
6
.0

+
6
0

1
1

0
1

2
.′′
0
3
×

1
.′′
6
4

15
.7

63
6.
59

1
.′′
9
5
×

1
.′′
1
1

8.
6

21
.2
8

N
G
C
69
46

E
nu

c.
7

2
0

3
5

1
1
.2

+
6
0

0
8

6
0

2
.′′
0
3
×

1
.′′
6
4

15
.7

63
6.
59

2
.′′
1
4
×

1
.′′
1
3

8.
8

19
.6
4

N
G
C
69
46

E
nu

c.
8

2
0

3
4

3
2
.2

+
6
0

1
0

2
0

2
.′′
0
5
×

1
.′′
6
3

15
.8

63
9.
98

1
.′′
9
9
×

1
.′′
1
1

8.
7

21
.2
0

N
G
C
69
46

E
nu

c.
9

2
0

3
5

1
2
.7

+
6
0

0
8

5
3

2
.′′
0
3
×

1
.′′
6
4

15
.7

63
6.
59

2
.′′
1
4
×

1
.′′
1
3

8.
8

19
.6
4

N
G
C
77
93

E
nu

c.
1

2
3

5
7

4
8
.8

−
3
2

3
6

5
9

4
.′′
7
7
×

1
.′′
6
2

13
.9

24
3.
82

4
.′′
6
2
×

1
.′′
0
9

9.
6

10
.2
6

N
G
C
77
93

E
nu

c.
2

2
3

5
7

5
6
.1

−
3
2

3
5

4
0

4
.′′
7
7
×

1
.′′
6
2

14
.0

24
4.
33

4
.′′
7
1
×

1
.′′
1
1

9.
8

10
.0
9

N
G
C
77
93

E
nu

c.
3

2
3

5
7

4
8
.8

−
3
2

3
4

5
3

4
.′′
7
7
×

1
.′′
6
2

14
.0

24
5.
29

4
.′′
4
7
×

1
.′′
0
8

8.
8

9.
84

N
o
te

—
Se
e
M
ur
ph

y
et

al
.(

20
18
a)

fo
r
th
e
33

G
H
z
im

ag
in
g
ch
ar
ac
te
ri
st
ic
s.



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions272

4.2.3 Interferometric Imaging

Calibrated VLA measurement sets for each source were imaged using the task

tclean in CASA version 4.6.0. For some cases, the Ka-band images contain data

from observations taken during both the 11B and 13A semesters, but are heavily

weighted by the 13A semester observations, as those include significantly more data.

The mode of tclean was set to multi-frequency synthesis (mfs; Conway et al., 1990;

Sault & Wieringa, 1994). We chose a pixel scale of 0.′′2 for all three bands, and

adopted Briggs weighting with robust = 0.5 and nterms = 2. This allows the

cleaning procedure to also model the spectral index variations on the sky. Although

this procedure utilizes the large fractional bandwidths of each observation to generate

in-band spectral index maps, we do not use them in our analysis given that the signal-

to-noise ratio (S/N) of our sources is typically too low for them to be reliable. To

help deconvolve extended low-intensity emission, we took advantage of the multiscale

clean option (Cornwell, 2008; Rau & Cornwell, 2011) in CASA, searching for struc-

tures with scales ∼1 and 3 times the FWHM of the synthesized beam. The choice of

our final imaging parameters was the result of extensive experimentation to identify

values that yielded the best combination of brightness-temperature sensitivity and

reduction of artifacts resulting from strong sidelobes in the naturally weighted beam

for these snapshot-like observations.

A primary beam correction was applied using the CASA task impbcor before

analyzing the images. The primary-beam-corrected continuum images at 3− 33GHz

are shown in Figure 4.1. The FWHM of the synthesized beam along with the cor-

responding point-source and brightness temperature sensitivities for each image are

given in Tables 4.2 and 4.3. Finally, in order to accurately compare the flux density

measured for each star-forming region across the full 3 − 33GHz frequency range,
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we use the CASA task imsmooth to match all VLA images for each pointing to a

common circularized, Gaussian, beam corresponding to the lowest angular resolution

among all three frequency bands scaled by a factor of
√

2x0.′′2 (i.e., the pixel scale).

This scaling factor eliminates cases for the convolution kernels used by imsmooth

to have length zero in any axis in units of pixels. We additionally crop all images to

a common field-of-view (FOV) equal to the FOV of our 33GHz observations (i.e., a

primary beam FWHM of 44").

4.3 Ancillary Data and Photometry

In this section we provide a description of ancillary data used, as well as our

procedure for extracting consistent aperture photometry across the full suite of multi-

wavelength data available for galaxies in the SFRS.

4.3.1 Ancillary Data

GALEX far-UV (FUV; 1528Å) and near-UV (NUV; 2271Å) data were taken from

the GALEX Large Galaxy Atlas (Seibert, 2007). The calibration uncertainty for these

data is ∼ 15% in both bands. One galaxy, NGC1377, does not have existing near- or

far-UV imaging.

The Hα data used in this analysis is taken from the compilation presented in Leroy

et al. (2012), where details about the data quality and preparation (e.g., correction for

[NII] emission) can be found, as well as the SINGS archive. All Hα images were then

further corrected for foreground stars. The typical resolution of the seeing-limited Hα

images is ∼ 1− 2”, and the calibration uncertainty among these maps is taken to be

∼ 20%. Two galaxies, IC 342 and NGC2146 do not have Hα imaging from SINGS.

Archival Spitzer 8µm and 24µm data were largely taken from the SINGS and

Local Volume Legacy (LVL) legacy programs, and have a calibration uncertainty of
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Figure 4.1: 3-panel images for all 56 galaxies in the SFRS showing the combination of
our 3 GHz (left), 15 GHz (middle) and 33 GHz (right) observations. The color scale
(Green, 2011) is set to one of 4 power-law stretches: [a(p-pmin)/(pmax-pmin)], where
p is the pixel value and a = 1/3, 0.5, 1.0, and 2.0. A cube-root stretch of a = 1/3 was
used when the brightest pixel in the image had a S/N > 500. A square-root stretch
of a = 0.5 was used when the brightest pixel in the image had an 50 < S/N < 500. A
linear stretch was used when the brightest pixel was between 10 < S/N < 50, and a
square stretch was used when the brightest pixel had a S/N < 10. A scalebar of 10” is
also given in the bottom right corner of each panel. To distinguish between individual
sources identified in the full-resolution and 7" smoothed maps, we use uppercase and
lowercase letters as part of their names for reporting photometry in Tables 4.4 and
4.5, respectfully. An extended version of this Figure is available in §7.
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∼ 5%. Details on the associated observation strategies and data reduction steps can

be found in Dale et al. (2007, 2009). Two galaxies, IC 342 and NGC2146, were not a

part of SINGS or LVL; their 24 µm imaging comes from Engelbracht et al. (2008).

Finally, in order to account for the significant differences between the point-spread

functions (PSF) of the various telescopes used in this analysis, we implement the

convolution kernels presented in Aniano et al. (2011) to convolve the instrumental

PSF for each image, and produce a corrected Gaussian beam of 7" at each wavelength.

4.3.2 Region Identification and Aperture Photometry

To identify and characterize potential star-forming regions in the SFRS, we start

by searching within an area that is equal to twice the FWHM of the VLA primary

beam at 33GHz (∼ 160"). Any region visually identified in least one radio band is

retained for further investigation. The location of all radio-identified sources were

compared with the 8µm maps of each galaxy to determine if the source has a corre-

sponding detection in the mid-IR, and is thus likely associated with a star-forming

region. Sources characterized as potential background galaxies have no obvious 8µm

counterpart, and very rarely a 33GHz counterpart. In total, we visually identified

389 regions for which we perform aperture photometry to determine those that are

statistically significant detections. Of the 389 sources visually identified, 377 had a

statistically significant detection (i.e., S/N > 3) in at least one band, which is given

in Table 4.4. For completeness, the remaining 12 sources are still labeled in the panels

of Figure 4.1 to demonstrate the full identification process we utilized.

Using the CASA task imstat, we measured and report the 3−33GHz flux densi-

ties for each region. The size of the apertures were hand-selected to fully encompass

the visible extent of the 3 − 33GHz radio flux density of each region, with an ad-

ditional constraint of having a diameter equal to or larger than the FWHM of the
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synthesized beam for that pointing. We do not apply aperture corrections to our

photometry given that we both convolve all images for a given pointing to common

beam and use the same sized aperture at all wavelengths. Photometric uncertainties

were conservatively estimated by taking the empirically measured noise from empty

regions in each non primary beam corrected image, applying the empirical primary

beam correction based on Equation 4 in EVLA Memo 195, and scaling by the ratio

of the synthesized beam area to the adopted aperture area. This noise is then added

in quadrature with the VLA calibration uncertainty (∼3%; Perley & Butler, 2013).

The median size of the apertures used for all 377 sources is 164±6.3pc with a median

absolute deviation of 97 pc. The aperture sizes used for each identified region is given

in Table 4.4.

We additionally carried out photometry on the full VLA, GALEX, Hα, and

Spitzer/MIPS 24µm datasets after matching their resolution (7" FWHM), cropping

each image to a common field of view, and re-gridding to a common pixel scale

(0.′′2). In total, we identify 180 discrete sources, and critical apertures of 7" were used

in all cases. Unlike our native-resolution photometry, we report sources with upper-

limits in all radio bands if a statistically significant detection exists in our ancillary

GALEX and Spitzer imaging. The median size of the apertures used at 7" resolution

is 259± 7.2 pc with a median absolute deviation of 73 pc. The UV and Hα photome-

try of each region was corrected for Milky Way extinction using Schlegel et al. (1998)

assuming AV /E(B − V ) = 3.1 and the modeled extinction curves of Weingartner &

Draine (2001) and Draine (2003). The results from our radio photometry are given

in Table 4.5. The GALEX, Hα, and Spitzer/MIPS 24µm photometry results, which

are presented in Table 4.6, are not used directly in the present analysis, but will be

utilized for further studies.

Finally, in order to account for and remove any diffuse emission component that is



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions277

most likely unassociated with the most recent star formation activity in the disks of

these galaxies, we measure a local background value within the vicinity of each star-

forming region. The local background was measured by placing an annulus a distance

of 1.5 times the synthesized beam FWHM away from the center of the source position

in both the full-resolution and smoothed maps. The median surface brightness within

this annulus was then multiplied by the effective area of the beam to get an estimate

of the local diffuse background emission. These values are given in Table 4.7. Further,

we measure the fractional contribution of the background emission for each region, and

find that the median value is 4.7± 0.43%, 6.6± 0.79%, and 3.9± 0.71%, with median

absolute deviations of 5.3%, 5.4%, and 4.5% for our 3, 15, and 33GHz observations

respectively. Importantly, these values are smaller than the 15 − 40% found for the

regions studied at 25” (∼ 1kpc) scales with the GBT (Murphy et al., 2011b).

The regions, listed in Tables 4.4 and 4.5, are named according to the nearest

33GHz image, with an alphabetical suffix if there are multiple regions corresponding

to one image. For example, “NGC2403Enuc. 2B" is the second of three regions within

the VLA pointing of extranuclear region 2 in NGC2403. We distinguish individual

sources identified in the 7" smoothed maps by instead using a lowercase letter. For ex-

ample, “NGC2403 Enuc. 2 b" is one of two regions in the image of extranuclear region

2 in NGC2403, and is composed of the sum contribution of “NGC2403Enuc. 2B"

and “NGC2403Enuc. 2C" in the full-resolution maps.
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4.4 Results

Using the 3, 15, and 33GHz photometry, along with the 8µm imaging from

Spitzer, we classify each region as either a star-forming region (SF), a background

galaxy candidate (BG), a likely supernova remnant (SNe/R: see Section 5.4), or an

anomalous microwave emission candidate (AME: see Section 5.5). In total we have

identified 320 star-forming regions, 14 likely background galaxies, 10 likely super-

novae/supernova remnants, and 33 AME candidates. Given that we are primarily

interested in emission arising from our sample galaxies, the potential background

galaxies have been removed from all plots, and are discussed as a separate popula-

tion of sources in Section 5.3. Regions identified at 7" which include emission from

potential AME and SNe/R candidates are correspondingly classified in Table 4.5.

We present results for the spectral index and thermal fraction distributions only

including regions identified in the SFRS that have a S/N ≥ 3 measured in at least two

radio bands. This ensures that our fit results are not biased by single detections at

one frequency, and allows us to make accurate comparisons with the regions identified

in M18a, for which a detection at 33GHz was required. This requirement removes

4 likely background galaxies, 4 likely supernova remnants, and 34 star-forming re-

gions. These single-band detections are distributed almost uniformly across all three

frequency bands: 19, 11, and 12 at 3, 15, and 33GHz, respectively. Accordingly, in

the sample used to study the radio spectral indices and thermal fractions, we have

retained 335 (286 SF, 10 BG, 6 SNe/R, and 33 AME) of the 377 sources with a

statistically significant detection in at least one band. The median S/N of these 335

sources is 18, 15, and 9 for detections at 3, 15, and 33GHz, respectively.

We apply the same criteria for sources included in the spectral index and thermal

fraction analysis using the 7" smoothed images. This removes 17 star-forming regions.
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These single-band detections are also distributed uniformly across all three bands: 7,

4, and 6 at 3, 15, and 33GHz, respectively. Accordingly, we have retained 163 (142

SF, 0 BG, 1 SNe/R, and 20 AME) of the 180 sources with a statistically significant

detection in at least one band. The median S/N of these 163 sources is 24, 23, and

19 for detections at 3, 15, and 33GHz, respectively.

4.4.1 Spectral Indices

The simplest approach to modeling the radio spectra of galaxies is by adopting

a two-component power-law, with the thermal/nonthermal ratio as well as the non-

thermal spectral index allowed to vary as free parameters. For many star-forming

galaxies in the local Universe, this model adequately describes the dominant physical

processes occurring at radio frequencies (Condon, 1992). However, a robust interpre-

tation of the radio spectrum can be complex. For example: the thermal and nonther-

mal fractions may vary with galaxy mass (e.g. Hughes et al., 2007; Bell, 2003), the

nonthermal index can vary within galaxies (Tabatabaei et al., 2017), and AME may

add an additional component to the radio spectra at high frequencies in some regions

(e.g. Murphy et al., 2010, 2018b).

To measure the 3 − 33GHz spectral indices, we performed a linear least-squares

fit to the data with a single power-law representing the combination of thermal and

nonthermal emission. The distributions of the measured spectral slopes with the 10

likely background galaxies removed are given in the top panel of Figure 4.2 (325 total

regions). The median spectral indices we measure from 3−15, 15−33, and 3−33GHz

are −0.25±0.024, −0.20±0.043, and −0.23±0.018, respectively. The median absolute

deviation of these distributions is 0.34, 0.61, and 0.27 respectively. Interestingly, we

do not see particularly steep spectral indices from 3 − 15GHz, indicating that the

contribution of non-thermal emission to the radio flux density of individual star-
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Figure 4.2: Top: The 3−15GHz (black), 15−33GHz (green), and 3−33GHz (purple)
radio spectral index distributions for 325 regions identified in the SFRS. The median
size of the apertures used is 162 ± 6.5pc. Bottom: The spectral index distributions
for 163 7" regions identified in M18a. The median size of the apertures used at 7" res-
olution is 259 ± 7.2pc Overall, we find that the 3 − 33GHz distributions measured
at ∼ 2” and 7" are consistent with one another, implying that free-free emission
dominates the radio spectra of star-forming regions on scales up to ∼ 500pc. Not
included in any of these plots are the likely background galaxy candidates identified.
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forming regions is marginal on ∼ 100 pc scales in these galaxies. This is consistent

with the results presented in Murphy et al. (2012b), where they show that the thermal

fraction at 33GHz increased as function of decreasing linear resolution. Despite the

relatively flat spectral slopes from 3− 15GHz, we do see evidence that the spectrum

continues to flatten from 15−33GHz, on average. This is consistent with expectations

for star-forming regions, where the radio spectrum is synchrotron-dominated at low

frequencies, and flattens at higher frequencies as the contribution of thermal emission

increases (Condon et al., 2012; Clemens et al., 2010; Murphy et al., 2013). Finally,

we do not see any significant evidence for free-free absorption, which is known to

affect the compact central regions of local star-forming and starburst galaxies, and

would result in steep spectral indices even at high frequencies (Condon & Yin, 1990;

Clemens et al., 2008; Murphy et al., 2013).

In the nearby Universe, the typical radio spectrum of normal star-forming galaxies

is well-described by a power-law spectrum with a spectral index of−0.7, and a thermal

fraction of ∼ 10% at ∼ 1GHz (Klein et al., 1988; Condon & Yin, 1990), whereas

studies of local luminous infrared galaxies (LIRGs) find a flat spectrum around 1GHz

and a steepening spectrum above 10GHz (Clemens et al., 2008; Leroy et al., 2011;

Murphy et al., 2013). New high-resolution observations of a large sample of LIRGs in

the Great Observatories All-Sky LIRG Survey (GOALS) have revealed that the steep

spectrum seen in highly star-forming galaxies are attributed solely to the nucleus, and

that in extranuclear regions the spectral shape is typical of the star-forming regions

identified in this study (Linden et al., 2019).

4.4.2 Thermal Fractions

Given the results above, we now calculate the thermal fraction of each region by

using the spectral index, measured in Section 4.1, from 3 − 15GHz (α3−15 GHz) to
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set the lower-limit on the nonthermal spectral index (αNT) such that αNT = −0.83 if

α3−15 GHz ≥ −0.83, and αNT = α3−15 GHz if α3−15GHz < −0.83. A constant nonthermal

radio spectral index of −0.83 is assumed based on the average non-thermal spectral

index found among the 10 star-forming regions studied in NGC6946 by Murphy et al.

(2011b). Furthermore, this value is consistent with the results of Niklas & Beck (1997,

i.e., αNT = −0.83 with a scatter of σαNT = 0.13) for a sample of 74 nearby galaxies.

Finally, we adopt a single power-law exponent for the free-free emission (∼ −0.1), and

use the fit from 3 to 33GHz to set the overall radio spectral index. Then, using the

prescription in Klein et al. (1984), we can calculate the thermal fraction at 33GHz

such that,

f ν1T =
(ν2
ν1

)−α − (ν2
ν1

)−α
NT

(ν2
ν1

)−0.1 − (ν2
ν1

)−αNT (4.1)

where ν1 is the target frequency (33 GHz), α is the observed slope from 3 to 33

GHz, and αNT is the nonthermal spectral index. In the top Panel of Figure 4.3

we show the resulting thermal fractions of the star-forming regions in our sample

using the empirically measured values from Equation 1. We find that the median

value is 92 ± 0.8% with a median absolute deviation of 11%. This demonstrates

that we can reliably use the 33GHz flux density to infer the total free-free emission,

and thus current star formation activity, on the scales of individual Hii and star-

forming regions. While this result had been suggested by our previous GBT and VLA

campaigns (e.g., Murphy et al., 2011b, 2012b, 2018a), this is the first measurement

of the 33GHz thermal fraction based on the shape of the radio spectrum at these

frequencies and spatial scales in nearby galaxies.

Further, by restricting our analysis such that we remove all non-SF regions, all

apertures containing multiple smaller individual regions, and require rG ≥ 250pc
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(238 regions), we mitigate contamination from any central AGN and can determine

broad population statistics for extragalactic Hii regions using our cleanest sample of

extranuclear star-forming regions. In Figure 4.4 we find that the median thermal

fraction is 93± 0.8% with a median absolute deviation of 10%. This value is consis-

tent with the results presented in Figures 4.2, and 4.3, and confirms that supernova

remnants, ultra-compact Hii regions, and/or AME candidates do not bias our results.

Finally, we measure the thermal fraction at 33GHz for 163 regions identified at

7" resolution in M18a to be 94± 0.8% with a median absolute deviation of 8%. This

result is consistent with the measurements at 2" and confirms that free-free emission

dominates the radio spectra of star-forming regions on scales up to ∼500pc. Further,

when we apply the same radial cut (i.e., rG > 250pc) and remove all non-SF regions,

retaining 111/163 regions, the median thermal fraction at 33GHz is 97± 0.5% with

a median absolute deviation of 4.6%. Thus, it is clear that regardless of the size of

the photometric apertures used, isolating extranuclear SF regions in nearby galaxies

results in a higher thermal fraction at 33GHz and a smaller median absolute deviation

in the overall distribution.

4.4.3 MCMC Parameter Estimation

From Equation 1 it is clear that reliable estimates for the 33GHz thermal fraction

are sensitive to the value adopted for the nonthermal spectral index (αNT). While the

median 3−15GHz spectral index observed for our sample is well below the canonical

value (i.e., −0.83), degeneracies may still exist between αNT and fT. In this case classi-

cal χ2 fitting methods may underestimate the true uncertainties associated with mod-

eling the radio spectrum as a two-component power-law [i.e., S(ν) = Aνα
NT

+Bν−0.1].

Here, we explore whether the marginalized posterior distributions from a Monte-Carlo

Markov Chain (MCMC) analysis better reflect the uncertainties associated with this
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Figure 4.3: Top: The thermal fraction distribution at 33GHz for 325 star-forming
regions in the SFRS (black). In purple we show the distribution for regions with a
S/N ≥ 3 at 33GHz, demonstrating that the lack of a significant 33GHz detection
does not bias our results. The median size of the apertures used is 162 ± 6.5pc.
Bottom: The thermal fraction distribution for 163 7" regions identified in M18a with
a S/N > 3 in two radio bands. The median size of the apertures used at 7" resolution
is 259±7.2 pc. Overall, we find that the median thermal fraction at 33GHz is ∼ 93%,
and that this value does not vary significantly from 100 up to ∼ 500pc scales in our
galaxy sample.
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Figure 4.4: The spectral index and thermal fraction distributions for all 238 SF regions
with the likely supernova remnants and AME candidates removed, and a requirement
of rG ≥ 250pc (The same cut adopted in M18a). This represents the cleanest sample
of extranuclear star-forming regions for which we can determine broad population
statistics for extragalactic Hii regions. Ultimately we find that the median spectral
index and thermal fraction distributions at 33GHz are consistent with the results
presented in Figures 4.2 and 4.3, confirming that supernova remnants, ultra-compact
Hii regions, and AME candidates do not bias our results.

decomposition (Hogg et al., 2010).

For this exercise, we use the Python package emcee (Foreman-Mackey et al., 2013)

to generate posterior probability distributions for each of the fitted parameters (αNT,

fT, and A/B) given the typical S/N ratio of our three-band observations. Following

Westcott et al. (2018), we parameterize our two-component power-law model at a

reference frequency of 1GHz to avoid dependencies in frequency space. Further, we

adopt a gaussian probability distribution function for the nonthermal spectral index

whose mean and standard deviation are consistent with the values obtained in Niklas

& Beck (1997). Finally, we make a slight modification to Equation 9 presented in
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Westcott et al. (2018),

P (θ) ∝ H(A,B)e
−(α−0.83)2

0.132 (4.2)

such that H is equal to 1 when the values of A and B are greater than zero. This is

done in order to constrain the nonthermal spectral index, thermal fraction, and nor-

malization constants of each component simultaneously. We make 1000 realizations

of this model at three different S/N ratios (5, 10, and 50) by randomly selecting a

nonthermal spectral index (−2 < αNT < 0) and vales of A(B) [0 < A(B) < 1], to

represent the typical variance in the values observed for our sample.

In Figure 4.5 we plot the relative difference in the input and output thermal

fraction as a function of the input nonthermal spectral index. For a fixed S/N per

region of 10, and with only three data points, our MCMC modeling can recover the

input nonthermal spectral index to within 1σ for −1.25 < αNT < 0.25. Importantly,

we find that the best-constrained spectra have nonthermal indices very close to the

fixed-value adopted for our χ2-minimization (−0.83). This result demonstrates that

adopting fixed values for the αNT does not introduce systematic biases into the de-

rived 33GHz thermal fractions, over a reasonable set of input conditions for our

two-component power-law model. This is an important result for calibrations of the

total star-formation rate, which rely on using the observed radio continuum (Murphy

et al., 2011b, 2012b).

4.5 Discussion

4.5.1 Trends with Galactocentric Radius

Following the same procedure as M18a, we use the measured position angle (PA)

and inclination of each galaxy to convert the angular separation of each star-forming
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Figure 4.5: The results from our MCMC analysis of 1000 random realizations of 3
- 33GHz spectra using as a model S(ν) = Aνα

NT
+ Bν−0.1. For these realizations

we fix S/N = 10 and vary the thermal fraction at 33GHz by randomly assigning a
non-thermal spectral index from 0 to 2, and an A (B) values between 0 and 1. It is
clear from this exercise that by fitting our data using an MCMC approach, our ability
to recover the true value for the 33 GHz thermal fraction peaks at αNT,in ∼ −0.8,
which closely resembles the canonical value for the nonthermal spectral index.
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region from the nucleus into a de-projected galactocentric radius (rG). In M18a we

found that the median 33GHz continuum-to-Hα line flux ratio was statistically larger

within rG < 250 pc relative to the outer disk regions by a factor of 1.82± 0.39, while

the ratio of 33GHz-to-24µm flux densities is lower by a factor of 0.45± 0.08. Such a

situation may arise if the circumnuclear regions of these galaxies have extended star

formation histories in which star formation that has taken place over a longer period

of time, resulting in an accumulation of young dust-heating stars in addition to much

older bulge stars that boost the 24µm flux density relative to what is seen in the

extranuclear regions. This is largely opposite to what we would expect if there was

an additional nonthermal component powering the 33GHz emission in the central

regions of these galaxies, unless the excess dust-heating at 24µm far exceeds any

additional nonthermal emission contribution at 33GHz.

Therefore, these results suggested that the larger ratio of 33GHz flux density to

Hα line flux found in the central regions of these galaxies may primarily arise from

increased extinction. We can now test this picture for 325 discrete regions (back-

ground galaxies removed) with detailed radio spectral fitting and thermal fraction

estimates, which do not suffer from the effects of variable dust extinction in galaxies.

In Figure 4.6 it is clear that the overall dispersion in the measured spectral index

and thermal fraction at 33GHz increases significantly for regions that lie within the

250 pc galactocentric radius cut used in M18a to distinguish extranuclear from nu-

clear/circumnuclear star-forming regions. In fact, limiting the analysis to sources with

rG < 250pc results in a value for the median 33GHz thermal fraction of ∼ 71± 3.5%

with a median absolute deviation of ∼18% relative to ∼ 95 ± 2.2% with a median

absolute deviation of ∼11% for regions with rG ≥ 250pc. Additionally, the scatter of

the thermal fraction distribution increases by nearly a factor of 2 within rG < 250pc.

This confirms that while extinction may play a role in driving the previously seen cor-
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relations, excess nonthermal emission is indeed present in many of the circumnuclear

star-forming regions observed in the SFRS.

4.5.2 Model Age Fitting

By making use of differences in the timescales associated with thermal (free-free)

and synchrotron emission, we can place estimates on the age of star-forming regions by

examining how these processes affect the radio spectral indicex from 3−33GHz. Since

free-free emission is directly associated with ionizing photons that are only produced

by the shortest-lived (≤ 10 Myr) massive stars, its presence in large quantities relative

to synchrotron emission is indicative of very young star formation.

To better-quantify these different timescales, we use a Starburst 99 (SB99) model

of a single instantaneous burst with default inputs (solar metallicity and 2-component

Kroupa IMF) run for 1 Gyr (Leitherer et al., 1999). However, in order to take

into account the fact that at the median physical scales we are probing, (∼ 100pc),

a single, instantaneous starburst may not be representative, we also include SB99

models with a continuous star formation history of SFR = 1M� yr−1 using the same

metallicity and IMF input as in the instantaneous burst model (Figure 4.7 - Left

Panel). The details of these models, and their application to extranuclear star-forming

regions identified in LIRGs is presented in Linden et al. (2019).

For both models we then perform a χ2 minimization to the observed spectral

indices for each star-forming region in the sample. We stress that without includ-

ing cosmic-ray propagation, which will affect the relative ratio of free-free and non-

thermal emission on these scales, this exercise is simply meant to understand how the

observed distribution of spectral indices can be represented as a distribution of ages.

In the left panel of Figure 4.7 it is clear that our models are insensitive to Hii regions

with ages τHii < 3Myr and τHii > 40Myr. However, in the intermediate age range we
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Figure 4.6: The spectral index and 33GHz thermal fraction distributions plotted
against galactocentric radius for all 325 sources identified in Figure 4.2. While we
identify regions across the full extent of galaxy disks which are heavily dominated
by thermal emission, a clear trend emerges where the scatter in both quantities in-
creases significantly as a function of decreasing galactocentric radius (orange points).
In particular, no region with a measured fT < 80% is found in any SFRS galaxy
beyond a radius of 7 kpc. These trends are reflective of the ongoing star-formation
activity occurring in the centers of nearby normal galaxies, and reinforce our ability
to successfully capture the SFH of individual Hii regions using the 3− 33GHz radio
spectral slopes.
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find that a typical uncertainty of 4− 6% on the observed spectral index corresponds

to a 0.1−0.2 dex uncertainty in age. Therefore while the age of any individual region

may be uncertain, the increase in the number of young (3 < τHii < 10Myr) relative

to old (τHii ∼ 20− 30Myr) star-forming regions is robust.

The right panel of Figure 4.7 shows the distribution of fitted ages for the instan-

taneous burst model in blue and the continuous model in green. Overall, we find

that the majority (∼ 70%) of our regions are best-modeled by a continuous burst,

with a median age of ∼ 10Myr (grey distribution). Further we find that when all

regions are modeled using a continuous SFH, an age-gradient emerges in Figure 4.6.

At small rG, the regions with low thermal fractions, which drive the observed scatter,

are preferentially older (τHii ∼ 20 − 30Myr). This further supports the notion that

the central star-forming regions are, on average, older, and that the associated cosmic

ray population in the inner disk of these galaxies is being continuously replenished

by ongoing star-formation.

4.5.3 Likely Background Galaxies

For the 10 likely background sources (BG) identified (i.e. sources with no obvious

8µm counterpart), which have a S/N ≥ 3 in at least two radio bands, the median

3 − 33GHz spectral index is −0.65 ± 0.04 with a median absolute deviation of 0.3.

This value is significantly steeper than the average value measured for the SF regions,

and indicates that these sources are primarily dominated by synchrotron emission.

This result further suggests that our visual classification scheme involving both radio

and near-IR imaging appears to be an effective discriminator for various types of radio

sources in surveys of nearby galaxies. Finally, a cross-reference with NED suggests

that none of these sources have been previously identified in the literature.
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Figure 4.7: Left panel: The evolution of the 3-33 GHz spectral slope in SB99 models of both
an instantaneous burst and continuous SFH, using standard Kroupa IMF, and solar metallicities.
We perform a χ2-minimization of these models to the observed 3 − 33GHz spectral index of each
region. Right panel: The distribution of model ages for both types of SFH (blue and green) and the
best-fitting model in each case (grey). It is clear that there exists two populations of regions: Those
younger than t ∼ 10 Myr, which are best-modeled by an instantaneous burst, and those older than
t ∼ 10 Myr, which are best-modeled by a continuous SFH.

4.5.4 Supernova and Supernova Remnants

In order to identify possible supernova remnants, we cross-correlated our sample

of 377 regions against the Open Supernova Catalog (OSC: Guillochon et al., 2017).

In total we identify 6 sources as being spatially coincident (within 2”) to an identified

radio source with a S/N ≥ 3 in at least two radio bands. The 3 − 33GHz spectral

slopes measured are uniformly distributed from −1 to 0.5. This scatter is likely

driven by SNe/R at various stages of their evolution, and therefore a large range in

the degree of energy loss of the CRs as they propagate through the ISM. For one

region identified in NGC7331, the measured 15GHz flux density is larger by over an

order of magnitude due to a supernova, SN2014C, which was discovered in January

of 2014, between the time our 3 and 15GHz observations of this source were taken

(Shivvers et al., 2019).
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4.5.5 Anomalous Microwave Emission

Anomalous Microwave Emission (AME) is a known dust-correlated component of

Galactic emission that has been detected by cosmic microwave background (CMB)

experiments and other radio/microwave instruments at frequencies 10−60GHz since

the mid-1990s (see Dickinson et al., 2018, and articles within for recent reviews).

AME is found to be spatially correlated with far-infrared thermal dust emission, but

cannot be explained by synchrotron, or free-free emission mechanisms, and is far

in excess of the emission contributed by thermal dust with the power-law opacity

consistent with observations at sub-mm wavelengths. The most natural explanation

for AME is rotational (electric dipole) emission from ultra-small dust grains (i.e.,

‘spinning dust’: Erickson, 1957; Draine & Lazarian, 1998). The emission forms part

of the diffuse Galactic foregrounds that contaminate CMB data, which operate in

the frequency range 30 − 300GHz, and hence knowledge of the spatial structure

and spectral shape can inform CMB component separation. However, spinning dust

emission depends critically on the dust grain size distribution, the type of dust, and

the environmental conditions (density, temperature, interstellar radiation field, etc.).

Thus, precise measurements of AME can also provide a new window into the ISM,

complementing other multiwavelength tracers.

A number of searches for extragalactic AME have been undertaken with WMAP

and Planck data (e.g., the Magellanic Clouds and NGC4945: Bot et al., 2010; Peel

et al., 2011), all of which were inconclusive. Most recently, we have identified two ad-

ditional detections of AME in the SFRS sample as having anomalously high 33GHz-

to-24µm flux ratios (NGC6946E4 and NGC4725B: Murphy et al., 2010, 2018b).

NGC4725B in particular appears consistent with a highly-embedded (AV > 5 mag)

nascent star-forming region, in which young (∼ 3 Myr) massive stars are still en-
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Figure 4.8: The radio spectra of all 33 AME candidates identified in the SFRS as
having 3 − 33GHz or 15 − 33GHz spectral indices 3σ greater than αT = −0.1. To
demonstrate the diversity of our AME candidate spectra we normalize all flux density
measurements to the brightest region detected at 3 GHz. We expect that, similar to
NGC6946E4 (Red), the regions with decreasing 3− 15GHz spectral slopes contain a
non-negligible amount of synchrotron emission, whereas the regions with very shallow
or even rising spectra over this same frequency range (e.g. similiar to NGC4725B:
Blue) will be dominated by free-free emission.

shrouded by their natal cocoons of gas and dust, lacking enough supernova to produce

synchrotron emission.

While it is possible that NGC4725B and NGC6946E4 represent the most favor-

able conditions for AME detection, there are likely remaining regions in the SFRS that

still harbor AME at a lower level relative to the other emission components (Hensley

et al., 2015). Isolating the factors that govern the level of AME in these regions

will lend insight into the physical mechanisms powering this emission as well as the

nature of its carriers. In particular, we have observed that a common feature among

both detections thus far is a shallow or even rising spectra from 3 - 33GHz, as the
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contribution from AME increases and eventually dominates beyond ∼ 20GHz. These

regions can be identified as having elevated 33GHz emission relative to the expected

extrapolation from lower-frequency radio data using a standard two-component power

law.

By measuring the 3−33 and 15−33GHz spectral indices, we made an initial selec-

tion of 58 extragalactic AME candidates as regions that have an 8µm counterpart, a

S/N ≥ 3 in at least 2 radio bands, a de-projected galactocentric radius of rG > 250pc,

and a measured spectral slope that is ≥ 3σ above the canonical αT = −0.1 value ex-

pected for free-free emission. This represents a conservative upper-limit to identify re-

gions by assuming that the non-thermal synchrotron emission is negligible at 33GHz,

and thus does not contribute to the measured slope from 15 − 33GHz. This as-

sumption is well-supported here for our full spectral analysis of over 300 star-forming

regions identified in the SFRS, which show that the median thermal fraction mea-

sured at 33GHz on a few ∼ 100 pc scales is ∼ 91%. We then visually inspected all 58

AME candidates, only retaining 33 regions where the emission was found to be com-

pact, similar to the previously identified extragalactic AME sources. This is done to

ensure that any differences in surface brightness sensitivity between our observations

would not result in diffuse emission with an artificially flattened spectrum, which

is unassociated with an individual source. Our final requirement removes 4 sources

(NGC4254Enuc. 1B, NGC3521Enuc. 1, NGC4736N, and NGC7331D), which have

very steeply rising 3-15 GHz spectral slopes, but are undetected at 33 GHz, and

therefore are not confidently identified as AME candidates.

In Figure 4.8 we plot the 3− 33GHz spectrum of the 33 AME candidate regions

normalized to the highest measured 3GHz flux density. Viewed in this way we see that

many of our AME candidates, similar to NGC4725 B, have shallow or slightly negative

slopes from 3−15GHz, and a much steeper positive slope from 15−33GHz. However,
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there are some regions which look more similar to NGC6946 Enuc 4., which have

steeper 3−15GHz slopes and a less significant increase from 15−33GHz. Importantly,

these spectra cannot be explained by a simple combination of synchrotron (green) and

free-free (yellow) emission components, suggesting that either an additional emission

component peaking at & 15GHz is required (e.g., AME), it is a (very) high-frequency

GHz-peaked background galaxy, or the source is variable. A final possibility is that

the free-free emission is optically-thick at 33 GHz. However, such ‘ultra-compact’

Hii regions have much higher radio luminosities and SFRs (∼ 40− 60 mJy) then the

regions identified here (e.g., Meier et al., 2002).

4.6 Conclusions

We have presented 3, 15, and 33GHz imaging towards galaxy nuclei and extranu-

clear star-forming regions in the SFRS, and have identified 335 regions (286 SF, 10

BG, 6 SNe/R, and 33 AME) with S/N ≥ 3 in at least two radio bands. Through

detailed measurements of their radio spectra we have confirmed that:

1. The average local background contribution to the measured 3, 15, and 33GHz

flux densities on ∼ 100 pc scales is ∼ 4− 6%. This is significantly smaller than

the 15 − 40% found for the sample of regions studied at 25” (∼ 1kpc) scales

with the GBT (Murphy et al., 2011b).

2. On ∼100 pc scales, the median thermal fraction at 33GHz of all regions identi-

fied as non-background galaxies is 92± 0.8% with a median absolute deviation

of 11%. Limiting our analysis to extranuclear (rG > 250pc) SF regions, we

measure a median thermal fraction of 93± 0.8% with a median absolute devia-

tion of 10%. Further, we find that on 7" scales the median thermal fraction is

94± 0.8%, and thus the thermal fraction remains ≥ 90% up to ∼ 500 pc scales.
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3. We have confirmed through MCMC analysis that we do not introduce systematic

biases when interpreting the results of the χ2-minimization of a two-component

power-law model to fit the observed radio spectrum from 3− 33GHz, and that

this model can adequately separate the thermal free-free and nonthermal syn-

chrotron emission components over a realistic range of input values.

4. We find a systematic increase in the scatter of the measured spectral indices

and thermal fractions as the de-projected galactocentric radius approaches the

nucleus. This trend is reflective of the ongoing star-formation activity occur-

ring in centers of these galaxies, and results in a larger contribution of diffuse

nonthermal emission.

5. We have identified a sample of 33 sources whose rising 15 − 33GHz emission

may be due to anomalous microwave emission. Follow-up observations at high

(≥ 40GHz) frequencies will be necessary to confirm these sources as discrete

regions of extragalactic AME.

4.7 Additional Figures and Tables
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Figure 4.9: See description in Figure 4.1.
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Figure 4.10: See description in Figure 4.1.
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Figure 4.11: See description in Figure 4.1.



Chapter 4. The Star Formation in Radio Survey: 3 – 33GHz Imaging
of Nearby Galaxy Nuclei and Extranuclear Star-forming Regions335

Figure 4.12: See description in Figure 4.1.
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Figure 4.13: See description in Figure 4.1.
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Figure 4.14: See description in Figure 4.1.
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Figure 4.15: See description in Figure 4.1.
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Figure 4.16: See description in Figure 4.1.
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Figure 4.17: See description in Figure 4.1.
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Figure 4.18: See description in Figure 4.1.
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Figure 4.19: See description in Figure 4.1.
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Figure 4.20: See description in Figure 4.1.
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Figure 4.21: See description in Figure 4.1.
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Figure 4.22: See description in Figure 4.1.
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Figure 4.23: See description in Figure 4.1.
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Chapter 5

Massive Star Cluster Formation

and Destruction in Luminous

Infrared Galaxies in GOALS II:

A WFC3 Survey of Nearby LIRGs

5.1 Introduction

Star formation activity is observed across a large range of physical scales and in-

terstellar medium (ISM) conditions: from dense, collapsing, pc-sized molecular clouds

up to star-forming complexes found over kpc-scales across galactic disks (Kennicutt

& Evans, 2012). Connecting star formation over these vastly different scales is essen-

tial to understanding how the observed global signatures of galaxy evolution emerge

across cosmic time.

Recently, a number of surveys have found that high-redshift star-forming galaxies

tend to display turbulent, clumpy disks with extreme star-forming clumps, stellar
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masses of ∼ 107−8M� and sizes of 0.5 − 5 kpc (Elmegreen et al., 2004, 2009; Daddi

et al., 2010; Livermore et al., 2015). These masses are a factor of ∼ 100x the typical

star-forming clumps observed in quiescent star-forming galaxies in the local Universe.

These extreme stellar clumps give rise to super star clusters (SSCs) with masses which

can reach 106M�; i.e., similar to the most massive known globular clusters and 1-2

orders of magnitude more massive than any young cluster found in nearby normal

galaxies (Kobulnicky & Johnson, 1999; Whitmore et al., 2014). By contrast, normal

star-forming galaxies contain hundreds of smaller mass HII regions (Cook et al., 2016),

suggesting a fundamental shift in the way stars form and evolve in galaxies in the

early Universe.

However, it is still unclear what the relative importance of both internal and exter-

nal effects have on altering the universality of the observed properties of star clusters

in galaxies. For example, are the characteristics of star cluster formation tightly re-

lated to their local environment? High-resolution hydrodynamic simulations of cluster

formation show that strong stellar feedback can not only change the efficiency of star

formation within giant molecular clouds (GMCs), but also alters the dynamical state

of the cluster, and in some cases can disperse the cloud altogether (e.g., Portegies

Zwart et al., 2010; Whitmore et al., 2010; Bastian et al., 2012; Fall & Chandar, 2012;

Fouesneau et al., 2012; Chandar et al., 2015; Johnson et al., 2017; Li et al., 2017).

When representing the observed cluster initial mass function (CMF) as a Schechter

function with a high-mass truncation, observations suggest that the truncation mass

varies among different galaxy environments. Analysis of quiescent normal galaxies in

the Legacy ExtraGalactic UV Survey (LEGUS) reveals strong evidence of a CMF with

a power-law slope of ∼ 2 and a characteristic truncation mass (Mc) of ∼ 104−5M�

(Adamo et al., 2017; Messa et al., 2018), while strongly interacting galaxies are as-

sociated with higher values of Mc ∼ 106M� (Adamo & Bastian, 2015). Additionally,
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Bastian et al. (2012), Adamo (2015), and Hollyhead et al. (2016) have found evi-

dence that the CMF varies within the disks of several nearby galaxies, showing that

the inner-disk SSCs have a truncation mass which is ∼ 1.5x larger relative to the

distribution of SSCs observed in their outer-disks.

Any turnover or truncation in the CMF may also be a reflection of cluster dis-

ruption triggered by internal or external mechanisms during the cluster evolutionary

process (e.g. Whitmore et al., 2010, 2014). For example, the intrinsic shape and slope

of both the cluster luminosity function (CLF) and the CMF as well as the star cluster

age distribution have been found to depend directly on the intensity of cluster dis-

ruption (Gieles, 2009; Bastian et al., 2012). While Fall et al. (2005) and Whitmore

et al. (2007) interpret the age distribution for clusters in the Antennae galaxies as ev-

idence for mass independent disruption (e.g. a relaxation-driven cluster dissolution),

Lamers et al. (2005), and Silva-Villa et al. (2014) have suggested that strong tidal

forces (e.g., those found galaxy major mergers) and GMCs of high surface density are

the dominant physical mechanism which disrupt clusters.

Luminous and Ultra-luminous infrared galaxies (LIRGs: defined as having IR lu-

minosities LIR > 1011L�; ULIRGs: LIR > 1012L�) host the most extreme stellar

nurseries in the local Universe. The activity in LIRGs is largely interaction triggered,

with the progenitors observed to be gas-rich disk galaxies involved in primarily mi-

nor interactions (at the low luminosity end) or major merger events. This general

framework is supported by theoretical simulations of gas-rich mergers which show the

inward flow of star-forming gas via tidal and bar driven dissipation, and the final

settling of mergers involving nearly equal mass progenitors into early-type galaxies

(Barnes & Hernquist, 1992; Barnes, 2004; Hopkins et al., 2006). As such, LIRGs are

the ideal laboratories for testing location-dependent cluster formation and disruption

in extreme merger-driven environments; conditions which may be analogous to the
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star-forming environment of high-redshift galaxies.

To better understand cluster formation and evolution in LIRGs, we previously

combined our HST F435W (B) and F814W (I) ACS/WFC data with far-UV ACS/SBC

F140LP (FUV) data to age-date ∼ 500 clusters in a combined sample of 22 LIRGs

(Linden et al., 2017). Overall we find evidence of a steeper decline in the number

of clusters per unit time as a function of increasing cluster age (dN/dτ ∝ τ−0.9 for

3 < τ < 300 Myr) relative to ‘normal’ galaxies, which is a further indication that

clusters in massive mergers suffer infant mortality at a much more rapid rate than

normal star-forming galaxies. A fundamental goal of the present paper is to inves-

tigate what role the host galaxy environment, and localized ISM conditions within

individual LIRGs, play in defining the physical properties and the evolution of SSCs.

The paper is organized as follows: In §2, the sample selection, observations, and

data reduction are described. In §3 our method for identifying clusters, and the

manner in which the cluster ages and masses are determined is described. In §4

we discuss the completeness limits of our cluster sample. In §5, the age and mass

functions are discussed within the context of lower luminosity star-forming galaxies

and clusters found in both the inner and outer-disks of our galaxy sample. §6 is a

summary of the results.

Throughout this paper, we adopt a WMAP Cosmology of H0 = 67.8 km s−1

Mpc−1, Ωmatter = 0.308, and ΩΛ = 0.692 (e.g., see Armus et al., 2009).

5.2 Observations and Data Reduction

Our 2017 study was limited by three issues: (i) the small field of view (FOV) of the

SBC observations (30′′×30′′: 25 times smaller than the WFC3 FOV) often limited us

to clusters in the central regions of the galaxies in our sample; (ii) Our completeness-

corrected cluster sample contained only the most massive clusters (M ≥ 105M�)
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in each galaxy; and (iii) age–extinction degeneracies were present for clusters within

particular color ranges. Here, we present HST U- (F336W) band observations of all 10

LIR > 1011.4L� LIRGs being observed by JWST as part of the ERS program “A JWST

Study of the Starburst-AGN Connection in Merging LIRGs” and GTO campaigns.

These new WFC3/UVIS observations provide vast improvements in sensitivity (∼ 10

times) over prior HST detectors operating at 0.3µm, and combined with our pre-

existing HST data (ACS/WFC F435W and F814W data), will provide high-resolution

maps of the distribution of star clusters over the entire extent of each LIRG. Further,

the F336W filter provides a much improved lever arm for age-dating clusters relative

to the F140LP filter, and will allow us to break the reddening–age degeneracy and

thus more accurately measure (to within 0.1-0.2 dex in log(τ)) cluster ages and cluster

masses.
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Figure 5.1: A comparison of HST WFC3/UVIS F336W image of NGC 7469, relative
to archival ACS/WFC F814W and F435W images from Evans et al. in prep. Approx-
imately 200 star clusters are detected at a S/N > 5 in all bands, and a de-convolved
FWHM < 2 pixels. These images demonstrate our ability to detect and characterize
star clusters throughout the central regions, disks, and extended tidal features of the
galaxies in our sample.

The F336W images were obtained from August - November 2018 (PI: A. Evans;

PID 15472). Each galaxy was observed with four dithered exposures in ACCUM

mode, and when possible, placed at the center of the UVIS2 chip, due to the increased

sensitivity at UV wavelengths relative to UVIS1. The approximate integration times

for each galaxy is 41 minutes. The data were reduced with the Multidrizzle software

provided by STScI to identify and reject cosmic rays and bad pixels, remove geometric

distortion, and finally, combine the resulting mosaics with our pre-existing ACS/WFC

F435W and F814W observations (see Figures 5.1, 5.12, 5.13, 5.14, and 5.15). The final

pixel scale of our WFC3 images is 0.0396”/pix. The ACS/WFC and WFC3/UVIS

cameras have comparable fields of view (202"x202" and 162"x162" respectively), and

cover sufficient area to enable observations of these LIRGs without the need to mosaic.

Finally, to understand the impact of combining results from galaxies which span

a factor of ∼ 2 in distance, we performed simulations of cluster blending: by progres-

sively smoothing HST WFC3 archival imaging of the Antennae Galaxies (DL = 22

Mpc: Whitmore et al. (2010), re-identifying star-clusters, and re-computing the lu-

minosity function, we determined that blending begins to hamper our ability to ac-
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curately measure cluster properties (age, mass, extinctions), and thus determine the

true slope, α, of the underlying cluster mass function, at smoothing lengths of ≥

5 pixels (i.e., ∆α > 0.2). This test demonstrates that clusters can be individually

detected and their physical properties can be accurately recovered in galaxies out to

a distance of ∼ 100 Mpc. Therefore we limit our cluster analysis in this paper to

5/10 systems which have DL < 100Mpc, such that we can be confident our results

are not biased towards large, unresolved, complexes of multiple star clusters. The

overall properties of these 5 systems are given in Table 5.1.

5.3 Cluster Identification and Model Fitting
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Star clusters in all three bands were selected using the program SExtractor (Bertin

& Arnouts, 1996). The identification of clusters and the extraction of photometry

is performed after a diffuse background subtraction is applied to each image. This

subtraction is described in detail in Linden et al. (2017), and is designed to remove

starlight which is unassociated with the compact sources identified in each galaxy.

Cluster photometry across all background-subtracted images was then calculated us-

ing the IDL package APER (originally modified from DAOPHOT). We used an aper-

ture of radius 3.0 pixels, with an annulus from 4-5 pixels to measure the local back-

ground surrounding each cluster. Aperture corrections were calculated based on the

flux calibrations of unresolved sources by Sirianni et al. (2005). We additionally ap-

plied a correction for foreground Galactic extinction, using the Schlafly & Finkbeiner

(2011) dust model combined with the empirical reddening law of Fitzpatrick (1999)

available through the NASA Extragalactic Database (NED).

In the process of doing photometry, we also remove sources with a signal-to-noise

ratio S/N< 3 and which are not detected in all three filters. In total we extract

photometry for 2167 cluster candidates identified in 5 LIRGs. We then used ISHAPE

(Larsen, 1999) to measure the 2-D FWHM for all remaining sources by de-convolving

the HST instrumental point spread function with a King profile (King, 1966). We find

that a cut of 3 pixels FWHM (corresponding to an average cluster size ofReff ∼ 22 pc)

effectively removes extended sources in both the nearest and furthest galaxies in the

sample. This value is consistent with the upper-end of sizes observed for open star

clusters in the Milky Way, as well as simulations of star cluster formation in dwarf

starburst galaxies (Lahén et al., 2020). A total of 1027 confirmed clusters across all

5 LIRGs meet the above criteria, and their bulk properties are given in Table 5.2.

For all confirmed clusters, the measured 3-band fluxes (given for each cluster in

Table 5.3) were compared with a library of evolutionary simple stellar population
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(SSP) models that were computed using the isochrone synthesis code of Bruzual &

Charlot (2003), hereafter referred to as BC03. This code computes the evolution of an

instantaneous burst based on a Kroupa IMF and the (e.g., Bertelli et al., 1994) stellar

evolution models over an age range of 1 Myr to 10 Gyr. The choice of these models

also ensures we can make consistent comparisons with our 2017 results, and that

we do not introduce any systematic bias by adopting different SSP model libraries.

Further, it has been shown that BC03 models are a better fit to the data relative to

the Leitherer et al. (1999) models which have a large red loop for ages ∼ 5− 15Myr,

which does not agree with the data (Whitmore & Zhang, 2002). We also choose

to adopt a solar metallicity, as suggested for LIRGs by Kewley et al. (2010), and

a Calzetti extinction law. The total attenuation of the stellar continuum, RV =

A(V )/E(B − V )∗ = 4.05 ± 0.8, is calibrated specifically for starburst galaxies and

differs from the typical Milky Way value of RV ∼ 3.1 (Calzetti et al., 2000). It has

been shown empirically that clusters and HII regions are more heavily attenuated

than the underlying stellar continuum, due to the fact that these objects are often

found near dusty regions of ongoing star formation (Calzetti et al., 1994).

By adopting a Monte-Carlo approach, we can represent the errors in our model

as the full width of the marginalized posterior distribution functions for each derived

parameter. In the Appendix we give an example of our model-fitting routine for one

cluster in NGC3256, chosen to demonstrate the ability of our model to accurately

recover the properties of a young, moderately extincted, 104M� cluster (i.e., a proto-

typical degenerate case for our previous F140LP observations). From Figure 5.16 it

is clear that the resulting 1σ errors are within 0.2 dex, and as described above, this

is crucial for accurately recovering the true age and mass functions for each system.

Finally, in order to make detailed spatial comparisons of clusters at different radii

we adopt a similar methodology to Linden et al. (2019), to compute the de-projected
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galactocentric radius of each cluster relative to the optical center of each LIRG. We

then categorize star clusters in two regimes: those that fall within the mid-infrared

(MIR) core of the galaxy (as measured with Spitzer: see Díaz-Santos et al., 2010),

and those that fall outside of the MIR core. This is done such that we can compare

our results directly the spatial studies of SSCs presented in Hollyhead et al. (2016)

and Messa et al. (2018), and test whether or not the merging environment of LIRGs

enhances the relative differences in Mc and overall cluster disruption observed for the

inner and outer-disks of nearby normal galaxies.

5.4 Mass-Age Diagram and Completeness

Figure 5.2 shows the derived age and corresponding mass of each cluster identified

in the sample, and the corresponding values for each cluster are given in Table 5.4.

An immediate observation one can make is the lack of lower-mass (≤ 104M�) clusters

with ages ≥ 100Myr. This is primarily due to the fact that clusters dim as they

age and eventually become fainter than our UV detection limits. We also note the

large number of clusters seen with ages below 10 Myr over the full range of masses.

Although the cluster fitting method can create some observed structure in the mass-

age diagram, it is unlikely to do so over all masses at young ages. In particular the

lack of clusters with ages of ∼ 15 Myr is a common feature of model-derived mass-age

diagrams of star clusters in galaxies (Gieles et al., 2005; Goddard et al., 2010).

In order to determine the completeness limit of the cluster sample, we used a

similar prescription to Linden et al. (2017), and set the limit for each galaxy as the

magnitude at which 50% of the clusters are detected at B and I, but are missed

at U-band The magnitude distributions for each band are corrected for foreground

galactic extinction, and spatially matched to the FOV of ACS/WFC. All 5 LIRGs

in the sample span a large range of observed cluster magnitudes (MU = −7 ∼ −17
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mag, with a median of MU = −10 mag), and have a mean completeness of MU ∼ −8

mag. We emphasize that this 50% limit for the sample is not a strong function of

the distance to any galaxy. Finally, to minimize the contribution of very luminous

clusters in LIRGs with a small number of confirmed SSCs, we calculate a cluster-

weighted mean completeness limit for the full sample of 5 LIRGs, and find that the

mean shifts only slightly to MU = −8.5. Relative to the cluster sample in Linden

et al. (2017) we observe clusters which are an order of magnitude fainter across all

age ranges, and thus we are able to probe the cluster mass function over 4 full dex in

mass.

By applying this completeness limit to the BC03 model we can define regions of

this parameter space (both as a function of cluster ages over a mass range and masses

over an age range) where we are observationally complete and thus working with a

mass-limited sample of clusters. Mass-limited cluster samples have the advantage

over luminosity-limited samples because they recover the underlying shape of the age

distribution, and are thus not affected by the distance to each galaxy. Importantly,

we also find that the U-band completeness limit is brighter for inner-disk clusters

(MU = −9.3) relative to the outer-disk cluster sample. Evaluating differences between

the two samples at this more conservative limit will allow for a one-to-one comparison

of the resulting SSC distribution functions.

The two cuts were selected to sample distinct regions of the mass and age distri-

bution for which we could maintain completeness. We define Region 1 to be:

4.5 < log(M/M�) < 8 (5.1)

6 < log(τ) < 8.5 (5.2)
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Figure 5.2: The mass, age distribution of all 1027 clusters found in our LIRG sample.
The solid, dashed, and dotted red curves represent mass-age tracks produced from
the BC03 model with an input of MU = −8.5, MU = −9.5, MU = −10.5 for the 50%,
75%, and 100% completeness limits respectively. The green box in the left panel
represent Region 1, and is used for the mass-age cuts applied when analyzing the
cluster age distribution. The blue box in the middle panel represents Regions 2, and
is used for the mass-ages cut applied when analyzing the cluster mass distribution.
The histograms show the distribution of cluster ages and masses for the full sample.
The cross on the bottom right of each panel represents the median errors in cluster
age and mass bootstrapped from our model.
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Region 2 to be:

4.5 < log(M/M�) < 8 (5.3)

log(τ) < 7.5 (5.4)

Region 1 is chosen to match, as closely as possible, the age and mass limits from Fall

et al. (2005), allowing us to make accurate comparisons to the cluster population of

the Antennae Galaxy. Region 2 is chosen to sample the young (τ ≤ 107.5) clusters

in our sample within the completeness limit. When analyzing Regions 1 and 2 we

exclude the largest mass bin of log(M/M�) = 8.0. These very high masses are most

likely the result of either an imperfect extinction correction or multiple very compact

star clusters in close proximity appearing as a single star cluster at the resolution of

these images. We note that while clusters of these masses are rare, Bastian et al.

(2013) found several clusters in NGC7252 with masses greater than 107M�, including

one cluster with a total mass of ∼ 108M�.

5.5 Discussion

After determining ages, masses, and extinctions for the entire cluster sample we

directly compare these distributions with those of nearby normal and interacting

galaxies. We focus on the interpretation of the derived cluster age distribution and

mass functions for both the individual systems and the sample as a whole. Further,

we will analyze the inner- and outer-cluster cluster distribution functions for each

system. Ultimately, we discuss to what degree the differences observed in our cluster

population can be attributed to the extreme star-forming environment unique to

LIRGs in the local Universe.
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Figure 5.3: The stacked age distribution functions for all 5 galaxies. The black line
represent weighted linear least squares fit to the data in Region 1. The blue, green,
and yellow age functions of the LMC, M83, and the Antennae respectively, are taken
from Adamo & Bastian (2015), and are normalized to the total number of clusters in
our sample to best compare the slope for each galaxy.

5.5.1 Age Distribution

We consider the age distribution of clusters in our LIRG sample over Region 1

described in §4. Specifically, we are interested in measuring the power law index γ,

where dN/dτ = τ γ. In Figure 5.3 we show the differential number of clusters per

time interval, log(dN/dτ), versus the median cluster age over that interval, log(τ).

The plotted data are binned by 0.4 in log(τ) so as to fully encapsulate 2σ times the

typical model errors of 0.2 in log(τ) discussed in §3. For the youngest most massive
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clusters in the sample a weighted linear least-squares fit to the cluster age distribution

results a power-law index of γ = −0.79± 0.23. While this slope is slightly shallower

than both the Antennae age distribution and the results from Linden et al. (2017),

we see that the overall slope is steeper than what is measured for several lower mass

star-forming galaxies like the LMC.

When examining the age distribution functions for our three most ’cluster-rich’

(i.e. Nc > 100 SSCs) galaxies, we find that the disruption rates measured for IC 1623,

NGC 7469, and NGC 3256 are consistent with the distribution function measured for

the full sample (Figures 5.4, 5.5, and 5.6 respectively). Further, we note that all three

systems are classified as mid-stage mergers, demonstrating that the similar dynamical

states of the ISM within these galaxies sets the overall disruption rate seen.

Finally, by examining the age distribution functions for clusters identified as inner-

and outer-disk clusters a striking result emerges. The SSCs classified as inner-disk

clusters show a distribution slope of γ = −1.08 ± 0.17, whereas SSCs found in the

outer-disks have a distribution slope of γ = −0.65±0.27 (Figure 5.7). This inner-disk

value is consistent with the results from Linden et al. (2017), where the FOV is well-

matched to the average MIR core size. This is evidence in favor of location-dependent

cluster disruption, where cluster evolution in the central regions of LIRGs are more-

strongly influenced by the external tidal field of the ongoing merger. Additionally,

since the mass range covered in each spatial sub-sample is identical we conclude

that the main physical driver of these differences cannot be internal (e.g. 2-body

relaxation) disruption. This effect is seen not only for the full sample, but each of

the three ’cluster-rich’ LIRGs shown in Figures 5.4, 5.5, and 5.6 respectively.

Importantly, even though the outer-disk disruption rate is shallower than that

found for the inner-disk SSCs, it is still significantly steeper than the cluster age dis-

tribution functions seen in nearby normal galaxies. Additionally, the magnitude of
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Figure 5.4: The age distribution function for IC1623 which contains 180 confirmed
SSCs. We find that the distribution is consistent with the overall slope measured for
the full sample.
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Figure 5.5: The age distribution function for NGC 7469 which contains 165 confirmed
SSCs. We find that the distribution is consistent with the overall slope measured for
the full sample.
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Figure 5.6: The age distribution function for NGC3256 which contains 549 confirmed
SSCs. We find that the distribution is consistent with the overall slope measured for
the full sample.
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the difference seen in γ (∼ 0.4 dex) is larger than the differences observed for inner-

and outer-disk clusters in nearby normal galaxies. Thus the increases in turbulence

and pressure in the ISM are crucial for reaching the extreme values of cluster disrup-

tion seen in the nuclear regions in LIRGs, as well as increasing the disruption rates

in the extended disks and tidal tails of major galaxy mergers.

Given the above, the most plausible explanation is that clusters are being rapidly

destroyed in luminous galaxy mergers at a rate that exceeds the cluster destruction

process occurring in nearby normal galaxies at all galactocentric radii. However,

the overall magnitude of this disruption is location-dependent: clusters found in the

inner-regions of LIRGs show greater disruption rates relative to SSCs identified in

their outer-disks.

5.5.2 Mass Function

We consider the mass distribution of clusters in our LIRG sample over Region 2

described in §4. When modeling the CMF we adopt both a simple power-law model

and a two component Schechter function of the form dN/dM = (M/Mc)
αe(M/Mc),

where Mc is the characteristic turnover mass and α is the overall power-law slope.

Keeping the binning constant (0.4 in log(M)), and performing a cluster-weighted

least-squares fit as a function of mass, we find that clusters with ages t ≤ 107.5

yr have α ∼ −1.7 ± 0.07 and Mc = 106.5M� (see Figure 5.8). By comparison, α

is commonly measured to be −2 for lower luminosity star-forming galaxies with an

Mc ∼ 103−4M� (Bastian, 2008b; Larsen, 2010; Johnson et al., 2017).

When examining the mass functions for our three most ’cluster-rich’ galaxies,

we find that the power-law slope and Mc measured for IC 1623, NGC 7469, and

NGC 3256 are broadly consistent with the distribution function measured for the full

sample (Figures 5.9, 5.10, and 5.11 respectively). Further, we find that the CMF
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Figure 5.7: The age distribution functions for all 1027 clusters in our sample classified
as either inner-disk (top) or outer-disk clusters. We see that the magnitude of the
difference γ (∼ 0.4 dex) seen between the inner- and outer-disk clusters is larger than
what has been found for nearby normal galaxies, and that the disruption rate is higher
overall at all galctocentric radii.
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Figure 5.8: The stacked mass distribution function for all 5 galaxies. The black line
represents the weighted least squares fits to the data, with analytic Schechter function
fits to the empirical distribution overlaid in blue and orange. The values obtained for
theMc are significantly larger than what is observed for lower-luminosity star-forming
galaxies in the local Universe.
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Figure 5.9: The mass distribution function for IC1623. We find that the distribution
is consistent with the overall slope and Mc measured for the full sample. These
results are consistent with the luminosity function derived from Paβ observations of
LIRGs in GOALS (Larson et al., 2020), as well as detailed observations of Arp 299
(Randriamanakoto et al., 2019).
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Figure 5.10: The mass distribution function for NGC 7469. We find that the distribu-
tion is consistent with the overall slope and Mc measured for the full sample. These
results are consistent with the luminosity function derived from Paβ observations of
LIRGs in GOALS (Larson et al., 2020), as well as detailed observations of Arp 299
(Randriamanakoto et al., 2019).
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Figure 5.11: The mass distribution function for NGC3256. We find that the distribu-
tion is consistent with the overall slope and Mc measured for the full sample. These
results are consistent with the luminosity function derived from Paβ observations of
LIRGs in GOALS (Larson et al., 2020), as well as detailed observations of Arp 299
(Randriamanakoto et al., 2019).
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does not vary significantly for clusters classified as inner- and outer-disk clusters,

when adopting a common completeness limit of MU = −9.3 between the two sub-

samples. This is consistent with detailed results for another well-studied LIRG, Arp

299, which show differences in the derived Mc of ≤ a factor of 2 between the two

galaxy nuclei and the extended disk (Randriamanakoto et al., 2019). Therefore, the

cluster disruption in these galaxies appears to be mostly mass-independent (i.e., we

find that γ ∼ −0.7 from M� = 104−107), consistent with the results from Whitmore

et al. (2010).

Although we find that the derived CMF is slightly shallower than the value in

Linden et al. (2017), our value is consistent with the luminosity functions derived

from Paβ observations of LIRGs in GOALS (Larson et al., 2020). Further, recent

hydrodynamical simulations of cluster formation in nearby starburst galaxies reveal

that the underlying CMF is steeper when the observedMc increases. Thus, due to the

limited sensitivity of the observations in Linden et al. (2017), we expect to observe a

shallower CMF for these new observations which span a much larger range in cluster

mass, and which detect clusters atM ∼ 104M� (Maji et al., 2017; Lahén et al., 2020).

Further, by limiting our analysis of the CMF to clusters with t < 107.5yr, spatial

differences in the observed cluster disruption will not be strongly reflected in the un-

derlying CMF. It is only by examining older clusters, which can not be done effectively

for inner-disk clusters due to completeness, that the differences in the disruption rate

would result in significant changes to the observed CMF (Kruijssen et al., 2012).

Given the above, it appears that the differences in the slope observed for young

clusters in our LIRG sample relative to normal star-forming galaxies is caused pri-

marily by a much higher disruption rate, which makes the overall CMF shallower.

However we emphasize that this disruption does not appear to be mass-dependent,

but rather is strongly coupled to the local ISM environment, such that clusters in
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the inner- and outer-disk form with the same general properties, but evolve much

differently over time.

5.6 Summary

Hubble Space Telescope WFC3/UVIS (F336W) and ACS/WFC optical (F435W

and F814W) observations of a sample of 10 LIRGs in the GOALS sample were ob-

tained. These observations have been utilized to derive the ages and masses of the

star clusters contained within the 5 most nearby systems in order to examine the clus-

ter properties in extreme starburst environments relative to those in nearby, lower

luminosity star-forming galaxies. The following conclusions are reached:

(1) We have detected 1027 clusters throughout the disks of these 5 LIRGs. These

clusters have S/N ≥ 3 in all three filters and de-convolved FWHMs as measured by

ISHAPE of ≤ 3 pixels, corresponding to a median physical size of ∼22pc.

(2) The derived cluster age distribution implies a disruption rate of dN/dτ = τ−0.7+/−0.2

for cluster masses ≥ 104.5M�. This is consistent with the general framework that on-

going mergers destroy clusters at a much higher rate due to the high external pressure

induced from a strong tidal field. The measured γ is steeper than what has been ob-

served in lower-luminosity star-forming galaxies in the local Universe.

(3) The derived cluster masses imply a CMF for our sample galaxies of dN/dM =

M−1.6+/−0.1, with an Mc ∼ 106.5. Together with the fact that we do not see a sig-

nificant change in the age distribution slope as a function of mass, we interpret our

mass function slope as evidence against mass-dependent cluster disruption down to

M ≥ 104.5M�.

(4) Differences in the slope of the observed cluster age distributions between inner-

and outer-disk clusters provides some of the clearest evidence to date of location-

dependent cluster evolution. Not only does this effect appear to be ubiquitous in
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LIRGs, but the magnitude of this affect is amplified even relative to strong gradients

of cluster disruption observed in normal star-forming galaxies in the local Universe.

5.7 Additional Figures and Tables
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Chapter 5. Massive Star Cluster Formation and Destruction in
Luminous Infrared Galaxies in GOALS II: A WFC3 Survey of Nearby
LIRGs 391
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Figure 5.12: Same as Figure 5.1

Figure 5.13: Same as Figure 5.1

Figure 5.14: Same as Figure 5.1

Figure 5.15: Same as Figure 5.1
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Figure 5.16: Example SED and resulting model fit for a cluster with an age of 8.7 Myr
(blue) with an extinction of AV = 1.7 mags. The dashed lines correspond to the un-
extincted SEDs for each model. In the example SEDs provided, this combination of
filters can be used to uniquely solve for cluster age relative to the F140LP observations
used in our previous study. Finally, in the lower Panels the resulting 1σ errors for
the age, mass, and extinction are shown as dashed pink lines superimposed over the
marginalized posterior distribution for each parameter (green curves).
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Chapter 6

Conclusion

A fundamental goal in extragalactic astrophysics is to provide a robust observational

foundation for understanding the causal physics behind star formation in galaxies.

However, a purely theoretical understanding of the complex phase transitions of the

ISM, and the recycling of material into stars and back as galaxies evolve, has yet to be

fully developed. To build a complete theory of the role of star and cluster formation

in galaxy evolution requires accurate measurements of the current (i.e., few Myr)

star formation rate and available gas content within galaxies over a range of physical

scales (∼ 10− 1000pc) and star-forming environments. This thesis presented a study

of star formation in a sample of luminous infrared galaxies (LIRGs) and normal star-

forming galaxies in the local (z < 0.1) Universe. The study made use of Hubble Space

Telescope (HST), Spitzer Space Telescope and Jansky Very Large Array (VLA) data.

The analysis of these data sets has allowed us to make fundamental conclusions about

the nature and (in the case of star clusters) fate of star formation in a broad range

of star-forming environments.

In Chapter 2 we present the results of a HST ACS/HRC FUV, ACS/WFC optical

study into the cluster populations of a sample of 22 LIRGs in the Great Observatories
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All-Sky LIRG Survey (GOALS). Through integrated broadband photometry we have

derived ages and masses for a total of 484 star clusters contained within the central

(30"x30") of these systems, allowing us to examine the properties of star clusters

found in the extreme environments of LIRGs relative to lower luminosity star-forming

galaxies in the local Universe. We find that by adopting a Bruzual & Charlot simple

stellar population (SSP) model, the age distribution of clusters declines as dN/dτ =

τ−0.9+/−0.3, consistent with the age distribution derived for the Antennae Galaxies,

and interpreted as evidence for rapid cluster disruption occurring in the strong tidal

fields of merging galaxies. The large number of 106M� young clusters identified in the

sample also suggests that LIRGs are capable of producing more high-mass clusters

than what is observed to date in any lower luminosity star-forming galaxy in the local

Universe.

In Chapter 3 we presented the first results of a high-resolution 3, 15, and 33GHz

VLA imaging survey of LIRGs in GOALS. From the full sample of 68 galaxies, we

have selected 25 LIRGs that show resolved extended emission at sufficient sensitivity

to image individual regions of star-formation activity beyond the nucleus. We have

made extinction-free measurements of the luminosities and spectral indices for a total

of 48 individual star-forming regions identified as having de-projected galactocentric

radii (rG) that lie outside the 13.2µm core of the galaxy. The median 3 − 33 GHz

spectral index and 33 GHz thermal fraction measured for these "extranuclear" regions

is −0.51± 0.13 and 65± 11% respectively. These values are consistent with measure-

ments made on matched spatial scales in normal star-forming galaxies, and suggests

that these regions are more heavily-dominated by thermal free-free emission relative

to the centers of local ULIRGs. Further, we find that the median star-formation rate

derived for these regions is ∼ 1M� yr−1, and when we place them on the sub-galactic

star-forming main sequence of galaxies (SFMS), we find they are offset from their



Chapter 6. Conclusion 428

host galaxies’ globally-averaged specific star-formation rates (sSFRs). We conclude

that while nuclear starburst activity drives LIRGs above the SFMS, extranuclear

star-formation still proceeds in a more extreme fashion relative to what is seen in

local spiral galaxies.

In Chapter 4, we presented 3, 15, and 33GHz VLA imaging towards galaxy nuclei

and extranuclear star-forming regions in normal star-forming galaxies as part of the

Star Formation in Radio Survey (SFRS). With 3−33GHz radio spectra, we measured

the spectral indices and corresponding thermal free-free emission fractions for a sam-

ple of 335 discrete regions having significant detections in at least two radio bands.

We find that the median thermal fraction at 33GHz is 92 ± 0.8% with a median

absolute deviation of 11%. Limiting the sample to 238 sources that are confidently

identified as star-forming regions, and not affected by potential AGN contamination

(i.e., excluding star-forming regions with rG ≤ 250pc), results in a median thermal

fraction of 93±0.8% with a median absolute deviation of 10%. Together, these results

confirm that free-free emission dominates the radio spectra of star-forming regions on

size scales up to ∼500 pc in normal star-forming galaxies. We additionally find a fac-

tor of ∼1.6 increase in the scatter of the measured spectral index and thermal fraction

distributions as a function of decreasing galactocentric radius. This trend is likely

reflective of the continuous star-formation activity occurring in the galaxy centers,

resulting a larger contribution of diffuse nonthermal emission relative to star-forming

regions in the disk.

Finally, in Chapter 5 we presented the results of a HSTWFC3 NUV and ACS/WFC

optical study into the cluster populations of a sample of 5 LIRGs in GOALS. The

filter selection and the depth of the WFC3 NUV images provide an improved age esti-

mate and wider field of view, respectively, over our prior (Chapter 2) study. Through

integrated broadband photometry we have derived ages and masses for a total of
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1027 star clusters contained throughout the disks of these systems. Differences in the

slope of the observed cluster age distribution between inner- (dN/dτ = τ−1.1+/−0.2)

and outer-disk (dN/dτ = τ−0.6+/−0.3) clusters provides some of the clearest evidence

to date of location-dependent cluster evolution in LIRGs. Thus, not only does rapid

cluster disruption appear to be ubiquitous in LIRGs at all galactocentric radii, the

magnitude of the differences between inner- and outer-disk cluster disruption are am-

plified relative to observations of nearby normal star-forming galaxies. Given this,

it appears that the differences in the observed cluster distribution function (CMF)

observed for SSCs in our LIRG samples relative to normal star-forming galaxies is

caused primarily by a rapid cluster disruption, which flattens the observed CMF

relative to an underlying initial cluster mass function.
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