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ABSTRACT

The rates at which galaxies form stars have been declining since ~ 3 billion years
after the Big Bang. Massive stars that drive the chemical enrichment of the Universe
are now being produced at much lower rates in the Milky Way and most other galax-
ies in our local Universe, compared to galaxies at z ~ 1 — 2, when most stars formed.
During this distant era of rapid growth, a significant fraction of star formation took
place in Luminous and Ultra-luminous Infrared Galaxies (U/LIRGs), where UV and
optical light from newly formed massive stars are largely absorbed by thick layers of
dust in these systems and re-emitted at infrared wavelengths. At z ~ 0, U/LIRGs
are relatively rare but they are the most extreme star-forming galaxies in the local
Universe. While these local U/LIRGs do not fully resemble their high-z counterparts,
they provide an excellent opportunity for a detailed assessment of the properties of
extreme activity that may have been taking place at the peak of cosmic star forma-
tion.

Many local U/LIRGs are observed to be interacting and merging gas-rich spiral
galaxies, during which process molecular gas in the system is driven towards the
galaxy centers, triggering intense nuclear starbursts and/or accretion of the super-
massive black holes (i.e. Active Galactic Nuclei; AGN). Meanwhile, the large amounts
of dust generated in the starburst prohibit a direct view of the most energetic regions

in local U/LIRGs with UV /optical /near-IR observations.
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In this dissertation, I characterize the starburst and AGN activity in a representa-
tive sample of 68 local U/LIRGs from the multi-wavelength Great Observatories All-
sky LIRG Survey (GOALS), using 3 — 33 GHz radio continuum observations from the
GOALS “equatorial” Survey (GOALS-ES) conducted with the Karl G. Jansky Very
Large Array (VLA), described in Chapter 2. These multi-frequency observations of
the optically-thin radio continuum provide a highly-detailed and extinction-free view
of the most energetic yet often dust-obscured star-forming and AGN activity in these
extreme local systems.

Using the 33 GHz radio continuum as a direct tracer of star formation rates (SFR),
in Chapter 3 I studied the star-forming properties of nuclear rings in four GOALS-ES
systems and found that these nuclear rings all contribute to more than 50% of the
total star formation of their host U/LIRGs, and the individual regions residing in
these rings have star formation rate surface densities that rival star-forming clumps
observed at z = 1 — 4 with much larger sizes. Looking beyond the nuclear rings, in
Chapter 4 I identified and characterized the size and luminosity of over 100 individual
regions of compact 15 and/or 33 GHz radio continuum emission in the full GOALS-ES
sample on 100 pc scales. On average, the individual star-forming regions identified in
these U/LIRGs have 100 times higher star formation rates and surface densities com-
pared to those in nearby normal star-forming disk galaxies that are of similar sizes.
I also identified a sample of luminous galactic nuclei that appear to be forming stars
near the maximal capacity as predicted by theoretical models for star-forming disks
supported by dust-reprocessed radiation pressure. Several of these nuclei have been
identified to host AGN, and the rest may be going through a key phase of heavily ob-
scured co-evolution between supermassive black holes and nuclear star formation that
is thought to precede the formation of luminous quasars. Detection of high brightness

temperature radio cores indicative of AGN activity via follow-up VLBI observations



will directly verify this scenario. Lastly in Chapter 5, I modeled the 3 — 33 GHz
spectral energy distribution observed in these local U/LIRGs on kpc scales and found
that the radio continuum emission of star-forming regions and nuclei in these systems,
compared to those originating from AGN activity, indeed have higher contributions
from thermal free-free emission from HII regions, particularly at 33 GHz, validating
the usage of 33 GHz as a direct tracer of recent star formation. The 3 — 33 GHz radio
continuum is also strongly correlated with mid- and far-IR dust emission observed on
~ 10kpc scales for star-forming regions, especially at 70um, indicating their shared

origin.
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CHAPTER 1

INTRODUCTION

This dissertation investigates the properties of the most extreme star-forming galaxies
in the local Universe (i.e. z ~ 0) — (Ultra-) Luminous Infrared Galaxies (U/LIRGs) —
using radio continuum observations. In this Chapter, I will provide a general overview
of the connections between stars and galaxies, and introduce U/LIRGs as well as their
significance in the evolution of our Universe. I will describe what we have learned
so far about U/LIRGs in the local Universe, and what radio continuum observations

can help further our understanding of these extreme galaxies.

1.1 STARS, GALAXIES & THE UNIVERSE

The complex array of elements that produce and sustain life as we know it, mostly
come from the intricate process of nucleosynthesis in stars — the burning and fusion
of hydrogen atoms into heavier elements (Burbidge et al., 1957). While all stars par-
ticipate in this process, massive stars that are born with more than ~ 8 solar masses
(M) play particularly critical roles in populating our periodic table, as illustrated in
Figure 1.1 from Johnson (2019). Many elements heavier than oxygen are exclusively

produced in massive stars, either during their lifetime under the immense gravita-
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@ Big Bang fusion
@ Cosmic ray fission
@ Exploding massive stars
Exploding white dwarfs
© Merging neutron stars
Dying low-mass stars
@ Very radioactive isotopes; nothing left from stars
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Figure 1.1: The sources of elements found in the Solar System, from Johnson (2019).
Massive stars (2 8 M) play critical roles in populating our periodic table.

tional potential in their extremely hot cores (Burbidge et al., 1957), in the strong
shock waves produced in their spectacular demise as supernovae explosion (e.g. Hoyle
& Fowler, 1960; Meyer et al., 1992; Vartanyan et al., 2019) or even afterwards via
mergers of the remnant neutron stars (e.g. Freiburghaus et al., 1999; Korobkin et al.,
2012). Numerous low-mass stars formed from materials enriched by these massive
stars then go on to produce additional heavy elements during their much longer life-
time (i.e. billions of years), since their formation till today (e.g. Karakas & Lattanzio,
2014).

With only ~ 1 Mg produced every year in the Milky Way (Robitaille & Whit-
ney, 2010), massive stars capable of dramatically enriching the interstellar medium
within only a few million years are extremely rare. The rates at which stars form in
galaxies in the local Universe at redshift z ~ 0 are in general rather low compared
to at z ~ 1 — 2 (about 3 Gyrs after the Big Bang), when half of the observed stellar

mass today were formed (Figure 1.2 (left); Madau & Dickinson, 2014). In this era of
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rapid growth, a dominant fraction of star formation is thought to take place in Lumi-
nous Infrared Galaxies (LIRGs; Lig > 10! L) and Ultra-Luminous Infrared Galaxies
(ULIRGS; Lig > 10'2L), as shown in Figure 1.2 (right). The extraordinary IR lu-
minosities of these galaxies largely come from the thick layers of dust particles that
reprocess the intense UV radiation from newly-formed (< 10 Myr) luminous massive
stars to the IR regime. The large amounts of dust present in LIRGs and ULIRGs
also come from these short-lived massive stars: with each of them expelling all the
heavy elements synthesized during its lifetime in the form of supernova after only a
short few million years, dust particles formed from these heavy elements are allowed
to quickly accumulate.

How extreme were the star-forming activities in these distant galaxies? How do
these activities compare to those taking place in Milky Way-like galaxies in our local
Universe? To search for answers to these questions, we turn to U/LIRGs in the local
Universe (z ~ 0). While local U/LIRGs do not fully resemble their high-z counter-
parts (e.g. Tacconi et al., 2020), they are one of the few places that allow us a close-up

assessment of the properties of extreme star formation observed across cosmic time.

1.2 (ULTRA-)LUMINOUS INFRARED GALAXIES AT

z~ 0

While U/LIRGs in the early Universe are now widely recognized as the dominant
contributors of co-moving dust-obscured star formation rates at z ~ 1—2 (e.g. Murphy
et al., 2011a; Magnelli et al., 2011, 2013), it is the discovery and subsequent studies
of U/LIRGs in the local Universe that laid (and continue to establish) the founda-
tion of studies of distant dusty star-forming galaxies at high-z. From the first ever

IR all-sky survey conducted with the InfraRed Astronomical Satellite (IRAS; Neuge-
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Figure 1.2: (Left) Evolution of the cosmic star formation rate (black curve) derived
from UV and IR surveys, from Madau & Dickinson (2014). Both galaxy star formation
and black hole accretion [red curve - from X-ray Shankar et al. (2009); green shaded
area - from hard X-ray analysis by Aird et al. (2010); blue shaded area - from IR
analysis by Delvecchio et al. (2014)| reached peak activity at z ~ 1 — 2. (Right) from
Magnelli et al. (2013): Relative contributions to the co-moving total IR luminosity
density and obscured star formation rate density (black hatched area) from sub-
LIRGs, LIRGs and ULIRGs at z = 1 — —2, derived from Herschel observations of the
Great Observatories Origins Deep Survey (GOODS Elbaz et al., 2011) field.

bauer et al., 1984), Sanders et al. (2003) identified 629 bright extra-galactic sources
with total 60um flux greater than 5.24 Jy (Janskys; 1 Jy = 10726Wm=2Hz™!) and
at absolute Galactic Latitude |b| > 5° that form the Bright Revised Galaxies Sam-
ple (BRGS), within which 181 are LIRGs and 21 are ULIRGs (Armus et al., 2009).
While U/LIRGs only contribute ~ 6% of the total IR luminosity of the local Universe
(Soifer & Neugebauer, 1991), these local U/LIRGs at z < 0.08 are the most extreme
star-forming galaxies at z ~ 0, with specific star formation rates (sSFR; i.e. SFR

~1 about an order of magnitude higher than

per stellar mass) around 3.9 x 107 yr
nearby normal spiral galaxies with similar stellar masses, as estimated using UV and
IR measurements by Howell et al. (2010).

Deep optical follow-up studies revealed that at least 30% of LIRGs and almost

all ULIRGs are interacting/merging gas rich spiral galaxies (see Figure 1.3 for exam-

ples), and systems with higher IR luminosities also have smaller separations between
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Figure 1.3: HST color-composite images of four local U/LIRGs: (left to right) Arp 240
(D, =108 Mpc, Lig =10"5L), Arp 299 (51 Mpc, 10"9L), NGC 6240 (116 Mpc,
10M9L,) and NGC 3256 (39 Mpc, 10M6L,). Credit: NASA, ESA, the Hubble Her-
itage Team (STScl/AURA)-ESA/Hubble Collaboration and A. Evans (University of
Virginia, Charlottesville/NRAO/Stony Brook University).

the merging galaxies (e.g. Larson & Tinsley, 1978; Armus et al., 1987; Sanders &
Mirabel, 1996). Meanwhile, numerical simulations of gas-rich galaxy mergers predict
the triggering of intense starburst activity (i.e. a “burst” in the SFR of duration 10 -
100 Myrs, involving up to 5% of the total stellar mass; Larson & Tinsley, 1978) during
the process, due to accumulation of star-forming molecular gas towards the galaxy
centers driven by tidal torques produced in the asymmetric gravitational potential
(e.g. Mihos & Hernquist, 1996). Along with an intense nuclear starburst, the molec-
ular gas may also feed the supermassive black holes (SMBH) residing in the galaxy
centers (e.g. Di Matteo et al., 2005; Springel et al., 2005). This feeding generates
powerful radiation that span the entire electromagnetic wavelengths (e.g. see review
by Padovani et al., 2017). Such energetic events, termed as the Active Galactic Nuclei
(AGN), have been observed in many LIRGs and ULIRGs, especially those at the final
coalescing stages that also have the highest IR luminosities (e.g. Ricci et al., 2017;
Koss et al., 2018; Ricci et al., 2021).

These results from observations and simulations together suggest that the inter-
acting/merging local U/LIRGs may represent an important transitional phase in the

hierarchical evolution of many massive galaxies, as illustrated in Figure 1.4: gas-rich
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Figure 1.4: An artist’s conception of the transition from gas-rich mergers of spiral
galaxies to a dormant elliptical galaxy. With this model the rare population of local
interacting LIRGs and ULIRGs represent a brief transitional starburst phase between
galaxy mergers and the blue quasar phase during which winds and/or jets drive away
the obscuring dust, revealing an unobscured AGN, and ultimately shutting down the
star formation to form a dormant early-type galaxy. Credit: Gemini Observatory,

GMOS-South, NSF, adapted by S. Munro.

mergers trigger nuclear starburst and AGN activity, the latter of which subsequently
expels interstellar materials away from the galaxy, quenching star formation first and
eventually the AGN itself, leaving behind a quiescent elliptical galaxy with old stars
and little molecular gas (e.g. Sanders et al., 1988; Di Matteo et al., 2005; Springel
et al., 2005; Hopkins et al., 2006). The tight correlations observed between the masses
of SMBH and the properties of their host galaxies (e.g. stellar mass, stellar velocity
dispersion, stellar bulge mass; Kormendy & Ho, 2013; McConnell & Ma, 2013) among
elliptical galaxies in the local Universe infers that regulatory processes that help set
the mass ratio of the central SMBH and the stellar bulge mass (for an example) must
have taken place in the early Universe. While many high-z U/LIRGs are not observed
to be galaxy mergers (e.g. Tacconi et al., 2020), some regulatory processes must be in
effect during merger events. Studying U/LIRGs in the local Universe hence provides
an opportunity to investigate star formation and AGN activity in rapidly-evolving
galaxies which ultimately could lead to the production of an elliptical galaxy that

abides by the observed relations between SMBH and their host galaxies.
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1.2.1 The Great Observatories All-sky LIRG Survey (GOALS)

Numerous efforts have been dedicated to study local U/LIRGs at many differ-
ent wavelengths since their discovery, and it quickly becomes evident that to fully
understand the nature of these extremely dusty systems, observations across the elec-
tromagnetic spectrum are required. Figure 1.5 below demonstrates such necessity:
the eastern galaxy in the merging galaxy pair VV 114 (a local LIRG) is very faint
at visible wavelengths but actually dominates the emission from the entire system at
mid-IR and radio wavelengths. Traditional diagnostics of the star-forming activity
that rely on direct observations of the UV and optical photons from young massive
stars would therefore significantly underestimate the total SFR of such a system.
Furthermore, it would be impossible to characterize the nuclear starburst and poten-
tial AGN activity triggered during the merger — which are critical for understanding
the galaxy evolutionary process — without accounting for the light extinguished by
foreground dust.

While IRAS allowed the discovery of a large number of local U/LIRGs, observa-
tions that spatially-resolve the dust emission from different interacting components
were only later made available with the Infrared Space Observatory (Kessler et al.,
1996) and the Spitzer Space Telescope (Werner et al., 2004). This advancement mo-
tivated the Great Observatories All-sky Survey (GOALS), which combines data from
NASA’s great observatories operating at X-ray (Chandra), optical/Near-IR (HST)
and Mid-IR (Spitzer), as well as those from state-of-the-art UV (GALEX) and far-
IR facilities (Herschel), to conduct a comprehensive census of the star-forming and
AGN activity in all 202 local U/LIRGs identified from the RBGS (e.g. see detailed
description in  Armus et al., 2009). These systems span a range in IR luminos-

ity (10M7125L), distance (20 — 400 Mpc) and represent both isolated galaxies and
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Figure 1.5: Multi-wavelength images of a local LIRG VV 114 (87 Mpc, 10'°L.), a
merging galaxy pair. Dust lanes heavily obscures emission from the eastern galaxy at
visible wavelength (i.e. 0.4um), which is only revealed at longer wavelengths (mid-IR:
3.6 — 24pum, radio: 1.49 GHz) to be energetically dominant. Observations were taken
with the HST (optical; Evans et al. in prep.), Spitzer (MIR; Mazzarella et al. in
prep.) and the VLA (radio; Condon et al., 1991). Credit: T. Vavilkin.
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galaxy interaction/mergers at various stages (Stierwalt et al., 2013). Using GOALS
observations, Howell et al. (2010) showed that on average, up to 95% of star-forming
activity in local U/LIRGs are buried behind dust that would be missed with UV-only
observations, confirming the importance of a multi-wavelength approach in studying
local U/LIRGs.

Aside from mapping the kpc-scale dust continuum emission in local U/LIRGs
across a wide wavelength range, the Spitzer and Herschel GOALS observations also
provided the IR spectra of the central few kpc of these extreme systems that allowed
robust characterizations of the nuclear starburst and/or AGN activity based on the as-
sociated IR line emission and absorption features. For an example, MIR line emission
from polycyclic aromatic hydrocarbons (PAH) — an important component of inter-
stellar dust grains — can be used to trace properties of star formation (i.e. strength of
UV radiation field, density, etc.), as they are abundant in photo-dissociation regions
(PDRs) around sites of newly-formed massive stars (e.g. Hollenbach & Tielens, 1999).
The PAH line emission hence is typically weak around powerful AGN, which can also
be directly identified if high ionization lines such as [Ne V| 14.3um (ionizing potential
of 96 eV) are present (e.g. Armus et al., 2004). The combination of several other line
signatures are also used to assess the strength of AGN relative to starburst (e.g. Inami
et al., 2013; Diaz-Santos et al., 2017), as well as the properties of photo-dissociation
regions in these intense starbursts (e.g. Diaz-Santos et al., 2017; McKinney et al.,
2021). The special advantage of the MIR diagnostics is that they allow identification
of AGN activity that is obscured by dust, whose X-ray/UV /optical emission could
be significantly absorbed and weakened. The 9.7um absorption feature associated
with silicate dust grains also provides a direct assessment of the severeness of fore-
ground dust obscuration in local U/LIRGs (Spoon et al., 2006). Analysis of these IR

observations revealed that the nuclear activity in a majority of local U/LIRGs are
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dominated by recent starburst (< 6 Myr) (e.g. Petric et al., 2011; Inami et al., 2013;
Stierwalt et al., 2013, 2014; Diaz-Santos et al., 2017) that are likely more compact
and have stronger radiation field compared to star-forming regions in nearby normal
galaxies (Diaz-Santos et al., 2017), but the level of AGN contribution possibly in-
creases towards the final coalescing stage where the dust obscuration becomes most
severe, limiting direct AGN identification (Stierwalt et al., 2013). These studies, com-
bined with those at shorter wavelengths (e.g. Howell et al., 2010; Iwasawa et al., 2011;
Torres-Alba et al., 2018; Ricci et al., 2017, 2021), have demonstrated the diversely
extreme nature of the local U/LIRG population relative to nearby normal galaxies
on kpc scales and provided a solid foundation for more detailed exploration of the
immediate circumnuclear region around AGN or nuclear starburst, on the scales of
individual Giant Molecular Clouds (10 — 100 pc), which are the fundamental units of

galaxy star formation.

1.3 THE RADIO CONTINUUM PERSPECTIVE

While the IR wavelengths harbor a wealth of information on the physical condi-
tions of the interstellar medium in galaxies, ground-based observations at 10 — 100 yum
often suffer from atmosphere absorption. Space missions, until very recently (with
the launch of the James Webb Space Telescope), have been limited to relatively small
apertures that can only resolve large-scale galaxy structures (>few kpc). Observa-
tions of the optically-thin radio emission with interferometers like the Very Large
Array, as shown in the last panel of Figure 1.5, provide an excellent alternative path
for characterizing the most compact and dust-obscured regions that dominate the
energy output of local U/LIRGs.

Radio continuum emission from star-forming regions are directly associated with

massive stars: as high-energy photons from young massive stars ionize the surrounding
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gas, electrons accelerated in ionized plasma emit thermal free-free emission; electrons
accelerated in supernovae of massive stars emit synchrotron emission. When the
electron opacity is low, the former is weakly dependent on the observing frequency
(Sg oc 701 while the latter quickly diminishes towards higher observing frequencies

0-8) due to quicker energy loss of electrons accelerated to higher energy.

(Ssyn X v~
These two types of radio continuum emission, together with cold dust emission at
above ~ 90 GHz, depict well the observed radio/sub-millimeter continuum spectra
of star-forming galaxies, such as that of M82, as shown in Figure 1.6 from Condon
(1992). Therefore, radio continuum emission provides an excellent extinction-free
tracer of recent star formation, and the power-law slope of the optically-thin radio
continuum spectrum, or the spectral index (« as described by S o« v%), measured
between two radio frequencies (~1 — 90 GHz) can be used to separate the relative
contribution of thermal free-free and synchrotron emission (Condon, 1992; Murphy
et al., 2011b, 2012).

Meanwhile, when AGN are present, their strong magnetic field can also accelerate
cosmic ray electrons to very high energy which emit synchrotron radiation. The radio
continuum emission of powerful AGN is largely dominated by synchrotron emission.
Because the highly energetic emission from AGN occurs very close to the SMBH, on
scales less than 1pc, radio continuum emission from AGN itself is extremely com-
pact. Hence, if observations have sufficiently-high resolutions (using Very Long Base-
line Interferometry), AGN can be identified directly based on compact unresolved
morphology and high brightness temperatures 73, as defined by the Rayleigh-Jean
approximation for a black body emitter: S, = 2kTyv?/c?, where c is the speed-of-
light and k is the Boltzmann constant. At high electron opacity, stellar emission can
be approximated as thermal blackbody emission, and thus the maximum brightness

temperatures that can be achieved in even the most powerful starbursts cannot ex-
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Figure 1.6: Radio/Sub-millimeter spectrum of the nearby starburst galaxy M82 (solid
line), from Condon (1992). The spectrum is well described by the sum of three con-
tinuum emission components: synchrotron (dot-dash line), thermal free-free (dashed
line), cold dust (dotted line).
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ceed the electron temperatures of the HII regions (i.e. regions of hydrogen ionized by
young massive stars) at ~ 10* K (Condon et al., 1991; Condon, 1992). Thus, compact
radio sources with T}, > 10° K would indicate a powerful non-thermal origin - AGN
activity.

On larger physical scales, many AGN are uniquely identified at radio wavelengths
via their luminous synchrotron-dominated radio jets that can span kpc to even Mpc
in length. These jets are thought to be generated by SMBH with rapid spin and
highly-magnetized disk (e.g. Blandford et al., 2019). These AGN are often classi-
fied as “radio-loud” (RL), classically-defined as those with total 5 GHz (radio)/ 4400
(optical) flux ratio over 10 (Kellermann et al., 1989). For “radio-quiet" (RQ) AGN
with moderate radio luminosity and without visible jets or lobes on kpc scales, the
interpretation of their 100- pc to kpc-scale radio continuum emission becomes a lot
more complicated, as illustrated in Figure 1.7 from Panessa et al. (2019), and re-
quires thorough comparison and analysis of multi-wavelength observations and/or
radio observations on (sub-)pc scales. Therefore, caution must be taken when using
radio continuum to infer the star-forming properties of extreme systems like local
U/LIRGs, many of which host RQ AGN that are not necessarily detected in the op-

tical due to heavy dust obscuration (e.g. Stierwalt et al., 2013; Ricci et al., 2021).

1.3.1 The Karl G. Jansky Very Large Array (VLA)

Since its first observation in the 1970s, the Very Large Array located in Socorro,
New Mexico, has been the most productive radio telescope in the world, capturing
radio emission of various astronomical objects near and far. Composed of 27 25m-
antenna that observe simultaneously, VLA utilizes radio interferometry and functions

as a giant hypothetical single-dish radio telescope operating at 1 — 50 GHz that is capa-
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Figure 1.7: Possible origins of observed radio continuum emission from radio-quiet
AGN, from Panessa et al. (2019): star formation, AGN wind/jets/outflows, AGN
accretion disk coronae. Signatures and methods that may be used to identify these
different mechanisms are also listed. See Panessa et al. (2019) for details.

ble of resolving highly-detailed structures of extended objects such as local U/LIRGs
while also recovering diffuse emission on large physical scales. This is achieved by
moving the antennas around into four different configurations — changing the spac-
ing between antennas, from up to 0.6 to 22 miles apart. Each two antennas form a
so-called “baseline”, and each baseline is sensitive to radio sources with specific sizes
at a given observing frequency, with longer baseline (i.e. greater distance between
the antenna pair) more sensitive to more compact sources and shorter baselines more
sensitive to larger sources. Therefore, by using different VLA antenna configurations,
we can study radio emission occurring on a wide range of physical scales in local

U/LIRGs, from individual star-forming regions to galaxy-scale tidal tails.
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1.3.2 VLA Surveys of local U/LIRGs

Surveys of local U/LIRGs conducted with the VLA have unveiled and charac-
terized the most energetically-dominating regions in these systems, which greatly
advanced our understanding of their extreme nature. During early operation of the
VLA, Condon et al. (1990) conducted a 1.49 GHz survey of all galaxies in the RBGS
using all four VLA configurations, and found close resemblance between the observed
radio and far-IR brightness distribution and morphology for very extended systems
larger than ~ 8’ (resolution limit of IRAS). Based on this finding, and the tight em-
pirical correlation between FIR and radio luminosities of galaxies of various types
spanning six orders of magnitude in luminosity (de Jong et al., 1985; Helou et al.,
1985; Yun et al., 2001), the authors proposed that in the absence of high-resolution
FIR observations that can resolve IR-luminous galaxies smaller than 8 (which were
later provided by Herschel), radio maps are excellent alternatives for indicating the
sizes and locations of the FIR-emitting regions in local U/LIRGs.

A follow-up survey at 8.49 GHz was conducted for 40 local U/LIRGs with the
highest FIR luminosities by Condon et al. (1991) using the most extended VLA
A-configuration, reaching a high angular resolution of 0”.25 (~ 100 pc at a median
Dy, ~ 100 Mpc). The authors showed that a large fraction of the FIR radiation from
these galaxies likely originate from compact starbursts with sizes ~ 100 pc, which ap-
pear to be common in these systems. They also found moderately flat radio spectral
indices between 1.49 and 8.49 GHz for many of the compact starbursts, which indicate
high electron opacity. Building upon these results, Clemens et al. (2008) investigated
the 1.4 — 22.5 GHz radio spectra of 31 of the most luminous local U/LIRGs with the
VLA, and found some of them to be steeper than expected from a simple combi-

nation of optically-thin free-free and synchrotron emission, which may be attributed
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to energy losses of high-energy synchrotron (Condon, 1992). This trend was later
confirmed and extended to up to 36 GHz by Leroy et al. (2011). However, Murphy
(2013) showed that sources with steepest spectral indices at ~ 10 GHz were also as-
sociated with ongoing galaxy mergers, which suggest that galaxy-scale tidal shocks
rather than supernovae in compact starbursts may be responsible for the apparent
excess of synchrotron emission. Despite this, these studies all confirmed that the most
compact sources show flatter 1.49 — 8.49 GHz spectral indices that are indicative of
absorption of synchrotron photons by dense ionized gas. Using observations from
Condon et al. (1991), Vardoulaki et al. (2015) compared the radio morphology and
1.49 — 8.49 GHz spectral indices of 35 local U/LIRGs with multi-wavelength AGN
diagnostics and identified proposed radio diagnostics of AGN based on spectral index
distribution.

The above studies largely utilized VLA observations conducted before the upgrade
in 2009, when spectral coverage from 1 — 50 GHz was only 20% and the instanta-
neous bandwidths of the VLA receivers were less than 1 GHz. The upgraded VLA
enabled up to 8 GHz of instantaneous bandwidths, 10 times higher sensitivity and
100% frequency coverage, which allowed efficient mapping of the multi-frequency ra-
dio emission in local U/LIRGs. Using high-resolution 6 — 33 GHz observations of 22
of the most luminous local U/LIRGs taken with the upgraded VLA, Barcos-Mufioz
et al. (2015) and Barcos-Munoz et al. (2017) were able to robustly constrain the sizes,
SFR and surface densities of the compact, energetically-dominant nuclei of these ex-
treme systems on ~ 100pc to sub-kpc scales, and found that many of them are
possibly forming new stars near the maximal capacity that is allowed by the balance
between gravitational potential and radiation pressure (Thompson et al., 2005). In
particular, the west nucleus of Arp 220 is estimated to have a SFR surface density

of 10%! M, yr=! kpc=2, the highest value ever measured among known star-forming
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systems (Barcos-Munoz et al., 2015).

Most studies in the radio have focused on the most luminous systems, where the
compact nuclei completely dominate the radio continuum emission. The upgraded
VLA not only provided a window to more sensitively probe the fainter high-frequency
radio emission (> 10 GHz) that is dominated by thermal free-free emission, but also
has allowed a larger survey including local U/LIRGs that are less luminous with in-
trinsically fainter radio emission — the GOALS “Equatorial” VLA Survey (see Chapter
2 for details) — to provide a more representative view of their most energetic activities,
which is the main motivation behind this dissertation. First analysis of the survey,
led by Linden et al. (2019), focused on the bright kpc-scale extra-nuclear star-forming
regions detected in the spiral arms or tidal tails of 22 local LIRGs at 3 - 33 GHz, which
are found to have elevated star formation rates compared to those in nearby normal
galaxies. This study also confirmed the robustness of 33 GHz radio continuum as an
extinction-free tracer of ongoing star-forming activities in dusty local U/LIRGs, and

paved the road for subsequent studies presented in this dissertation.

1.4 THIS DISSERTATION

This dissertation built upon results from previous VLA surveys of local U/LIRGs
and normal galaxies to provide a new multi-frequency (3, 15, 33 GHz) view of the star-
burst and AGN activity in a representative sample of these extreme systems, using
observations from the recently-completed GOALS “Equatorial” VLA Survey carried
out between 2014 and 2020. A detailed description of the goals of the survey as well as
information on sample selection, observations and data reduction is provided in Chap-
ter 2. Chapter 3 and 4 summarizes results and analysis of the most compact radio
continuum sources identified and characterized mainly using 15 and 33 GHz obser-

vations from the survey, with Chapter 3 specifically focusing on nuclear star-forming
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rings detected in the survey. Chapter 5 presents the spatially-resolved 3 - 33 GHz
radio spectra observed in local U/LIRGs, as well as comparisons between resolved
radio and IR flux measurements for these systems. Chapter 3 has been published
in the Astrophysical Journal (ApJ, 916, 73S), and Chapter 4 has been submitted to
AAS Journals and is currently under review. Chapter 5 will be submitted later this
year including the image atlas and basic aperture photometry for the entire survey.
The survey is led by my advisor Prof. Aaron Evans, following the design of the
Star Formation in Radio Survey (SFRS) led by Dr. Eric Murphy, as described in
Chapter 2. Data reduction and imaging for the survey were carried out by Dr. Sean
Linden and myself using the Common Astronomy Software Applications (CASA,
v4.7.0; McMullin et al., 2007), each of us focusing on half of the observations taken
with VLA /14A-471 (PI: A. Evans) and VLA/16A-204 (PI: S. Linden). Dr. Sean
Linden worked with Dr. Emmanuel Momjian closely for weeks learning the neces-
sary data reduction techniques, which he taught me upon his return. This and my
training at the 16th Synthesis Imaging Workshop helped laid foundation for the work
presented in this dissertation. ALMA archival data presented in Chapter 3 were
re-calibrated and re-imaged by me, with valuable guidance from NRAO staff at the
2018 ALMA Reduction Workshop. Dr. Linden, Dr. Eric Murphy and Dr. Loreto
Barcos-Muitioz generously provided reduced VLA images from Murphy et al. (2018);
Linden et al. (2020); Barcos-Munoz et al. (2015, 2017) used in Chapter 3 and 4. Dr.
John Hibbard offered valuable advice on identifying locations of galactic nuclei us-
ing multi-wavelength datasets during the drafting of Chapter 4. William Meynardie
contributed many of the preliminary analysis of Herschel IR images from Chu et al.
(2017) that led to Chapter 5. I have led two VLA proposals (20A-401, 20B-313) to
complete the survey with technical support from Dr. Emmanual Momjian, and have

reduced and imaged the resulted observations myself, used in Chapter 4. I produced
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all data analysis presented in this dissertation as well as drafted the manuscripts, with
helpful inputs from Prof. Aaron Evans, Dr. Sean Linden, Dr. Loreto Barcos-Mufioz,
Dr. Eric Murphy, Dr. George Privon, Dr. Ilsang Yoon, Dr. Devaky Kunneriath and
many other members from the GOALS collaboration including Dr. Lee Armus, Dr.
Tanio Diaz-Santos, Dr. Joseph Mazzarella, Prof. Vassilis Charmandaris, Dr. Vivian
U and Prof. Hanae Inami.

The work presented in this dissertation is funded by the National Science Founda-
tion through the Grote Reber Fellowship Program administered by Associated Univer-
sities, Inc./National Radio Astronomy Observatory and the NSF grant AST 1816838.
Travel to relevant training, workshops and conferences were partially supported via
the Professional Development Fund from the UVa Graduate School of Arts and Sci-

ence.
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CHAPTER 2

THE GOALS “EQUATORIAL” VLA

SURVEY

2.1 INTRODUCTION

The GOALS “equatorial” VLA survey (hereafter GOALS-ES; see also Linden et al.,
2019) is a multi-frequency, multi-resolution snapshot survey carried out with the up-
graded Karl G. Jansky Very Large Array designed to map the brightest radio con-
tinuum emission in 68 U/LIRGs from GOALS (see Chapter 1) that have declination
of |§] < 20°, at 3, 15 and 33 GHz. The equatorial selection allows detailed follow-up
studies using ground-based facilities from both Hemispheres, and each target was ob-
served with the VLA in both A-(or B-) and C-configurations to capture both compact
emission on ~ 100 pc scales as well as diffuse emission on ~ kpc scales.

Importantly, the GOALS-ES observations serve as a companion to the Star For-
mation in Radio Survey (SFRS), which imaged 56 nearby (D; < 30Mpc) normal
star-forming galaxies (i.e. non-U/LIRGs with Lig < 10''Ly) from SINGS (Kenni-
cutt et al., 2003) and KINGFISH (Kennicutt et al., 2011) at matched frequencies and
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also at both kpc (Murphy et al., 2012) and ~ 100 pc scales (Murphy et al., 2018; Lin-
den et al., 2020). These studies also demonstrated that in nearby galaxies, the 33 GHz
radio continuum is strongly dominated by thermal free-free emission from HII regions
and hence can be used as a direct tracer of recent star formation. However, existing 6
— 33 GHz VLA survey of 22 of the most luminous local U/LIRGs by (Barcos-Mufioz
et al., 2017) reveals that their 33 GHz radio emission is dominated by non-thermal
synchrotron emission. Build upon the SFRS and existing 33 GHz VLA survey of 22
of the most luminous local U/LIRGs by (Barcos-Mutioz et al., 2017), the GOALS-ES
aims to provide a more representative view of the star-forming and AGN activity in
U/LIRGs in the local Universe, and investigate the following main science questions:

e Where does the brightest 3 - 33 GHz radio continuum emission come from in
local U/LIRGs? Are they powered by AGN or star formation?

e How much does thermal free-free emission from recent star formation contribute
to the 33 GHz continuum emission of these systems on ~ 100 pc and ~ kpc scales?

e What are the star-forming properties of local U/LIRGs on the scales of Giant
Molecular Clouds? How do they compare to those measured in nearby normal galax-
ies (as observed by the SFRS)?

These questions are addressed in the subsequent chapters in this dissertation.

2.2 SAMPLE

The GOALS-ES sample of 68 local U/LIRGs covers the entire range of Lig (10! —
10'%5L,), distances (Vi = 1137 - 26249 km/s), and merger stages spanned by the full
GOALS sample of 202 systems, as shown in Figure 2.1. A two-sample Kolmogorov-
Smirnov (K-S) test on the Lig and Vi distributions of GOALS and the equatorial
sample yields p-values of 0.86 and 0.74, respectively. Hence, this equatorial sample

serves as a statistically robust representation of the local U/LIRG population. Table
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2.1 lists the basic properties of the GOALS-ES sample. In total, 18 systems are in
(a) “pre-mergers”; 10 in (b) “early-stage” mergers, 4 in (c¢) “mid-stage” mergers, 21 in
(d) “late-stage” mergers, and 15 are (N) “non-mergers”, based on visual classification

by Stierwalt et al. (2013) using Spitzer imaging.

ey = GO/I\LS (Annus+09l)
50r B GOALS-ES (this work)
0 T T T T T
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25000F e Early ’
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Figure 2.1: Basic properties (Heliocentric velocity and 8-1000um IR luminosity) of
the GOALS-ES sample. Each system is color-coded by its merger stage, using visual
classification by Stierwalt et al. (2013). The sample covers the full range of IR lu-
minosities, distances and merger stages represented by the GOALS sample of all 202
local U/LIRGs.

2.3 OBSERVATION & REDUCTION
The VLA observations for the GOALS-ES utilizes three receiver bands: S-band
(2-4 GHz), Ku-band (12-18 GHz) and Ka-band (26.5-40 GHz), which has enabled
us to sample a wide frequency range for characterizing the radio spectral energy

distribution (SED). Each target was observed at each band in both A-configuration
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(synthesized beam FWHM ~ 07.06 — 0”.6) and C-configuration (synthesized beam
FWHM ~ 0”.6 — 77.0) to detect bright compact regions on ~ 100 pc scales as well as
large-scale diffuse structures on ~ kpc scales at the distances of the U/LIRGs in the
sample. Ten systems in the sample were additionally observed with Ka-band in B-
configuration (beam FWHM ~ 0”.2) due to poor A-configuration detections. All
A- and C-configuration observations were initially carried out during 2014 March 06
— December 04 in 14A-471 (PI: A. Evans). Observations with Ka-band were incom-
plete due to limited availability of the required observing conditions, and were later
completed in 2016 October 7 - 12 in 16A-204, (PI: S. Linden). Additionally, Ku-
band observations for six systems from 14A-471 were unsuccessful due to temporary
malfunction of the requantizer, and were re-observed on December 10 in 20B-313
(PI: Y. Song). For the A—configuration observations, each galaxy was observed with
5-minute on-source time at S-band and Ku-band, and 10 minutes at Ka-band. For
the C'—configuration observations, each galaxy was observed with 5-minute on-source
time at all three Bands.

Additional B-configuration observations at Ka-band were carried out during 2020
June 27 — 2022 January 3 in 20A-401 (PI: Y. Song). These observations focused on
ten systems with extended emission that were clearly detected at Ku-band during the
14A-471 campaign, but had poor detections at Ka-band due to limited sensitivity of
the snapshots. Therefore, these ten systems were observed with longer on-source time
(2 30 minutes) to ensure good detections for comparison with Ku-band observations.
The project codes for the observations of each system used in this work are provided
in Table 2.2 and 2.3.

All raw datasets from project 14A-471 and 16A-204 were first reduced and cali-
brated into Measurement Sets (MS) using the Common Astronomy Software Appli-
cations (CASA; McMullin et al., 2007) VLA data calibration pipeline (v4.7.0). For
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observations from 20A-401 and 20B-313, we acquired the calibrated Measurement
Sets directly from the NRAO Science Ready Data Products (SRDP) data archive
(CASA v5.6.2 for 20A-401, v5.4.2 for 20B-313).

We then visually inspected the calibrated MS, flagged bad data related to RFI
and specific antennae or channels, and then re-ran the appropriate versions of VLA
pipelines on the flagged MS without Hanning smoothing. We repeated this procedure
until all bad data were removed from the Measurement Sets.

We proceeded to image each science observation using tclean in CASA, utilizing
the same versions that calibrations were performed with. In general, we adopted
Briggs weighting with a robust parameter of 0.5, using the Multi-Term (Multi-Scale)
Multi-Frequency Synthesis deconvolving algorithm (Rau & Cornwell, 2011) with scales
= [0, 10, 30] pixels and nterm = 2. In cases where sensitivity was poor (peak S/N <
10), Natural weighting or a robust parameter of 1.0 was adopted instead to enhance
sensitivity at the expense of the angular resolution. Cleaning masks were determined
visually using the CASA viewer. In cases where detection is strong (S/N > 50),
we further performed iterative phase-based self-calibration on the calibrated MS and
before re-imaging to achieve better sensitivity. The characteristics of the final native

resolution images used in this dissertation are listed in Table 2.2 and 2.3.
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2.4 IMAGE ATLAS

We detected emission with SNR2 5 in all but one GOALS-ES systems at at least
one frequency. Due to incorrect pointing setup, we did not detect emission in MCG -
01-60-022. In 63 of the 68 GOALS-ES systems, we detected emission with SNR2> 5 at
a resolution of ~ 0”.1 —0”.2 at 15 (Ku) and/or 33 GHz (Ka), corresponding to ~ 10 —
160 pc at the distances of these systems. To our knowledge, this is the largest sample
of local U/LIRGs that have been observed at high (> 10 GHz) radio frequencies on
~ 100 pc scales.

Below we display all the native resolution images from the GOALS-ES. To help
visualize the spatial distribution of the radio continuum emission, for each system
we also show the optical y-band image from PanSTARRS1 (Flewelling et al., 2020)
in grey scales, with 3, 5, 100, contours from the 3 GHz A-configuration images
overlaid on top in magenta. For each set of radio images, 3, 15, and 33 GHz images
are displayed from left to right, and A-configuration images are displayed below the
C-configuration images. Images from the same configuration also share the same
field-of-view. In each image, the synthesized beam is represented with a red hatched

ellipse on the lower left corner.
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CHAPTER 3

A COMPARISON BETWEEN NUCLEAR
RING STAR FORMATION
IN LIRGS AND NORMAL (GALAXIES

WITH THE VERY LARGE ARRAY

3.1 INTRODUCTION

At least one fifth of disk galaxies host star-forming nuclear rings (Knapen, 2005).
It is commonly accepted that nuclear rings result from a non-axisymmetric gravita-
tional potential in galaxy centers, which can be induced by the presence of a stellar
bar, strong spiral arms or tidal interaction (e.g. Combes & Gerin, 1985; Shlosman

et al., 1990; Athanassoula, 1994; Buta & Combes, 1996; Combes, 2001). Such non-

!This chapter has been published in the The Astrophysical Journal, Volume 916, Issue 2, id.73,
23 pp. Authors: Song, Y.; Linden, S. T.; Evans, A. S.; Barcos-Munoz, L.; Privon, G. C.; Yoon, I;
Murphy, E. J.; Larson, K. L.; Diaz-Santos, T.; Armus, L.; Mazzarella, Joseph M.; Howell, J.; Inami,
H.; Torres-Alba, N.; U, V.; Charmandaris, V.; McKinney, J.; Kunneriath, D.; Momjian, E.
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axisymmetry can drive large amounts of gas into the central region and eventually
develop a ring of dense gas and intense star formation (SF) surrounding the galactic
nucleus, likely at the location of the Inner Lindblad Resonance (Kim & Stone, 2012;
Li et al., 2015) or Nuclear Lindblad Resonance (Fukuda et al., 1998). Optical and
infrared (IR) studies of nuclear rings in nearby galaxies indicate that they are prolific
in producing young (< 100 Myr) and massive (~ 10° M) star clusters in episodic
starbursts (e.g. Maoz et al., 1996; Buta et al., 2000; Maoz et al., 2001). With large
reservoirs of dense gas present, nuclear rings are predicted to be long-lived despite
the enhanced massive SF (Barreto et al., 1991; Regan & Teuben, 2003; Allard et al.,
2006; Sarzi et al., 2007). Simulations have been used to predict that even when sub-
ject to supernovae feedback, nuclear rings may persist at Gyr timescales (Knapen
et al., 1995; Seo & Kim, 2013, 2014). Therefore, nuclear rings provide excellent op-
portunities to study extreme cases of SF in nearby systems.

As a result of long-lasting SF activity, nuclear rings can account for a large frac-
tion of the stellar mass and bolometric luminosity in their host galaxies (e.g. Barreto
et al., 1991; Genzel et al., 1995). In the process of secular evolution, nuclear ring SF
(NRSF) often emerges as galactic pseudo-bulges slowly assemble from disk material
(Kormendy & Kennicutt, 2004). Meanwhile, powerful NRSF has also been seen in
high-resolution observations of galaxy mergers (e.g. Genzel et al., 1995; Knapen et al.,
2004; Haan et al., 2013; Herrero-Illana et al., 2014), which is a comparatively more
dramatic evolutionary process. Simulations of galaxy mergers have also proposed nu-
clear rings as a potential fueling mechanism of quasars (Hopkins & Quataert, 2010).
Therefore formation of nuclear rings may represent a common and critical phase in
galaxy evolution, and properties of NRSF may provide insights into the key dynami-
cal processes associated with various evolutionary paths.

While nuclear rings in nearby disk galaxies have been extensively investigated in
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the optical and IR, studies of nuclear rings in galaxy mergers are relatively scarce,
making a consistent comparison of the two galaxy populations difficult. Luminous
and Ultra-luminous Infrared Galaxies (LIRGs: Lig(8 — 1000um) > 10" L ; ULIRGs:
Lir(8 — 1000pm) > 10'Lg) in the local Universe, which are often interacting or
merging gas-rich spirals, have provided excellent opportunities to study SF in merg-
ers. However, heavy dust obscuration makes the centers of these systems elusive at
optical wavelengths (Sanders & Mirabel, 1996). Meanwhile, measurements of the nu-
clei in U/LIRGs can still be heavily affected by non-uniform dust extinction even in
the IR (Diaz-Santos et al., 2011; Piqueras Lopez et al., 2013; U et al., 2019).

With the advancement of high-frequency radio interferometry, a highly detailed,
extinction-free view of the heavily obscured hearts of local LIRGs becomes possible.
In the present study, we make use of high-resolution (~ 100pc) VLA observations
to characterize and compare the SF properties of nuclear rings hosted in five normal
disk galaxies and four LIRGs in the local Universe. Observations of these LIRGs
are part of a new VLA campaign for the Great Observatories All-sky LIRG Sur-
vey (GOALS; Armus et al., 2009) that contains 68 local U/LIRGs, and the normal
galaxies are observed with the Star Formation in Radio Survey (SFRS; Murphy et al.,
2012, 2018; Linden et al., 2020) of 56 nearby normal star-forming disk galaxies. These
two projects together provide a direct, high-resolution comparison of SF activity in
interacting and isolated galaxies in the local Universe. In this paper, we focus on
comparing properties of NRSF observed in these two surveys using high-frequency
radio continuum as an extinction-free tracer. A full study of the nuclear SF proper-
ties in the GOALS VLA campaign will be presented in a forthcoming paper.

This paper is divided into 7 sections. We present our sample selection, observa-
tions and calibration procedures in Section 3.2 and 3.3. In Section 4.3, we describe

the measurements we perform to characterize the properties of the nuclear rings and
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the individual NRSF regions, the results of which are presented in Section 4.4. In
Section 4.5, we discuss the limitations and implications of the results. Finally, Section
4.6 summarizes major findings and conclusions.

Throughout this work we adopt Hy = 70km /s/Mpc, Qpatter = 0.28 and Q4 = 0.72
based on the five-year WMAP result (Hinshaw et al., 2009). These parameters are
used with the 3-attractor model (Mould et al., 2000) to calculate the luminosity dis-

tances and physical scales of the LIRGs in the sample.

3.2 SAMPLE SELECTION

The GOALS “equatorial” VLA campaign (Linden et al., 2019, ; Song et al. in
prep) is a multi-frequency, multi-resolution snapshot survey designed to map the
brightest radio continuum emission in all 68 U/LIRGs from GOALS that are within
declination |0] < 20° at Ka (33 GHz), Ku (15 GHz) and S (3 GHz) bands at kpc and
~ 100 pc scales. These observations serve as a companion to SFRS, which imaged
56 nearby (D, < 30Mpc) normal star-forming galaxies (i.e. non-U/LIRGs) from
SINGS (Kennicutt et al., 2003) and KINGFISH (Kennicutt et al., 2011) at matched
frequencies and also at both kpc (Murphy et al., 2012) and ~ 100 pc scales (Murphy
et al., 2018; Linden et al., 2020). Using the kpc resolution observations from the
GOALS equatorial survey, Linden et al. (2019) studied extra-nuclear star formation
in 25 local LIRGs, and concluded that the high global SFR of these systems, relative
to the Star Formation Main Sequence (e.g. Elbaz et al., 2011; Speagle et al., 2014)
occupied by normal galaxies in SFRS, must be driven by extreme nuclear SF.

In this work we focus on studying and comparing star-forming properties of nu-
clear rings at ~ 100 pc scales in a sample of nine galaxies from SFRS and GOALS.
While the term “nuclear ring” is traditionally reserved for rings forming at the Nu-

clear Lindblad Resonance (Fukuda et al., 1998), it has also been more broadly used
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Figure 3.1: Highest resolution Ka, Ku, and S band images of the five nuclear rings hosted in
the normal galaxies from SFRS. Each image is displayed with bilinear interpolation, in units of
mJy/beam, and the synthesized beam is represented by the white filled ellipse on the lower left
corner. The nuclear rings are well detected and resolved at all three bands.
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Figure 3.2: Highest resolution Ka, Ku, and S band images for the four nuclear rings
hosted in LIRGs from GOALS. Each image is displayed with bilinear interpolation,
in units of mJy/beam, and the synthesized beam is represented by the white filled
ellipse on the lower left corner. All rings are detected and resolved at all three bands
except for NGC 7591, whose nuclear ring was only resolved at Ku Band.



CHAPTER 3. A COMPARISON BETWEEN NUCLEAR RING STAR FORMATION
IN LIRGS AND NORMAL GALAXIES WITH THE VERY LARGE ARRAY 105

to describe the innermost star-forming rings in galaxies (e.g. Boker et al., 2008). In
this paper, we follow the definition and size measurements given in a study of 113
nearby nuclear rings by Comerén et al. (2010), and use “nuclear ring” to describe
ring-like emission within the central 2kpc of a galaxy detected in our surveys at 3,
15 or 33 GHz in radio continuum. With the exceptions of the rings in NGC 1797 and
NGC 7591, which are resolved for the first time with the GOALS equatorial survey,
all other rings reported here have previously been identified and separately studied
as “nuclear rings” at various wavelengths (e.g. Mazzuca et al., 2008; Comeroén et al.,
2010; Ma et al., 2018). In some other studies, these rings have also been referred to
as “circumnuclear rings” (e.g. Xu et al., 2015; Prieto et al., 2019). Figure 3.1 and 3.2
show the VLA images of the sample, and Table 3.1 lists the basic properties of the
host galaxies.

We note that due to the sensitivity limit of our VLA observations, we were only
able to identify the nine nuclear rings that show consistently bright (= 0.1mJy /beam)
high-frequency (15 or 33 GHz) emission among the combined total of 124 targets from
SFRS and the GOALS equatorial survey. Several other galaxies, such as NGC 1068
(LIRG) and NGC 5194 (normal), are also known nuclear ring hosts from optical stud-
ies (e.g. Telesco & Decher, 1988; Laurikainen & Salo, 2002), but their ring structures
were not detected in our observations. We further discuss the potential biases of the

sample selection in Section 3.6.1.

3.3 OBSERVATIONS & DATA REDUCTION

3.3.1 VLA data

Each galaxy was observed with the VLA at S (3 GHz), Ku (15 GHz) and Ka Band

(33 GHz). Observations of the five normal galaxies are acquired from the SFRS. This
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survey observed all galaxies at S, Ku, and Ka Band in B, C and D configuration,
respectively, to achieve a common angular resolution of ~ 2”.0 at each frequency. De-
tails of SFRS observations and data calibration procedures are described in Murphy
et al. (2018) and Linden et al. (2020).

The four LIRGs were observed with both A (0”.06 — 0”.6) and C (0”.6 — 7".0)
configurations at 3, 15 and 33 GHz. The observations were carried out with projects
VLA/14A-471 (PI: A. Evans) and VLA/16A-204 (PI: S. Linden). The raw VLA
datasets were first reduced and calibrated with the standard calibration pipelines us-
ing the Common Astronomy Software Applications (CASA, v4.7.0; McMullin et al.,
2007). Each measurement set was visually inspected and data related to bad anten-
nas, time and frequency ranges (including RFI) were manually flagged. The above
two steps were repeated until all bad data were removed.

Before imaging, we performed data combination on the reduced A and C config-
uration measurement sets at each frequency using CASAv4.7.0 concat task with a
weighting scale of 100:1 (A:C). This was done to enhance the image sensitivity while
maximizing resolution, as well as maintaining good PSF shapes (i.e. Gaussian-like),
accounting for the fact that the uv-plane distribution of C configuration data is ~ 100
times denser than A configuration. The concatenated measurement sets were then
imaged using CASAv4.7.0 tclean task, using Briggs weighting with a robust param-
eter of 1.0 and (Multi-Scale) Multi-Frequency Synthesis deconvolving algorithm.

Due to short on-source times, high resolution A configuration imaging is unable
to recover the nuclear ring emission at 33 GHz for NGC 1797 and NGC 7591, and at
both 15 and 33 GHz For NGC 7469. Therefore, in these cases, we use images made
from C configuration measurement sets only, using the same tclean parameters as
above. Additionally, bright nuclear emission in NGC 7469 allowed for self-calibration

of the C Configuration data at 3, 15 and 33 GHz. Native resolution images of all data
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referred in this work are displayed in Figure 3.1 and 3.2, and descriptions of these
images and extra information on individual sources are provided in Appendix 3.8.1.
The characteristics of these images and associated observation information are listed

in Table 3.2.

3.3.2 Archival CO(J=1-0) Data

To better understand the properties of star formation in nuclear rings, it is infor-
mative to study the molecular environments that give rise to this activity. For each
host galaxy in the sample, we searched for archival CO(J=1-0) observations with
resolutions that are comparable to or higher than our VLA observations to directly
compare SF and cold molecular gas properties in its nuclear ring. Four galaxies in
our sample have publicly available archival ALMA data that meet the above crite-
ria, from ALMA projects 2012.1.00001.S (NGC 1097, PI: K. Sheth; unpublished),
2013.1.00885.S (NGC 3351, PI: K. Sandstrom; Leaman et al., 2019), 2015.1.00978.S
(NGC 4321, PL: K. Sandstrom; unpublished), 2016.1.00972.S (NGC 4321, PI: K.
Sandstrom; unpublished) and 2013.1.00218.S (NGC 7469, PI: T. Izumi; Zaragoza-
Cardiel et al., 2017; Wilson et al., 2019). Each ALMA dataset was first re-processed
using the appropriate CASA version and data calibration pipeline that are speci-
fied in the project’s data calibration note from the archive. Continuum subtraction
was performed using the uvcontsub task in CASA (version consistent with reduc-
tion pipeline). The reduced measurement sets were then re-imaged using tclean in
CASAv4.7.0, using Briggs weighting with robust parameter of 0.5 and Héghbom clean-
ing algorithm. For NGC 1097, because the native angular resolution of the dataset
is about four times higher than the VLA data, we also tapered the uv-distribution of
the measurement sets with a 3”.0 Gaussian kernel to better compare with the VLA

data. We then produced moment 0 maps from the continuum-subtracted CO(J=1-0)



CHAPTER 3. A COMPARISON BETWEEN NUCLEAR RING STAR FORMATION

IN LIRGS AND NORMAL GALAXIES WITH THE VERY LARGE ARRAY 109
Table 3.2: Observations and Image Characteristics of VLA Data
Galaxy Project ID Band Configuration Beam PA Physical Resolution® Orms

(°) (pc) (nJy/bm)

11B-032 Ka D 3”717 x 1”755 26.7 107 40.4

NGC 1097  13B-215 Ku C 3’781 x 0”7.99 -7.6 69 20.0
13B-215 S B 5,76 x 1''.80 -27.4 125 46.3

11B-032 Ka D 1776 x 17772 -34.3 28 35.2

IC 342 13B-215 Ku C 1772 x 1713 -9.5 18 15.1
13B-215 S B 27,23 x 1"7.76 -0.8 28 38.5

11B-032, 13A-129 Ka D 27727 x 277.04 47.2 92 17.2

NGC 3351 13B-215 Ku C 17,95 x 1".67 -17.5 75 14.1
13B-215 S B 27,01 x 1775 43.6 79 17.2

13A-129 Ka D 27741 x 1777 42.3 123 18.5

NGC 4321 13B-215 Ku C 17,53 x 1”717 17.0 82 9.7
13B-215 S B 1"7.89 x 1”.72 30.6 120 15.0

13A-129 Ka D 27716 x 17.98 65.9 51 13.4

NGC 4826 13B-215 Ku C 1"7.46 x 1"7.33 61.3 34 10.4
13B-215 S B 17,97 x 1".75 67.3 45 14.0

14A-471, 16A-204 Ka A,C 0"7.12 x 0”7.06 16.8 19 13.5

NGC 1614 14A-471 Ku A,C 0"".17 x 0”711 -0.4 36 18.8
14A-471 S A,C 0".87 x 0"'.55 26.8 178 12.3

14A-471 Ka C 07.76 x 0”7.56 13.7 170 16.5

NGC 1797  14A-471 Ku A,C 0"".13 x 0"".12 15.6 36 10.0
14A-471 S A,C 0”.80 x 0"".54 7.6 164 19.4

14A-471 Ka C 077.63 x 07.52% 2.4 173 21.1

NGC 7469 14A-471 Ku C 17744 x 1"7.12* -30.8 372 13.5
14A-471 S A,C 0’".65 x 0’.50 -43.4 166 40.2

14A-471 Ka C 07.63 x 077.51% 4.1 171 17.9

NGC 7591 14A-471 Ku AC 0"7.13 x 0"".11 -17.6 37 9.4
14A-471 S A,C 0''.68 x 0''.54 -50.7 181 27.9

*C configuration image was used due to limited dynamic range at A configuration.

% The smallest physical scale resolved by the synthesized beam at the distance of the galaxy,
given the FWHM of the minor axis of the beam.
NoOTE — The central frequencies for Ka, Ku and S bands are 33 GHz, 15 GHz, and 3 GHz
respectively. The root-mean-square error o,,s was measured manually on each image before
primary beam correction in an emission-free region. A and C configuration datasets are
weighted with 100:1 (A:C) before combined imaging to account for differences in wv-plane

distrib

ution.
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line cubes using the immoments task in CASAv4.7.0.

Additionally, we downloaded high-resolution CO (J=1-0) moment 0 maps for NGC
4826 (Casasola et al., 2015) and IC 342 (Ishizuki et al., 1990) from NED. The map for
NGC 4826 was observed by the IRAM Plateau de Bure Interferometer (PdBI), and
provided in units of My pc™2. We used information from Table 1 and Equation 2 in
Casasola et al. (2015) to convert the data to units of Jy/beam km/s. The map for IC
342 was observed using the 10-m sub-millimeter telescope (NRO10m) at Nobeyama
Radio Observatory, and provided in units of Jy/beam m/s in B1950 coordinates. We
used the imregrid task in CASA to re-map the datasets to match the coordinates of
our VLA data (J2000), after which we converted the data to units of Jy/beam km/s.

Characteristics of these moment 0 maps are listed in Table 3.3. In Section 3.4.3,
we utilize these moment 0 maps to estimate the cold molecular gas densities and gas

depletion times in these six nuclear rings.

3.4 DATA ANALYSIS

Here we mainly use the 33 GHz continuum images for our analysis of the nuclear
rings and individual NRSF regions because radio continuum emission above 30 GHz
has been shown to effectively trace thermal free-free emission associated with ongoing
massive SF in both normal galaxies and LIRGs (e.g. Murphy et al., 2012; Linden et al.,
2019, 2020). For NGC 7591, we use the 15 GHz image instead because the available

33 GHz image does not resolve the ring structure.

3.4.1 Integrated ring measurements

To measure the integrated ring properties, we first quantify the spatial extent of
each ring by defining an inner, peak, and outer radius/semi-major axis (Rin, Rpeak,

Royt) based on its azimuthally-averaged light profile, as shown in Figure 3.3. These
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Figure 3.3: Left column: azimuthally-averaged light profile (in grey dotted line) from
the 33 GHz image of each nuclear ring in the sample. The red dashed vertical line
shows the radius of the ring (Rpeax), and the blue and black dashed vertical lines mark
the inner and outer radius (Ri,, Rout), respectively. See Section 3.4.1 for definitions
of the different radii. right column: 33 GHz image of the nuclear ring shown in grey
scale. Circles/ellipses overlaid in dotted red, solid blue and black mark R eax, Rin and
Rous, respectively. White “+” mark the locations of AGN. For NGC 7591, observation
and measurements at 15 GHz are used here because the available 33 GHz image does

not resolve the ring structure.
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Figure 3.4: 33 GHz images of the sample galaxies (15 GHz for NGC 7591) with nuclei
and NRSF regions identified with Astrodendro outlined in red. Region IDs (labeled in
red) are assigned in ascending order based on region declinations. Red ellipses on the
bottom left of the images represent the shapes and sizes of synthesized beams. Scale
bars shown on the lower right reflect the physical scales of the observed structures at
the distance of the host galaxy. White “+” signs mark the locations of known AGN.
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Table 3.3: Observations and Image Characteristics of Ancillary CO (J=1-0) Data

Galaxy Telescope Project ID/Reference Beam PA Physical Resolution ¢ Orms
(®) (pc) (mJy/bm km/s)
NGC 1097 ALMA 2012.1.00001.8 2"7.85 x 2”757 72.6 178 2.8
IC 342 NRO10m Ishizuki et al. (1990) 2739 x 2”727 -31 36 3.5
NGC 3351 ALMA 2013.1.00885.S 27,03 x 1”7.22 27.8 55 0.5
NGC 4321 ALMA 2015.1.00978.S 27,40 x 2" .24 -31.0 156 0.4
ALMA 2016.1.00972.S
NGC 4826 IRAM Casasola et al. (2015)  2”7.53 x 1.”7.80 39.0 156 0.25
NGC 7469 ALMA 2013.1.00218.S 07.91 x 0”51 -48.8 169 0.2

@ The smallest physical scale resolved by the synthesized beam at the distance of the galaxy,
given the FWHM of the minor axis of the beam.

NoOTE — For NGC 4321, we combined the measurement sets from two different ALMA
projects to produce CO(J=1-0) moment 0 maps. For ALMA datasets, the root-mean-
square error op,s was measured manually on each continuum-subtracted line cube before
primary beam correction in an emission-free region across all channels. For NGC 4826 and
1C 342, 0,15 were taken from the original references. ALMA datasets for NGC 1097 and
NGC 4321 are unpublished. Dataset for NGC 3351 is published in Leaman et al. (2019),
and dataset for NGC 7469 is published in Zaragoza-Cardiel et al. (2017) and Wilson et al.
(2019).

light profiles are measured from the central coordinates of the host galaxies using 1-
pixel wide circular annuli. Elliptical annuli are used for highly elliptical rings (NGC
3351, NGC 1797, NGC 7591). Details on the relevant procedures are provided in Ap-
pendix 3.8.2. In general, we locate Ry, at the first local minimum of the light profile,
and define Rpeax at the local maximum outside of R;,. To account for diffuse emission
from the ring that is not necessarily axis-symmetric, we define R, to be where the
averaged light profile flattens towards the image noise level (i.e. oy in Table 3.2).
An exception to this is NGC 4826, whose averaged light profile contains contribution
from a faint spiral structure that surrounds the ring, which we exclude from further
analysis by setting %oy at the local minimum immediately outside Rpeax. Due to the
limited resolution of the observations, light profiles of IC 342, NGC 4826 and NGC
1797 do not yield a well defined local minimum, therefore we do not use Ry, for rings
in these three galaxies. See Appendix 3.8.1 for more details on individual sources.
The flux of each ring is then measured within the area characterized by R;, and

R.u via aperture photometry. For NGC 4826, a LINER AGN likely contributes to the
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ring emission due to m = 1 perturbation (Garcia-Burillo et al., 2003), therefore we
additionally mask the image at the reported AGN location (cjsg00 =12h56m43.64s,
932000 =21d40m 59.30s) with a beam-sized aperture before performing aperture pho-
tometry. In Figure 3.3, we also mark the locations of known AGN with “+”. We do
not find similar cases of AGN emission contributing to the nuclear ring in the rest of

the sample.

3.4.2 NRSF Region identification & measurements

Given the high resolution of our VLA observations, all nine nuclear rings are re-
solved at sub-kpc scales at 33 GHz or 15 GHz, thus allowing us to further characterize
the properties of individual star-forming regions in these rings.

To identify and measure the flux of individual NRSF regions in each nuclear ring,
we use the software Astrodendro (Robitaille et al., 2019), which measures hierarchical
structures in an astronomical image using dendrograms. Astrodendro identifies and
categorizes structures in an image into trunk, branch and leaf, based on three input
parameters: the minimum brightness required for a structure to be physically mean-
ingful (min_value), the minimum number of pixels in a structure (min_npix), and
the minimum brightness relative to the local background required for a structure to be
considered independent (min_delta). Structures identified as leaf are of the highest
hierarchical order, which are the individual NRSF regions that we are interested in,
while branch and trunk are the less luminous diffuse ring emission connecting the SF
regions. Therefore here we only focus on the derived properties of leaf structures.

We run Astrodendro on the 33 GHz image of each nuclear ring (15 GHz for NGC
7591) with min_value= 50,5 and min_delta—10,,s to identify physically meaning-
ful 1leaf structures, where ., is the rms noise measured in an emission-free region

of the image before primary beam correction (see Table 3.2). We set min_npix to be
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1/4 the area of the synthesized beam, to avoid identifying noise spikes yet allowing
detection of small, unresolved regions. Afterwards, we manually eliminate regions
identified beyond the outer radius (Ryy;) of the ring, to ensure we only include NRSF
regions or nuclei in subsequent analyses. Figure 3.4 shows all the identified regions
using Astrodendro. We note that varying min_npix by small amounts does not sig-
nificantly alter the population of identified leaf structures. For example, setting
min_npix to be 1/2 or 3/4 of the beam area only blends together Region 1 and 3 in
NGC 1797, and Region 3 and 6 in NGC 7469, and the rest of region identification
remains exactly the same, in terms of numbers, sizes and shapes.

The flux density and angular area of each identified region are also measured by
Astrodendro, which can be heavily dependent on the signal-to-noise level of the region.
To characterize the effect of image noise on the region size and flux measurements,
we use a Monte Carlo method and re-run Astrodendro 1000 times randomly adjusting
the brightness of each pixel sampling from a Gaussian distribution defined by the rms
noise s and the assumed VLA flux calibration error (~ 10%). The standard devi-
ations of the results from the 1000 runs are used to quantify the uncertainties in the
flux and size measurements. For unresolved regions that have Astrodendro-measured
sizes smaller than the beam areas after accounting for uncertainties, we instead mea-
sure their flux using beam-sized apertures and use the beam areas as upper-limits for
their sizes.

Additionally, to estimate the ratio of thermal free-free emission to total radio con-
tinuum emission in these NRSF regions at 33 GHz, we measure radio spectral index
between 15 and 33 GHz associated with each region. To do so, we smooth and re-
grid the native resolution 15 GHz and 33 GHz images of each nuclear ring (shown in
Figure 3.1 and 3.2) to a common circular beam and pixel scale for consistent measure-

ments of flux densities across the two frequencies. Assuming a single power-law model
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representing the combination of flat-spectrum thermal emission and steep-spectrum
non-thermal emission S ~ v“, we can calculate the spectral index « associated with
each region by measuring the linear slope between flux densities measured at 15 and
33 GHz with respect to frequency. Due to the coarser resolutions of the beam-matched
images, the exact region areas identified with Astrodendro using native resolution im-
ages cannot be used here to extract spectral indices. As an approximation, for each
region we measure its beam-matched 15 and 33 GHz flux using a common circular
aperture with area equivalent to the region size as measured by Astrodendro. For re-
gions with sizes smaller than the matched circular beams, we instead use beam-sized
apertures to extract their associated spectral indices. Uncertainties in the spectral

indices are calculated with error propagation.

3.4.3 Measurements of CO(J=1-0) maps

For the six galaxies that have high-resolution ancillary CO(J=1-0) data (see Sec-
tion 3.3.2), we smooth and regrid the native resolution CO (J=1-0) moment 0 map
and 33 GHz radio continuum map of the nuclear ring to a common circular beam
and pixel scale for consistent flux measurements. We measure the total CO (J=1-0)
and 33 GHz continuum flux of each ring using apertures defined by R;, and Ry, (See
Section 3.4.1). These values are used to derive the integrated molecular gas mass,
average surface densities and gas depletion times in the ring in Section 3.5.5. For
individual NRSF regions, we measure the CO (J=1-0) and 33 GHz flux using cir-
cular apertures with area equivalent to the region size as measured by Astrodendro.
For regions with sizes smaller than the matched circular beams, we use beam-sized

apertures instead.
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3.5 RESULTS

Here we describe the results of the above measurements and further derive SFR,
SFR surface density and gas depletion time for each ring as a whole, as well as for
individual NRSF regions identified using Astrodendro. We also use the measured 15
— 33 GHz spectral index to derive the ratio of thermal free-free emission to total
radio emission at 33 GHz associated with each NRSF regions. The measured and
derived quantities for the nuclear rings are summarized in Table 3.4, and the ones for
individual NRSF regions are reported in Table 3.6. In total, 63 regions are identified
and measured with Astrodendro, as shown in Figure 3.4, including 58 NRSF regions
(22 in normal galaxies, and 35 in LIRGs) and 5 nuclei (4 known AGN and 1 nuclear
starburst). For completeness, in Table 3.6 we report measurements for all 63 identified

regions, but only the 58 NRSF regions are included in the final analysis.

3.5.1 Ring size, SFR & SFR surface density

We use Rpeax, defined in Section 3.4.1, as an estimate for the radius/semi-major
axis of the ring. The five nuclear rings in the sample of normal galaxies have radii of
43 — 599 pc, and the four nuclear rings in the LIRGs have radii of 121 — 531 pc.

Using flux measured with R;, and R, we can calculate the integrated SFR within

each ring using Equation 10 in Murphy et al. (2012):

<Mif;lj—l) =107 [2.18(13:;}{)0-45((};2) _0_1+

NT

b1(em) | i) 1)

where a Kroupa Initial Mass Function (IMF) is assumed. In this equation, L, is

the spectral luminosity at the observed frequency v, given by L, = 47D? 5", where
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S? is the measured total flux of the ring in Jy, Dy, is the luminosity distance of the
host galaxy (column 4 in Table 3.1), T, is the electron temperature and o7 is the
non-thermal spectral index. Here we adopt 7, = 10*K and o' = —0.85, which
have been extensively used to describe SF regions in normal galaxies and LIRGs (e.g.
Murphy et al., 2012; Linden et al., 2019, 2020).

The integrated SFR has a range of 0.03 — 2.0 and 6.1 — 29 Mg, yr~! for rings in the
normal galaxies and in the LIRGs, respectively. For the normal galaxies, the estimated
nuclear ring radii and SFR are in agreement with previous measurements of the same
galaxies at optical and IR wavelengths (e.g. Mazzuca et al., 2008; Comeroén et al., 2010;
Hsieh et al., 2011; Ma et al., 2018). Only a handful of similar measurements exist for
the nuclear rings hosted in LIRGs because they are farther away and more obscured
by dust. Our radio measurement is also consistent with extinction-corrected Paa
measurement for the nuclear ring in NGC 1614 by Alonso-Herrero et al. (2001a), which
confirms the effectiveness of using high-frequency radio continuum as extinction-free
SFR tracer in these nuclear rings.

We further calculate the average SFR surface density, Xgpr, in each ring, by
dividing the integrated SFR over the area of the ring as defined in Figure 3.3, with
R;, and R,,. For rings with undefined R;, due to lack of resolution, we use the areas
defined by their R, minus the areas of the synthesized beams (Table 3.2) to account
for the central cavities. The resulted range of Ygpg is 0.27 — 2.90 Mg, yr—! kpc—2
for nuclear rings in the normal galaxies, with a median value of 0.594:0.21 M, yr—!
kpc=2. For rings in the LIRGs, Ygpg is higher by at least a factor of two, with a range

of 6.0 — 97 M, yr~! kpc™? and a median of 30422 M yr—! kpc=2.
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3.5.2 Ring SFR vs. Host SFR

Here we estimate the fraction of total SFR of the host galaxy contributed by the
nuclear ring. The relevant results are tabulated in Table 3.4 and 3.5. The total SFR
of the galaxy is calculated from both FUV and IR emission to account for obscured

and unobscured SF (Murphy et al., 2012):

SFRyo = SFRpuy + SFRig (3.2)

To calculate SFRpyy, we use GALEX FUV measurements from Clark et al. (2018)
for the normal galaxies and from Howell et al. (2010) and Brown et al. (2014) for the

LIRGs, along with Equation (2) from Murphy et al. (2012) assuming Kroupa IMF:

SFRpyy = 4.42 x 107* Lpyy (3.3)

No GALEX FUV measurements are available for NGC 1614 and NGC 1797. For
NGC 1614, SFR based on monochromatic UV measurement (A = 2800A) is available
from U et al. (2012). Due to the different calibrations adopted, UV SFR from U et al.
(2012) are consistently higher than values estimated using FUV measurements from
Howell et al. (2010) among U/LIRGs studied in both works, by at least a factor of
two. Therefore, for NGC 1614, here we adopt the SFR reported in U et al. (2012), but
scaled down by a factor of two as an estimate for its FUV SFR. The FUV contribution
to the total SFR is overall very low (~ 4%) in local U/LIRGs (Howell et al., 2010)
therefore does not affect our estimates significantly. For the IR component, we applied

Lig from Table 3.1 to Equation (15) in Murphy et al. (2012), modified to account for
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AGN emission:

SFRig = 3.15 x 10_44LIR,SF (34)

=3.15 x 10_44L1R(1 — fAGN) (35)

where faqn is the fraction of the bolometric luminosity of the host galaxy contributed
by AGN emission (see Table 3.1 and Diaz-Santos et al., 2017). Because the above
relations presented in Murphy et al. (2012) are calibrated against 33 GHz measure-
ments, we can directly estimate the fraction of total SFR contributed by the nuclear
ring by dividing the ring SFR, derived in the last Section, over SFRy.;. The fractions
are 7% — 39% for rings in the normal galaxies, and 49 — 60% for rings in the LIRGs,
with median values of 12+9% and 56%+6%, respectively. We visualize this result
in Figure 3.7 and discuss its implication in Section 3.6.2. For NGC 1614, a similar
fraction has also been estimated by Xu et al. (2015). Even though measurements are
made at 15 GHz for NGC 7591, we do not expect new measurements at 33 GHz to

significantly alter our result.

3.5.3 Region size, SFR and SFR surface density

For each identified NRSF region, we calculate its SFR and Ygpr using the flux
density and area measured in Section 3.4.2, along with Equation 5.4. For regions
smaller than the beam areas accounting for uncertainties (i.e. unresolved), Ygpr
calculated here are lower-limits. To compare the region size with values from the
literature, we compute and report the effective radius R, = \/m, which has a
range of 16 — 184 pc for the 22 NRSF regions in the normal galaxies and 13 — 221 pc
for the 35 NRSF regions in the LIRGs. Regions in the normal galaxies have SFR
of 0.01 — 0.21 Myyr~!, with a median of 0.04£0.03Myyr—!. Regions in the LIRGs
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Table 3.5: Host Galaxy Star Formation Rates

Galaxy SFRFUV SFRIR SFRtOt
Mg yr™") (Mg yr™) (Mg yr™)
(1) (2) (3) (4)

NGC 1097 0.69£0.03  4.4+0.0 5.1£0.0
IC 342 1.50+0.07  0.9£0.0 2.4+0.0
NGC 3351 0.15£0.01  0.7£0.0 0.86+0.01
NGC 4321  0.7£0.03  2.6+£0.1 3.3£0.1
NGC 4826 0.04£0.01  0.4+£0.0 0.46+0.01
NGC 1614  1.5* 47+4.3 48+4
NGC 1797 =¥ 12+0.4 12+0.4
NGC 7469  1.7£0.0 37£3.0 39£3
NGC 7591  0.4+£0.1 13+0.3 1440.3

NOTE — (1): Host galaxy name. (2): Star forma-
tion rates derived from GALEX FUV flux measure-
ments by Clark et al. (2018), Howell et al. (2010)
and Brown et al. (2014), using Eq.(3).*GALEX
measurements are not available for NGC 1614 and
NGC 1797. For NGC 1614, we use monochromatic
UV SFR from U et al. (2012) scaled down by a fac-
tor of two as an estimate for FUV SFR. (3): Star
formation rates derived from total IR luminosity,
accounting for AGN contribution to the bolomet-
ric luminosity of the LIRGs (Table 3.1), using Eq.5.
(4): Total star formation rates of the host galaxy.
See Section 3.5.2 for more details.

have SFR of 0.08 — 1.7 Mgyr~!, with a median of 0.25£0.12 Moyr—!. Consequently,
Ysrr for regions in the LIRGs ranges from 7 — 402 Mgyr—‘kpce2 with a median of
197£78 Myyr—tkpc=2, about an order of magnitude higher compared to regions in
the normal galaxies, whose Ygpg ranges from 0.4 — 9.2 Myyr 'kpc™2 with a median
of 1.44£0.9Mgyr—tkpc=2. We discuss the potential effect of resolution on the results

in Section 3.6.3.

3.5.4 Thermal Fractions at 33 GHz

Radio continuum captures both non-thermal synchrotron emission of cosmic ray
electrons accelerated by supernovae, and thermal free-free emission associated with

HII regions of massive stars (< 10 Myr). At high radio frequencies, radio emission has
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been directly related to ionizing photon produced by young massive stars (Murphy
et al., 2012), with thermal fractions (i.e. ratio of thermal free-free emission to total
radio continuum emission) 2> 90% at 33 GHz in individual star-forming regions in
nearby spiral galaxies (Linden et al., 2020). However, it has been shown that even
at 33 GHz, radio continuum emission in local U/LIRGs may be largely non-thermal,
due to dust absorption of ionizing photons (Barcos-Murnioz et al., 2015, 2017).

To understand what is driving the 33 GHz radio continuum emission in our sample
of nuclear rings on sub-kpc scales, we estimate thermal fractions at 33 GHz, f,, using
spectral index measured between 15 and 33 GHz (see Section 3.4.2), and Equation

(11) from Murphy et al. (2012):

() - ()"
th = —0.1 anT (3.6)
() - (%)

where « is the spectral index measured between v; and v, (33 and 15 GHz), and

ant is the non-thermal spectral index. Almost all regions have —0.85 < a < —0.1
within uncertainties, therefore we adopt ant = —0.85 for our calculations following
Murphy et al. (2012). Out of the total 58 NRSF regions, three have a < —0.85,
which means their radio continuum spectra between 15 and 33 GHz are steeper than
the typical non-thermal spectrum. In these cases we set ayt = a — 0.1 based on
previous measurements of the maximum dispersion of non-thermal spectral index
given by 04, =~ 0.1 (Niklas et al., 1997; Murphy et al., 2011b, 2012). Additionally,
three NRSF regions have a@ 2 —0.1, in which cases we set fi, to 100%, assuming
the spectral flattening is caused by increasing thermal fraction. Alternatively, it may
have originated from ayt flattening or anomalous microwave emission (e.g. Dickinson

et al., 2018), which will require future matched-resolution observations at more than
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two radio frequencies to confirm.

Here we use only 15 and 33 GHz images to estimate f, because 3 GHz obser-
vations from the GOALS equatorial survey do not resolve the ring structures except
for in NGC 7469. Linden et al. (2020) observed similar spectral steepness at 3 —
33 GHz and 15 — 33 GHz for the full SFRS sample, therefore we do not expect to
overestimate 33 GHz thermal fractions in NRSF regions in the normal galaxies by
using only 15 and 33 GHz measurements. However, in a study of extra-nuclear SF
regions in local LIRGs, Linden et al. (2019) observed steeper spectral profile at 3 —
33 GHz compared to 15 — 33 GHz on kpc scales. Therefore the thermal fractions
estimated at 33 GHz for the sample of NRSF regions in LIRGs may be higher than
reported here when matched-resolution observations at 3 GHz are included, despite
that we did not observe significant spectral flattening at 15 — 33 GHz compared to 3
— 33 GHz in NGC 7469.

To better visualize the free-free emission distribution in these rings, we addition-
ally construct pixel-by-pixel maps of f,, as shown in Figure 3.5. We mask all values
below 50, for 15 and 33 GHz beam-matched images to ensure reliable outputs, after
which we calculate a and fy;, at each pixel. These maps show significant spatial vari-
ation in the distribution of thermal emission in these nuclear rings, with areas of high
fin mostly corresponding to the identified NRSF regions. Variations in fi, on scales
smaller than the matched beams are highly correlated and therefore not physically
significant.

The estimated fi, has a range of 35 — 100% and 4 — 100% for NRSF regions in
the normal galaxies and in the LIRGs, respectively. We note that low resolution (~
0”.6 or 200pc) 15 and 33 GHz images were used to calculate f;, for NGC 1797, NGC
7469 and NGC 7591 because the high resolution images do not have strong enough

detection for robust measurements. This means that the physical scales at which f,
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are measured are 2-5 times larger than the spatial extent of the identified regions,
likely including areas with little SF or diffuse non-thermal emission (i.e. cosmic rays
accelerated by supernovae). This can skew f, towards lower values, and therefore
values reported in Table 3.6 may be interpreted as lower-limits. We further discuss

the implications of these results in Section 3.6.5.

3.5.5 Gas depletion times

In the left panels of Figure 3.6, we show the beam-matched CO (J=1-0) moment 0
maps (in color) and 33 GHz continuum data (in contour) for the six nuclear rings in the
sample that have archival CO (J=1-0) data at resolutions comparable to the VLA data
(Section 3.3.2). We can see that the nuclear rings observed in the radio continuum
are largely co-spatial with the cold molecular gas, and molecular spiral arms are
visible beyond the rings in NGC 1097, IC 342, NGC 3351 and NGC 4321. Using the
measurements of CO (J=1-0) and 33 GHz continuum emission on these resolution-
matched maps, we can calculate the cold molecular gas mass (Mp,) and surface
densities (X,01) in these six nuclear rings and their individual NRSF regions, and
make direct comparisons with the SFR and Xgpr to estimate the timescale at which
SF depletes the molecular gas, which is used in both observational and theoretical
studies to quantify star formation efficiencies (i.e. 7gep = 1/SFE = X,,01/Xsrr; €.g.
Bigiel et al., 2008; Wilson et al., 2019; Moreno et al., 2021).

We follow Herrero-Illana et al. (2019) and use equation from Solomon et al. (1992)

to convert the measured CO(J=1-0) flux to molecular gas mass:

Mot = aco Lo (3.7)

SC()AI/ DL 2 —
= 2.45 x 10° 1 ! .
5 x 10 aCO(Jy krn/s) (Mpc) (1+:2) (3.8)
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Figure 3.5: Maps of thermal fractions at 33 GHz of the sample galaxies. Each map
was calculated from a pair of beam-matched 15 and 33 GHz images as described
in Section 3.5.4. Red filled circles on the lower left of the maps represent the final
matched beam. These maps show significant spatial variation in the distribution of
thermal emission in these nuclear rings. Lower resolution images are used for NGC

1797, NGC 7469 and NGC 7591.
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where M, is in units of My, ScoAv is the integrated line flux in Jy km/s and Dy,
is the luminosity distance in Mpc reported in Table 3.1 given the redshift z. Finally,
aco is the CO-to-Hy conversion factor, in units of M (K km s™! pc2)~!. We adopt
aco = 4.3 My (K km s7! pc™2)7! for the five nuclear rings hosted in normal galaxies
following previous resolved studies of nearby disk galaxies (Bigiel et al., 2008; Leroy
et al., 2013), and we use the U/LIRG value aco = 1.8 My (K km s7! pc™2)~! from
Herrero-Illana et al. (2019) for the nuclear ring in NGC 7469. We use Equation 5.4
to convert the 33 GHz continuum flux to SFR, and Yspr and X, are calculated
using the physical areas of the adopted apertures (See Section 3.4.3). In Table 3.7
we summarize the derived quantities for the nuclear rings and the individual NRSF
regions.

Based on calculations using previous global CO (J=1-0) measurements (Young
et al., 1996; Crosthwaite, 2001; Crosthwaite et al., 2001; Garcia-Burillo et al., 2003;
Davies et al., 2004), these six nuclear rings contain ~ 10 — 30% of the total molecular
gas mass of their host galaxies; this gas is available to fuel the active starbursts that
are responsible for ~ 10 — 60% of the total SFR of the host galaxies. The average Y,
has a range of 280 £ 40 — 900 4 90 Mo yr~'pc2 in these nuclear rings, and 84 4 180 —
19704200 Mgyr'pc=? in the NRSF regions. The gas depletion times 74, associated
with the individual NRSF regions range from 0.07 — 1.4 Gyr. The median 74¢, for
regions in the normal galaxies is 0.6+£0.5 Gyr. This is almost an order of magnitude
longer than regions in NGC 7469, which has a median 74e, of 0.084£0.01 Gyr. These
values agree with results from previous sub-kpc studies of normal galaxies (Bigiel
et al., 2008; Leroy et al., 2013) and U/LIRGs (Wilson et al., 2019). Despite that our
measurements are made on scales larger than the region sizes measured using native-
resolution radio maps, the median 74¢, for the NRSF regions is largely consistent

with 74¢p, measured over the entire ring for each galaxy, therefore higher-resolution
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measurements may increase the scatter of 74e, estimated for these regions but will
not significantly change the results. In the right panels of Figure 3.6, we also show
pixel-by-pixel map of 74¢, for each nuclear ring for more direct visualization. We note
that 74ep derived near AGN is not meaningful as the 33 GHz emission is not associated
solely with star formation, and hence we also do not report Xgrr and 74¢, in Table
3.7 for regions containing AGN. We further discuss these results in the context of

universal star formation relation (e.g. Kennicutt, 1998) in Section 3.6.6.

3.6 DISCUSSION

Our selection criteria has resulted in the identification of NRSF in four LIRGs and
five normal galaxies. The NRSF in our sample exhibits diverse spatial distributions
(Figure 3.1 and 3.2). For examples, NGC 1097 and NGC 1614 have more randomly
distributed NRSF regions along the rings compared to NGC 3351 and NGC 1797,
where bright regions occur on opposite sides of the ring. Several studies have discussed
the potential mechanisms that may give rise to certain alignments of bright NRSF
regions, such as orbit crowding of gas clouds at the ends of nuclear stellar bars (e.g.,
Kenney & Lord, 1991; Mazzarella et al., 1994; Englmaier & Shlosman, 2004), or
specific gas inflow rates into the ring (e.g., Seo & Kim, 2013). Depending on how gas
accumulates, NRSF can either take place stochastically in the ring due to gravitational
instability, resulting in random spatial distribution of “hot spots”, or close to the
contact points between the ring and dust lanes in multiple bursts (e.g. Boker et al.,
2008). Given the limited sample size, we do not further discuss the implications
associated with the NRSF spatial distribution, but simply provide descriptions of our
observations and relevant information from previous studies on individual nuclear
rings in Appendix A. Instead, we focus our discussions on the implications of the

results in Section 4.4, and the limitations of the present sample.
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Figure 3.6: Six nuclear rings with high-resolution archival CO (J=1-0) datasets. For
each galaxy panel, left: Beam-matched archival CO(J=1-0) moment 0 map (in color)
and VLA 33 GHz continuum image (white contour). The contours corresponds to
5,10,15,20,30 0,s levels in 33 GHz intensity; right: Maps of gas depletion time
Tdep = Zmol/ 2SFR, Using maps shown on the left. Matched beams are represented by
white /black filled circles on the lower left of each image in the left /right panel. The
radio continuum is largely co-spatial with cold molecular gas. In NGC 1097, 1C 342,
NGC 3351, and NGC 4321, prominent spiral structures overlap with the SF nuclear
rings and extend farther out into the galactic disks. The spiral structure in NGC
7469 is much more tightly wound and less distinct, and its nuclear ring has an order
of magnitude shorter gas depletion times on average.
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3.6.1 Sample limitation

The sample presented in this work is limited by several effects. Given the reso-
lution of the observations, a nuclear ring has to have an angular radius larger than
the synthesized beam in order for the ring structure to be resolved. An example is
NGC 4579, a known nuclear ring host in SFRS, whose ring radius is estimated to
be 1.6” from HST optical and near-IR observations (Comerén et al., 2010), which is
smaller than the 33 GHz beam size of ~ 2", and therefore not included in our sample.
Additionally, the surface brightness of the nuclear ring must be high enough above
the sensitivity limits of the observations for the ring structure to be visually distinct.
NGC 4736 and NGC 5194 are two other galaxies from SFRS that are included in
Comeron et al. (2010) but excluded from our sample because many of their NRSF
regions are too faint for the ring structure to be visually distinct. This may be due
to overall lower level of SF activity, and/or a lack of sensitivity of the observations.
For example, with an estimated angular radius of 50”(1.2 kpc, Comeroén et al., 2010),
the ring in NGC 4736 is detected close to the edge of the 33 GHz primary beam,
where sensitivity is significantly worse compared to the phase center, which results in
incomplete detection of the ring structure.

For observations from the GOALS equatorial survey, rings at very close distances
such as the one in NGC 1068 become too highly-resolved at A configuration to be
detected given the sensitivity limit and rings that are far away may either have been
unresolved or lack consistent detection of NSRF regions for the ring structure to be
visually identified. The fact that all four LIRGs in our sample have similar lumi-
nosity distances at ~ 70 Mpc may be the result of such a trade-off between physical
resolution and sensitivity. Finally, rings that are highly inclined may appear linear

and therefore are not represented in our sample. High-resolution kinematics studies
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Table 3.7: Quantities derived from resolution-matched 33 GHz and CO(J=1-0) maps

Galaxy 1D Aap(”Q) Muo1(10°Mg)  Yho(Meyr—tpe™2)  Sspr(Meyr~tkpe=?) Tdep (GyT)

(1) @2 3 (4) (5) (6)
6*Ring | NGC 1097 - 577 760-£100 280-£40 0.7240.07 0.380.06
IC 342 - 213 4745 860490 2.940.3 0.2940.04
NGC 3351 - 170 190+20 550-£60 0.5540.05 1.040.1
NGC 4321 - 312 430440 28030 0.2640.03 1.14£0.2
NGC 4826 - 82 505 790-£80 0.5840.06 1.4+0.2
NGC 7469 - 25 2500-1 89090 8.840.9 0.1040.01
30"Region | NGC 1097 1 134 26+10 410420 1.2£0.1 0.3520.14
2 10.14 47410 970200 1.6:0.2 0.6140.15
3 225 49414 4504130 1.540.2 0.3240.09
4 101 61+11 1260220 1.540.2 0.8240.17
5  17.6 90+15 1070170 N/A N/A
6 101 35410 730190 1.240.1 0.6340.18
7101 1449 290180 1.3£0.1 0.2340.15
8 101 4.148.7 844180 0.6840.10 0.1240.27
. 9 180 63413 7404150 1.340.1 0.5840.14
IC 342 1 294 1143 1460150 7.740.8 0.1940.03
2 593 2.541.1 1610160 4.640.5 0.3540.05
3 6.80 1.741.2 990-£100 5.140.6 0.1940.03
. 4 5093 3.0+1.1 19704200 4.040.5 0.4940.08
NGC 3351 1 43.0 54-£6 62070 0.66+0.07 0.9440.14
2 572 7.841.1 680100 0.7140.08 0.9540.17
. 3 214 3444 78090 1.040.1 0.7540.11
NGC4321 1 6.31 2042 66080 0.2940.05 2.300.46
2 926 26-:3 58070 0.6140.07 0.9440.15
3 7.86 4945 1270130 N/A N/A
4 631 1442 440460 0.62+0.07 0.70+0.13
5  6.31 16+2 530-£70 0.3840.05 1.440.3
. 6 631 1842 590-£70 0.57+0.07 1.0+£0.2
NGC 4826 1  9.39 9.240.9 1450150 N/A N/A
2 758 5.840.6 1140120 1.0+0.1 1.1£0.2
. 3 694 1.940.3 420460 0.7440.07 0.57+0.09
NGC 7469 1 140 280-£30 750-£100 8.540.9 0.0940.01
2 0.98 290-£30 11304130 1241 0.0940.01
3 2.04 800-£80 1480-£150 N/A N/A
1 098 290-:30 11104130 1742 0.0740.01
2 0.98 270-£30 10604120 1241 0.0840.01
3 098 280-£30 10904130 1341 0.0940.01

NOTE — (1): Host galaxy of the nuclear ring. (2): Identifier of the region in reference to Figure 3.4. (3): Area of
the circular aperture used to measure 33 GHz and CO(J=1-0) flux of the nuclear ring/NRSF region. For IC 342
and NGC 4826, beam areas are subtracted from the ring areas defined by R, to account for the central unresolved
cavities.(4): Molecular gas mass derived from CO (J=1-0) flux measurements (see Section 3.5.5). (5): Molecular
gas surface density over the physical areas of the adopted apertures. (6): Star formation rate surface density over
the physical areas of the adopted apertures for non-AGN regions. (7) Gas depletion time calculated using (5) and
(6) for non-AGN regions.
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are needed to reveal these edge-on rings.
Given the above, our sample represents a lower-limit of the number of nuclear
rings in both surveys, and thus the results derived in this study may not represent

the full range of NRSF properties in SFRS and the GOALS equatorial survey.

3.6.2 The majority of SF in these LIRGs takes place in their

nuclear rings

Figure 3.7 shows the fraction of total SFR contributed by the nuclear ring with
respect to Lir of the host galaxy, as calculated in Section 3.5.2. Each galaxy is color-
coded by its Lir, with darker blue and darker red representing the lower and higher

Lir, respectively. Nuclear rings hosted in the LIRGs have up to six times higher

SSFFLR“E:f than the ones hosted in the normal galaxies. Furthermore, we can also see
that high Ss?”ﬁ in general corresponds to galaxies with high Lig. This result echoes

previous studies which found that local galaxies with higher Ligr have more centrally
concentrated emission (Diaz-Santos et al., 2010, 2011), and that the nuclear SF in
LIRGs can dominate the properties of their host galaxies (e.g. Veilleux et al., 1995;
Soifer et al., 2001). However, the nuclear rings we study here may only represent the
most extreme cases, and it is possible that in many LIRGs, the total star formation is
less centrally concentrated. We will present results on various nuclear SF structures
in the entire GOALS equatorial survey in a upcoming paper to further investigate
this.

It is also worth noting that NGC 1097, which is interacting with a dwarf com-

SFRring
SEFR¢tot

panion, has both the highest Lir and the highest among the normal galaxies.
This trend is consistent with studies that observed excess nuclear SFR in interact-

ing galaxies relative to isolated systems (e.g. Lonsdale et al., 1984; Bushouse, 1986),
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Figure 3.7: Fraction of total SFR contributed by the nuclear ring with respect to Lig
of the host galaxy. See Section 3.4.1, Table 3.4 and 3.5 for details. Each galaxy is
color-coded by its Lig, with darker blue and darker red representing the lower and
higher Lig, respectively. Squares and triangles represent normal galaxies and LIRGs
respectively. Nuclear rings in the LIRGs consistently contribute higher frac-
tions of the total SFR of their host galaxies compared to rings in the normal
galaxies.

which is also predicted in simulations of galaxy interaction (Moreno et al., 2021).

3.6.3 High SFR and Ygspr in NRSF regions in the sample of
LIRGs

The consistently higher nuclear ring contribution to the total SFR, as discussed in
the last Section, points to more active NRSF in our sample of LIRGs. In Figure 3.8,
we show, in filled symbols, the SFR and Ygpg of all 58 NRSF regions with respect
to their effective radius R, (reported in Table 3.6), and in non-filled symbols, the

integrated values for the entire rings (Table 3.4). Note that for the integrated values,
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R, = \/m measures the effective area extended by the ring, and is different from
Rpeax defined in Section 3.4.1.

Despite the different angular resolutions of the observations, the physical resolu-
tions achieved (marked in short vertical lines on the horizontal axis) and the effective
sizes of NRSF regions measured are similar between the normal galaxies and the
LIRGs. We can see that at similar or smaller effective sizes, the integrated rings
and NRSF regions in the LIRGs (triangles) both have at least an order of magni-
tude higher SFR and Xgpr than their counterparts in the normal galaxies (squares),
confirming that NRSF in these LIRGs are indeed more active than in the normal
galaxies. Additionally, most NRSF regions in these LIRGs have SFR as high as the
integrated ring values of the normal galaxies, with 1-2 dex smaller effective sizes, ex-
hibiting extremely high spatial concentration of SF activities.

It is worth noting that for both the normal galaxies and the LIRGs, regions mea-
sured at the highest physical resolutions (i.e. those in IC 342 and NGC 1614) have
the highest Ygpr, which demonstrates the importance of high-resolution observations
in accurate characterization of these regions. Lower resolution observations would
likely result in diluted (and thus lower) measures of the intrinsic Xgpgr. Assuming
the extreme case where Xgpg is diluted by quiescent regions with no active SF when
measured within larger area (i.e. Ygpr o< 1/R?, hatched in red in Figure 3.8), NRSF
regions in NGC 1614 may appear to have similar Ygpr to resolved regions in the
normal galaxies even at 07.3 resolution (100 pc). The fact that regions in NGC 1797
and NGC 7469 share similar Ygpr with regions in IC 342 is likely a result of such
dilution effect, given that observations of these two galaxies have much lower physical
resolutions.

Furthermore, many regions in the LIRGs, especially in NGC 1614 are unresolved

by the beam (marked with arrows), which means that their sizes can be even smaller,
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and their Yspr can be even higher. Additionally, the integrated ring values for these
LIRGs all lie above the ranges spanned by their NRSF regions, suggesting that active
SF takes place throughout these nuclear rings, not only in the NRSF regions that we
characterized here. Indeed, the sum of SFR in the NRSF regions only account for
about 20 — 50% of the total SFR of the rings. If higher resolution deep observations
were to be made available for these rings, we would expect to detect more NRSF
regions that are less luminous or much smaller.

In summary, the NRSF regions studied in our sample of LIRGs intrinsically have
higher SFR and Ygpr with sizes similar to or smaller than their counterparts in the
sample of normal galaxies. Observations with consistent, high physical resolution are
crucial for accurate characterization of these extreme, compact NRSF regions.

We note that within our sample, we do not find evidence associating AGN activity
with NRSF, as SFR or Xgpr in NRSF regions do not appear consistently higher or
lower in AGN hosts. Existing measurements of AGN strength indicators in the IR
and X-ray of the host galaxies (Stierwalt et al., 2013; Dale et al., 2006; Grier et al.,

2011) also do not reveal any correlation with the NRSF properties studied here.

3.6.4 NRSF in these LIRGs have SFR and s comparable to

luminous SF regions at high-z

Using high-resolution HST Paa and Pa/s observations, Larson et al. (2020) mea-
sured the SFR and effective radii of 751 extra-nuclear SF regions and 59 nuclei in 48
local LIRGs from GOALS. The authors showed that SF in local LIRGs bridges the
gap between the local and the high-z Universe, with a wide range of SFR overlapping
with those found in luminous SF clumps in 2 = 1—4 lensed galaxies. In Figure 3.9, we
reproduce Figure 5 and 6 from Larson et al. (2020), overlaid with radio measurements

for the individual NRSF regions from this study. Note that the most luminous regions
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Figure 3.8: Effective radius R, vs. SFR (top) and Xgpr (bottom). Values for the
58 NRSF regions are shown in filled symbols, and integrated ring values are in non-
filled symbols, both color-coded by Lir of the host galaxy, with squares and triangles
representing normal galaxies and LIRGs, respectively. Arrows indicate upper-limits
in R, for unresolved regions, which translate into lower-limits in gpr given the
measured SFR. Short vertical lines on the horizontal axis mark the resolution limits
of the observations. The red hatching represents the range of SFR and expected range
of Ysrr spanned by the smallest and largest NRSF regions in the sample of LIRGs,
assuming the extreme case where Ygpgr is diluted by quiescent areas when measured
within larger region size (i.e. Ygpr < 1/R?). The NRSF regions studied in our
sample of LIRGs have higher SFR and Ysrr with sizes similar to or smaller
than their counterparts in the sample of normal galaxies.
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in Larson et al. (2020) are the nuclei, most of which have SFR > 0.1 My, /yr and YXgpgr
> 0.2 Mg, /yr/kpc? with effective radii greater than 300 pc. The dashed vertical line
in orange marks the resolution limit of 90 pc for measurements from Larson et al.
(2020). There are several conclusions that can be drawn from this Figure:

e For the five normal galaxies from SFRS, the NRSF regions (black squares)
have higher SFR and Ygggr than the ensemble of SINGS regions (grey dots), which
are measured in the disk of normal galaxies. Similarly, for the sample of LIRGs from
the GOALS equatorial survey, the NRSF regions (red triangles) have higher SFR and
Ysrr than the ensemble of GOALS regions (orange “+”) detected in the near-IR, over
90% of which are extra-nuclear. These two results together suggest that NRSF can
be more extreme than extra-nuclear SF in the disk of the host galaxy, supporting
findings from Linden et al. (2019).

e At similar measured sizes, NRSF regions in the sample of normal galaxies over-
lap with the extra-nuclear GOALS regions in Larson et al. (2020) and lower-luminosity
lensed regions at high-z (purple “x”). On the other hand, NRSF regions in the sample
of LIRGs lie above the extra-nuclear GOALS regions from Larson et al. (2020), and
their SFR and Ygpr are comparable to many luminous high-z regions. Note that if
we consider the same dilution analysis as shown in Figure 3.8 (in red hatching), we
would still find that the NRSF regions in the LIRGs have Xgpg comparable to many
high-z SF regions with lower resolution measurements. We will investigate whether
this applies more broadly to other nuclear SF regions in the GOALS equatorial survey
in the upcoming paper. Future surveys with the capability of detecting fainter and
smaller NRSF regions will allow a more comprehensive understanding of NRSF in
LIRGs.

We also note that the different SFR tracers used for data presented in Figure 3.9

are sensitive to dust obscuration at different levels, which can affect the above inter-
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pretation of our results. While heavy non-uniform extinction in the nuclei of LIRGs
can lead to underestimation of SFR and Ygpgr by 1 - 1.5dex even in the near-IR (U
et al., 2019), over 90% of the GOALS regions being compared here are extra-nuclear
and expected to be mildly extincted (Larson et al., 2020). Therefore we do not expect

extinction correction to change our conclusions.

3.6.5 Thermal fractions in the NRSF regions at 33 GHz

In Figure 3.10, we show the estimated thermal fractions at 33 GHz, fi;,, associated
with the NRSF regions in the sample nuclear rings with respect to the physical radii
of the apertures within which these measurements were made (see Section 3.4.2 and
3.5.4). For context, we also overlay the expected values from Barcos-Munoz et al.
(2017) for luminous nuclei in U/LIRGs (hatched red), and the median values from
Linden et al. (2020) for the nuclear regions in SFRS (hatched blue), both measured
at sub-kpc scales.

The median value of fi, associated with the NRSF regions in the sample of nor-
mal galaxies is ~ 69£19%, in agreement with the median value of ~ 71% for all
nuclear regions (i.e. having galactocentric radii rg < 250 pc) in the full SFRS sample,
reported in Linden et al. (2020). As discussed in Linden et al. (2020), excess non-
thermal emission is present in the circum-nuclear SF regions in SFRS compared to
the extra-nuclear regions (rg >= 1kpc; median fy, ~ 90%), likely due to prolonged
SF activities. As illustrated in Figure 7 of Linden et al. (2020) using Starburst99
models, continuous SF for over 100 Myr can decrease the thermal fraction to ~ 50%
due to accumulation of non-thermal emission from supernovae, while instantaneous
starburst can dramatically bring down thermal fraction to much lower levels within
10 Myr. Given that nuclear rings have prolific episodic starbursts (e.g. Buta et al.,

2000; Maoz et al., 2001), and can persist at Gyr timescales (Knapen et al., 1995; Seo
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Figure 3.9: Effective radius R, vs. SFR (top) and Ygpr (bottom) for SF regions
in galaxies at different redshifts, reproduced from Figure 5 and 6 in Larson et al.
(2020). Triangles and squares are radio continuum measurements of individual NRSF
regions in the LIRGs from the GOALS equatorial survey (red) and the normal galaxies
from SFRS (black). Arrows indicate lower-limits in R, and upper-limits in Ygpg for
unresolved regions. Purple “x” represent Ha measurements of SF regions in lensed
galaxies at z ~ 1—4 (Livermore et al., 2012, 2015). Orange “+” mark the Paa and Pag
measurements of 59 nuclei and 751 extra-nuclear SF regions in 48 local LIRGs from
GOALS (Larson et al., 2020), with a resolution limit of 90 pc (orange dashed vertical
line). Grey dots are Ha measurements of SF regions in SINGS galaxies. NRSF
regions in the sample of local LIRGs have SFR and Ysrr comparable to or
higher than luminous SF regions at high-z.



CHAPTER 3. A COMPARISON BETWEEN NUCLEAR RING STAR FORMATION
IN LIRGS AND NORMAL GALAXIES WITH THE VERY LARGE ARRAY 143

& Kim, 2013), the relatively low fi, observed in the NRSF regions in these normal
galaxies may be driven by a combination of continuous and “bursty” SF.

In Figure 3.10 we also see that at similar physical scales, fi, can be even lower
for NRSF regions in the sample of LIRGs compared to those in the normal galaxies,
except for NGC 1614, whose NRSF regions span a wide range in fi,. The median f,
in the NRSF regions in the sample of LIRGs is ~ 35+36% including NGC 1614, and
~ 294+9% excluding NGC 1614, which are much lower than the median of 69% mea-
sured in the normal galaxies. This is in agreement with findings from Barcos-Munoz
et al. (2015) and Barcos-Munioz et al. (2017) that the nuclear regions in U/LIRGs
are mostly dominated by non-thermal emission. These authors suggest that thermal
emission in the nuclei of U/LIRGs may be suppressed via the absorption of ionizing
photons by dust. However, in our case, the lower f, can also be explained by beam
dilution due to low resolutions of the beam-matched images, i.e., measurements for
most regions in NGC 1797, NGC 7469 and NGC 7591 are at scales 2 - 5 times larger
than the sizes of the NRSF regions characterized using Astrodendro. The wide range
of fin observed in the nuclear ring of NGC 1614, which is measured at physical scales
smaller than 50 pc, has also been observed by Herrero-Illana et al. (2014). The au-
thors conclude that this large variation reflects the different ages of starbursts in the
NRSF regions, with regions of extremely young starbursts (< 4 Myr) having thermal
fractions ~ 100%, and regions of old starbursts (> 8 Myr) having much lower thermal
fractions. This explanation is also consistent with Figure 7 in Linden et al. (2020).
As demonstrated in previous Sections, the NRSF regions in the sample of LIRGs are
likely more compact than the ones in the normal galaxies. Therefore, measurements
at 100 — 300 pc scales in these LIRGs may average over areas of young and old star-
bursts that have drastically different thermal content. Additionally, as mentioned in

Section 3.5.4, non-thermal emission associated with supernovae can be more diffuse
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than thermal emission (e.g. Condon, 1992), hence low resolution measurements are
more likely to represent non-thermal emission. It is possible that, at high resolutions
(e.g. < 100pc), we may also see very high f, in some of the NRSF regions in NGC
1797, NGC 7469 and NGC 7591, as observed in NGC 1614.

3.6.6 Star formation relation

Global measurements of Ygpgr and X, of galaxies of various types indicate the

existence of a universal SF relation, i.e. Ygpg = AXY |, with N~1.4 (e.g. Kennicutt,

mol
1998). According to this relation, SF efficiency increases (i.e. gas depletion time
decreases) towards high 3, for all types of galaxies. However, several studies argue
for a bimodal SF relation which predicts constant star formation efficiency among
galaxies of similar types, with gas depletion times in normal spiral galaxies 4 - 10 times
longer than in U/LIRGs or high-z sub-millimeter galaxies (e.g. Bigiel et al., 2008;
Daddi et al., 2010; Genzel et al., 2010; Kennicutt & de los Reyes, 2020). As we show
in Figure 3.11, this bimodality is also present in our results for the nuclear rings (non-
filled) and the NRSF regions (filled) derived from extinction-free measurements at
sub-kpc scales (see Section 3.5.5). Despite having 1 - 2 dex higher ¥}, the rings and
the NRSF regions in the normal galaxies (square symbols) have similar gas depletion
times (7gep ~ 1 Gyr) with normal spiral disks. The ring and NRSF regions in NGC
7469 also show consistent 7yep,(~ 100 Myr) with circumnuclear disk measurements for
U/LIRGs, being up to an order of magnitude shorter than rings and NRSF regions in
the normal galaxies. This is similar to values measured in other sub-kpc scale studies
of U/LIRGs (e.g. Xu et al., 2015; Pereira-Santaella et al., 2016), but 4 - 6 times shorter
than 74, estimated from global measurements of GOALS galaxies (Herrero-Illana

et al., 2019). In a resolved study of five U/LIRGs, Wilson et al. (2019) demonstrated

that 74e, decreases more rapidly at increasing 3,0 above X0 > 103Mg /pc? in these
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Figure 3.10: Thermal fraction at 33 GHz with respect to the physical size of the
aperture used for the measurements for the NRSF regions. Each region is color-
coded by Lir of its host galaxy, and squares and triangles represent normal galaxies
and LIRGs separately. Short vertical lines on the horizontal axis indicate resolution
limits of the spectral index measurements (see Section 3.5.3). Blue hatched area
marks the median values and median absolute deviation of 71% and + 18% measured
by Linden et al. (2020) on 100 ~ 500 pc scales for the nuclear regions (r¢ < 250 pc) in
the SFRS sample, and red hatched area represent the values for the nuclei in the most
luminous local U/LIRGs (<50%) predicated by Barcos-Munoz et al. (2017) at similar
physical scales. When measured at similar physical scales, NRSF regions in
the sample of LIRGs have lower thermal fractions compared to regions in
the sample of normal galaxies. NRSF regions in NGC 1614, which are
measured at the smallest physical scales, span a wide range in thermal
fraction.
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extreme systems. In an upcoming paper, we will present sub-kpc measurements for a
larger sample of nuclear SF regions in the GOALS equatorial survey to further explore
the sub-kpc SF relation in local U/LIRGs.

The nuclear rings in IC 342 and NGC 1097 also have relatively high SFE compared
to spiral disks and other nuclear rings hosted in normal galaxies, with 74e, ~ 0.4 Gyr.
This central enhancement of SFE has also been observed in other studies of 1C 342
(Sage & Solomon, 1991; Pan et al., 2014) and in surveys of normal galaxies (e.g. Leroy
et al., 2013; Utomo et al., 2017). Meanwhile, at similar ¥gpgr, NRSF regions in NGC
1097 span ~ 1dex in 74p. Tabatabaei et al. (2018) discovered that this large scatter
in SFE is closely tied to local build-up of the magnetic field that support molecular
clouds against gravitational collapse. Overall, our results show that, in these nuclear
rings, at similar X1, Tqep is shorter in the LIRG NGC 7469 compared to in the normal
galaxies, but it varies among the normal galaxies as well, likely reflecting variation
in local SF conditions. Tentatively, this supports the idea of a multi-modal star
formation relation on sub-kpc scales. We note that adopting a normal galaxy aco for
NGC 7469, or environmentally-dependent aco(Narayanan et al., 2012; Sandstrom
et al., 2013), can potentially produce a more continuous SF relation among these

nuclear rings, but more statistics are needed to explore this.

3.7 SUMMARY

In this paper we present analyses of sub-kpc resolution VLA radio continuum
observations of nine nuclear rings hosted in four local LIRGs from the GOALS equa-
torial survey (NGC 1614, NGC 1797, NGC 7469, NGC 7591) and five nearby normal
galaxies from the Star Formation in Radio Survey (NGC 1097, IC 342, NGC 3351,
NGC 4321, NGC 4826). These two surveys map the brightest 3, 15 and 33 GHz radio

continuum emission in 56 nearby normal galaxies and 68 local U/LIRGs at matched
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Figure 3.11: X, vs. Xgpr for the integrated nuclear rings (non-filled) and NRSF
regions (filled), color-coded by the Lig of the host galaxy. Also shown are global
measurements for the normal spiral galaxies (black filled circles) from de los Reyes &
Kennicutt (2019), and circum-nuclear starbursts in normal galaxies (black non-filled
circles) and U/LIRGs (red non-filled circles) from Kennicutt & de los Reyes (2020),
converted to match with the aco we adopted. Solid, dashed, and dotted grey lines
represent gas depletion time 740, of 108, 10%®, and 10° yr. The estimated g, is
shortest in the nuclear ring of NGC 7469, and has a large scatter among
nuclear rings in the normal galaxies at similar >,.
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physical resolution, and hence allow direct, extinction-free comparison of nuclear star
formation across different host environments. Using high-resolution maps of 33 or
15 GHz continuum, we characterize the size, SFR and Ygpr of these nine detected
nuclear rings and 58 individual NRSF regions at ~ 100 scales. We summarize our

main findings as follows:

1. The five nuclear rings in normal galaxies contribute 7 - 40% of the total SFR
of their host galaxies, with radii, SFR and Xgpr in the range of 43 — 599 pc, 0.03 —
2.0Mg yr~! and 0.27 — 2.90 M yr~! kpc=2, respectively. By comparison, the four
nuclear rings in the LIRGs have much more dominant contributions to the total star
formation of their host galaxies, at 49 - 60%, with radii, SFR and Xgpr in the range

of 121 — 531 pc, 6.1 — 29 Mg yr—! and 6.0 — 97 My, yr—! kpc~2, respectively.

2. We identified a total of 58 individual NRSF regions using Astrodendro, 22 of
which are hosted in the five normal galaxies, and 35 are in the LIRGs. NRSF re-
gions in the normal galaxies have effective radii, SFR and Xgpg in the range of 16 —
184pc, 0.01 — 0.21 Mgyr~! and 0.4 — 9.2 Muoyrtkpc~2, respectively. NRSF regions
in the LIRGs have similar range of effective radii, of 13 — 221 pc, but their SFR and
Ysrr are an order of magnitude higher, with a range of 0.08 — 1.7 Moyr~! and 7 —
402 Mgyr—tkpce=2, respectively. Many of these NRSF regions in the LIRGs are unre-
solved by our observations, so they may be more compact with higher intrinsic Ygpg.
We also found that these NRSF regions in the LIRGs have SFR and Ygpg as extreme

as measured in lensed high-z SF galaxies from the literature.

3. The median ratio of thermal emission to the total 33 GHz radio continuum

emission (i.e. thermal fraction) associated with the NRSF regions is 69+19% in the
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normal galaxies, and 354+36% in the LIRGs, which is lower than estimates for extra-
nuclear SF regions, but consistent with results from previous studies. The dominant
presence of non-thermal emission in the LIRGs may originate from suppression of
thermal emission due to absorption of ionizing photons by highly concentrated dust
in HIT regions. In our case, it is more likely due to insufficient resolution of the
measurements that results in the inclusion of more diffuse non-thermal emission from
cosmic rays accelerated by supernovae. A wide range of thermal fractions were ob-
served in NGC 1614 at high resolution (< 100 pc), which likely reflects different ages

of the starbursts along the nuclear ring.

4. For all five normal galaxies and one LIRG (NGC 7469), we use available archival
CO(J=1-0) data with comparable resolutions to our 33 GHz observations to further
study star formation efficiencies in these nuclear rings at sub-kpc scales. The nuclear
rings and NRSF regions in the normal galaxies have gas depletion times 74¢, ~ 1 Gyr,
about an order magnitude longer than in the nuclear ring and NRSF regions of NGC
7469 (Taep ~ 100 Myr), which is consistent with results from previous studies on kpc
and global scales. However, 74e, estimated for rings and regions with similar X,
have fair amount of scatter, which may point to a multi-modal star formation rela-

tion on sub-kpc scales. More statistics are needed to explore this.

In this work we have demonstrated the ability to study embedded nuclear ring
star-forming regions on sub-kpc scales in local LIRGs using high frequency radio
continuum as an extinction-free tracer of star formation. This makes it possible to
directly compare star formation properties in the heavily obscured hearts of local
U/LIRGs with those at the center of normal galaxies. We also show that to fully

resolve and characterize these extremely compact NRSF regions in the local LIRGs,
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observations at even higher resolutions and better sensitivity are needed. Future facil-
ities such as the ngVLA will greatly improve our understanding of deeply embedded

compact nuclear structures in these systems.

3.8 APPENDIX

3.8.1 Notes on Individual Galaxies

Here we provide description of individual sources based on data used in this work,
as displayed in Figure 3.1, 3.2, 3.3 and 3.6. Where relevant, we include descriptions

from prior studies of each nuclear ring.

NGC 1097: In all three VLA bands, we clearly see a nearly circular star-forming
ring with diameter (D) ~ 17" (1.2kpc) made of multiple bright SF knots, surround-
ing a luminous nucleus. Emission from the nucleus and the ring are well separated in
the azimuthally averaged light profile at 33 GHz, which allows us to characterize the
spatial extent of the ring. A nuclear spiral inside the ring, which is transporting gas
into the nucleus through the ring, has been revealed with multi-wavelength observa-
tions by Prieto et al. (2019). Our radio images also show three faint streamer-like
structures that connect the central nucleus to the ring, with the brightest streamer on
the west of the nucleus extending few arcseconds beyond the ring. This extension has
a bright counterpart in the ALMA CO(J=1-0) data, which coincides with the contact
point of a kpc gas streamer feeding in ring, as discovered by Prieto et al. (2019).
The host galaxy (cz = 1270km/s) is interacting with at least one dwarf companion

(1097A: cz = 1368 km /s; Bowen et al., 2016).

IC 8/2: A small asymmetric nuclear star-forming ring (D ~ 6”,160 pc) made of
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at least four distinct SF knots is detected at all three VLA bands. At 33 GHz, diffuse
emission from the ring covers the central region, as seen in the azimuthally-averaged
light profile. No bright nuclear emission is detected at any VLA Band, and the ring
morphology has previously been confirmed in near-IR and CO observations (Boker
et al., 1997; Schinnerer et al., 2003). Therefore we do not assign an inner radius for
this nuclear ring when calculating its SFR to account for the diffuse emission, but
the area of the synthesized beam is subtracted from the area defined by the outer ra-
dius when estimating Yspr to account for the central cavity. In a previous molecular
gas study, Ishizuki et al. (1990) suggest that the nuclear ring outlines the ends of a
pair of molecular ridges, which may have formed due to shock-waves from a bar-like

gravitational potential.

NGC 3351: An elliptical nuclear ring (D ~ 13”,600 pc) with an inclination an-
gle of ~ 59° is clearly present in images at all three VLA bands, with two bright
SF knots lying on the north and south tips of the ring separately, accompanied by
smaller, fainter SF' knots on the east and west sides. The azimuthally-averaged light
profile at 33 GHz reveals a faint nuclear component, which outlines the inner radius
of the ring. This component is most visible at 3 GHz. A comparison of the radio-
detected ring with archival Spitzer IRAC 3.6um image of the galaxy reveals a bar-like
stellar structure connecting the brightest radio “hotspots” along the north-south di-
rection. Low resolution (~ 7”) molecular observations have suggested the presence

of a molecular nuclear bar (Devereux et al., 1992), which is absent from the ALMA

CO(J=1-0) observation.

NGC 4321: The nuclear ring (D ~ 14" 1kpc) was detected at all three bands,

along with the central LINER nucleus. The ring appears fairly clumpy, with three
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bright knots making up the east half of the ring and relatively faint diffuse emission
on the west half. At 3 GHz more diffuse emission is detected, and the ring reveals
itself to be part of a tightly wound spiral structure, which is also evident in the ALMA
CO(J=1-0) data. The ends of the molecular spiral arms correspond to the location
of bright SF knots, which connects the ring to a nuclear bar that is prominent in
both archival Spitzer IRAC 3.6 ym image, and CO data (Sakamoto et al., 1995). Nu-
meric simulations predict that such nuclear bars exert strong gravitational torques on

molecular gas to effectively feed the SMBHs and nuclear/circum-nuclear starbursts

(Wada et al., 1998).

NGC 4826: The small nuclear ring (D ~ 5”120 pc) is most apparent at 15 GHz,
where we see five distinct knots lying close together to form a nearly circular struc-
ture. The brightest knot is the off-center LINER nucleus (Garcia-Burillo et al., 2003).
At 33 and 3 GHz, the emission from the two fainter knots is blended into the brighter
knot in between them. The bright nuclear ring is also closely surrounded by a series
of much fainter SF' regions, which show up in the azimuthally-averaged light profile at
~ 10" (250 pc) away from the center (we exclude them from our analyses). At 33 GHz,
diffuse emission from the ring covers the central region, as seen in the light profile. No
bright nuclear emission is detected at any VLA Band, and the ring morphology has
previously been confirmed in CO observation (Garcia-Burillo et al., 2003). Therefore
we do not assign an inner radius for this nuclear ring when calculating its SFR to
account for the diffuse emission, but the area of the synthesized beam is subtracted

from the area defined by R, when estimating Yspr to account for the central cavity.

NGC 1614 A clumpy, almost circular nuclear star-forming ring (D ~ 1.5”,400 pc),

made of knots with various sizes and brightness, is detected at 33 and 15GHz. One
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faint elongated knot on the west extends beyond the ring by ~ 0.5” (150 pc). A faint
nucleus surrounded by the ring is also detected at 33 GHz, which outlines the inner
radius of the ring. At 3 GHz, the ring is unresolved. Prominant dust lanes have been
observed to be connected to the northern tip of the nuclear ring where molecular gas
is potentially streaming into the ring and fueling the starbursts (Olsson et al., 2010;
Konig et al., 2013).

NGC 1797: The ring structure is resolved for the very first time with the GOALS
equatorial survey. At 33 GHz, we clearly see three bright SF knots connected by dif-
fuse emission, forming an elliptical ring (D ~ 2”800 pc) with an inclination angle of
~ 45°. At 15 GHz, the brightest region on the east half of the ring is further resolved
into three smaller distinct SF knots, with two brighter ones on the north connected
to each other. The ring morphology at 3 GHz follows that at 33 GHz, but the diffuse
emission connecting the east and west half the ring becomes more prominent. No
bright nuclear emission is detected at any VLA Band, therefore we do not assign an
inner radius for this nuclear ring when calculating its SFR to account for the diffuse
emission, but the area of the synthesized beam is subtracted from the area defined

by Rout when estimating Ygpr to account for the central cavity.

NGC 7469: The ring structure (D ~ 3”,1000pc) containing five SF knots is
clearly detected at 33GHz, surrounding a much brighter Seyfert 1 nucleus, which out-
lines the inner radius of the ring. The ring appears more spiral-like at 3 GHz, where
the northern and southern components are much more pronounced and extending
beyond the ring. A similar morphology is also seen in ALMA CO(J=1-0) data. Due
to low angular resolution, the ring appears as faint diffuse emission surrounding the

bright nucleus at 15 GHz. Mazzarella et al. (1994) observed the nuclear ring in the
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near-IR, and found the brightest SF “hotspots” coincide with the ends of a nuclear
stellar bar revealed in K-band continuum, which may be transporting gas from the

ring to the luminous Seyfert 1 nucleus (e.g. Wada et al., 1998).

NGC 7591: The elliptical ring (D ~ 17,300 pc) has an inclination angle of ~ 62°,
and is detected at all three bands but was only resolved with at least 30,5 at 15
GHz, with the southern part of the ring brighter than the rest. At 3 and 33 GHz, the
ring becomes completely unresolved. The nuclear ring has also been observed in the
near-IR Paschen observations by Larson et al. (2020), but NRSF regions in the rings

are resolved for the first time with the GOALS equatorial survey.

3.8.2 Integrated measurements for highly elliptical rings

For all but three galaxies (NGC 1797, NGC 3351 and NGC 7591), we measured
the azimuthally-averaged light profiles of each nuclear ring by computing the averaged
brightness per pixel on a series of 1 pixel wide concentric circles overlaid on top of
33GHz images, with their centers aligned with the central coordinates of the host
galaxy, with minor adjustments to visually match the ring center. Due to relatively
high ellipticities of the nuclear rings in NGC 1797, NGC 3351 and NGC 7591, we
used the following procedures to more accurately depict their light profiles: After
each image is masked to only preserve emission with SNR> 5 | the coordinates of
the unmasked pixels were extracted and then fitted with a 2D ellipse model using the
least square fitting method suggested in Fitzgibbon et al. (1996). Note that 15 GHz
image was used for NGC 7591 instead due to low resolution of the available 33 GHz

image. The model describes a generic quadratic curve:

ax® + 2bzy + cy* + 2dx +2fy +g=0 (3.9)
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where the fitted ellipse’s center coordinate (xg, yo), semi-major and semi-minor axes
lengths (@', ") and the counterclockwise angle of rotation from the x-axis to the major

axis of the ellipse could be calculated as follows:

_cd—bf
o= b2 — ac
_af —bd
Yo = b? — ac

o = 2(af? + cd? + gb? — 2bdf — acg)
(0* —ac)[\/(a —¢)* +40* — (a + ¢)]

Y 2(af? 4 cd? + gb* — 2bdf — acg)
(0* —ac)[—v/(a — ¢)* + 4b* — (a + ¢)]

0, forb=0and a <c

z forb=0and a > c
¢ =

s cot™ (%9), for b# 0 and a < ¢

\g+%cot*1(%), for b # 0 and a > ¢

a b d
a b
The above method works under the condition that |p ¢ f # 0, > 0 and
b ¢
d [ g

(a + ¢) < 0, which makes Eq.3.9 the general expression for 2D ellipses. The caveat
is that this method does not work well for circular fits, therefore we only adopt it to
extrapolate the properties of the highly elliptical rings in NGC 1797, NGC 3351 and
NGC 7591. Based on the ellipticity estimated from the model fitting result, we then

produced a series of concentric 1-pixel-wide elliptical annuli to calculate the adjusted

azimuthally-averaged brightness of the ring.
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CHAPTER 4

CHARACTERIZING COMPACT 15 -
33 GHZ RADIO CONTINUUM EMISSION

IN LOCAL U/LIRGS

4.1 INTRODUCTION

Luminous Infrared Galaxies (LIRGs; 10! < Lig[8 1000um| < 10'2L) and Ultra-
luminous Infrared Galaxies (ULIRG; Lig[8-1000um]|> 10'2L,) are an important class
of objects for understanding massive galaxy evolution. Despite their rarity in the lo-
cal Universe, U/LIRGs are the dominant contributors to the co-moving infrared (IR)
luminosity density and star formation rate (SFR) density at z = 1 (Chary & Elbaz,
2001; Le Floc’h et al., 2005; Magnelli et al., 2011, 2013; Gruppioni et al., 2013), and

! This chapter has been submitted to The Astrophysical Journal. Authors: Y. Song; S. T. Linden;
A. S. Evans; L. Barcos-Munoz; E. J. Murphy; E. Momjian; T. Diaz-Santos; K. L. Larson; G. C.
Privon; X. Huang; L. Armus; J. M. Mazzarella; V. U; H. Inami; V. Charmandaris; C. Ricci; K. L.
Emig; J. McKinney; I. Yoon; D. Kunneriath;T. S.-Y. Lai; E. E. Rodas-Quito;M. A. Saravia; T. Gao;
W. Meynardie; D. B. Sanders
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ULIRGs are about a thousand times more common at z ~ 2 relative to at z ~ 0 (e.g.
Chapman et al., 2005; Magnelli et al., 2013).

Observations of U/LIRGs in the local Universe revealed that a significant fraction
of local LIRGs and nearly all local ULIRGs are interacting or merging gas-rich spirals
(e.g. Lonsdale et al., 1984; Armus et al., 1987; Sanders & Mirabel, 1996). Simulations
of galaxy interactions suggest that such a process typically drives large fractions of in-
terstellar materials into the central kpc of each galaxy (e.g. Barnes & Hernquist, 1992),
which can trigger intense nuclear starbursts (e.g. Mihos & Hernquist, 1996; Moreno
et al., 2020) and/or fueling of powerful Active Galactic Nuclei (AGN) (e.g. Di Matteo
et al., 2005). This nuclear activity is thought to play a key role in the transforma-
tion of gas-rich systems into massive elliptical galaxies, the formation of quasars and
the co-evolution of supermassive black holes (SMBH) and stellar bulges (e.g. Sanders
et al., 1988; Hopkins et al., 2006). While the discovery of heavily-obscured luminous
AGN in local U/LIRGs (Treister et al., 2012; Ricci et al., 2017; Koss et al., 2018; Ricci
et al., 2021) has provided strong supporting evidence for this evolutionary scenario,
details regarding the interplay between star formation and AGN activity, as well as
how they together (or separately) act upon the transformation of these extreme sys-
tems, still remain ambiguous. Importantly, the extraordinary star-forming properties
of local U/LIRGs relative to nearby normal galaxies (i.e. galaxies with Lig < 10! Lg;
e.g. Condon et al., 1991; Lonsdale et al., 1984; Howell et al., 2010; Stierwalt et al.,
2014; Piqueras Lopez et al., 2016; Diaz-Santos et al., 2017; Linden et al., 2019; Larson
et al., 2020; Song et al., 2021; Linden et al., 2021), and the prevalence of outflows ob-
served in starburst-dominated local U/LIRGs (e.g. Rupke et al., 2005; Cazzoli et al.,
2016; Barcos-Munoz et al., 2018; Fluetsch et al., 2019; U et al., 2019; Fluetsch et al.,
2020) highlight the pivotal role of star formation-driven feedback in regulating their

evolution. To better quantify the physical processes governing the evolution of local
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U/LIRGs, a robust characterization of the most energetic regions in these systems is
necessary.

Due to heavy dust obscuration, especially in the central kpc of U/LIRGs, radio
interferometric observations provide the best tools for probing into the most obscured
but energetically-dominant regions in these systems. Condon et al. (1991) conducted
the first sub-kpc scale radio continuum study of a sample of 40 local U/LIRGs at
8.4 GHz using the Very Large Array, and concluded that most of their dust-obscured
nuclei are powered by starbursts, with many as compact as 100 pc in radius. With
the upgraded bandwidth of the Karl G. Jansky Very Large Array (VLA), observa-
tions at higher frequencies are now possible, allowing access to the faint, thermal
free-free emission directly arising from ionizing photons from HII regions (Condon,
1992; Murphy et al., 2011b) at sub-arcsecond resolutions. Using 33 GHz continuum
VLA observations, Barcos-Munoz et al. (2015, 2017) constrained the sizes and star
formation rates (SFR) for the nuclei of the 22 most luminous local U/LIRGs. In
the western nucleus of ULIRG Arp 220, the authors derived a SFR surface density
of 10*! Mg yr~!kpc~2, the highest value ever measured, and far exceeding the theo-
retical limits for starbursts supported by supernovae feedback and dust-reprocessed
radiation (Thompson et al., 2005; Kim & Ostriker, 2015). What drives these extreme
SFR surface densities, and are such conditions also observed in LIRGs at lower IR
luminosity?

This paper aims to investigate the above question. We present results from the
high-resolution (0”.1 — 0”.2) portion of a new multi-frequency multi-resolution radio
continuum snapshot survey of 68 local U/LIRGs from the Great Observatories All-
sky LIRG Survey (GOALS; Armus et al., 2009). In contrast to the previous radio
surveys (e.g. Condon et al., 1991; Barcos-Munoz et al., 2017) that focused on the

most luminous objects, these 68 U/LIRGs span the entire IR luminosity range of the
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full GOALS sample of all 201 U/LIRGs in the local Universe (i.e. 10" —10'°L),
as demonstrated in Figure 2.1 (see Chapter 2 for details), and therefore represents
a more diverse range of physical environments, including ones that more closely re-
semble nearby normal galaxies. These new observations also serve as an excellent
companion to the Star Formation in Radio Survey (SFRS; Murphy et al., 2012, 2018;
Linden et al., 2020), a study of 56 nearby normal galaxies observed at the same fre-
quencies and physical scales as this work.

Linden et al. (2019) presented the first results from our new U/LIRG survey based
on ~ 17.0 resolution observations. Despite finding star formation enhancement rela-
tive to SFRS galaxies on kpc scales, we concluded that nuclear star formation must
drive GOALS systems above the Star Formation Main Sequence (SFMS; e.g. Elbaz
et al., 2011; Speagle et al., 2014) occupied by the SFRS galaxies. Subsequently in
Song et al. (2021), we examined four nuclear rings detected in our survey at ~ 100 pc
(0”.1) scales and compared their properties to five nuclear rings detected in the SFRS
galaxies. We found that nuclear ring star formation contributes more significantly
to the total star formation of the host galaxies for LIRGs compared with normal
galaxies. In this paper, we extend the methodology adopted in Song et al. (2021)
to study ~ 100 pc-scale compact radio continuum emission detected in 63 U/LIRGs
in the survey, with the aim to constrain the nature and physical properties of these
energetic regions unimpeded by dust extinction.

This paper is divided into six sections. We describe our sample, data, observation
information and reduction procedures in Section 4.2. In Section 4.3, we describe the
methods used to identify and characterize individual regions of compact radio con-
tinuum emission. We further classify individual regions in each U/LIRG system into
different types using ancillary multi-wavelength datasets and information from the

literature in Section 4.4, and present the derived region quantities for different region
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types. In Section 4.5, we discuss the limitations and implications of our results, com-
plemented by results derived from observations of other U/LIRGs and nearby normal
galaxies. Finally, Section 4.6 summarizes major results and conclusions.
Throughout this work we adopt Hy = 70km/s/Mpc, Qunatter = 0.28 and Qyacuum =
0.72 based on the five-year WMAP result (Hinshaw et al., 2009). These parameters
are used with the 3-attractor model (Mould et al., 2000) to calculate the luminosity

distances of the sample.

4.2 SAMPLE & DATA

We use 15 and 33 GHz continuum observations of 68 local U/LIRGs from the
GOALS “Equatorial” VLA Survey (GOALS-ES), which is described in details in
Chapter 2, where information on the sample, VLA observations and data reduction
procedures can be found. To study the most compact radio continuum emission in
these systems, here we only use the A — /B—configuration 15 and 33 GHz GOALS-
ES observations that reach angular resolution of FWHM < 0”.2 (~ 100 pc at median

Dy, ~ 100 Mpc). Characteristics of these images are given in Table 2.2 in Chapter 2.

4.2.1 Ancillary VLA Data

To expand our study, in Section 4.5 we include comparisons between properties of
compact radio continuum emission detected in the GOALS-ES systems and of those
detected in other local U/LIRGs and nearby normal galaxies. To do this, we utilize
VLA continuum observations of 22 of the most luminous local U/LIRGs presented in
Barcos-Muitioz et al. (2017) (hereafter as BM17), those of 56 nearby normal galaxies
from the SFRS (Murphy et al., 2018; Linden et al., 2020).

Observations for BM17 were taken with all four VLA configurations at both 6

and 33 GHz, but we only utilize the high-resolution (VLA A- or B-configuration)



CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM
162 EMISSION IN LOCAL U/LIRGS

33 GHz observations here to complement our the A- or B-configuration GOALS-ES
observations. Observations for the SFRS were taken with the VLA in D-configuration
at 33 GHz, C-configuration at 15 GHz and B-configuration at 3 GHz. We only use
the 15 and 33 GHz observations in this work for comparing with our GOALS-ES
observations at the same frequencies. These ancillary VLA observations were reduced
using CASA by BM17 and the SFRS team, and relevant details are provided in the
original publications. The synthesized beams have FWHM ~ 0”.06 — 0”.2 for the
BM17 images, and FWHM ~ 2" for the SFRS images. At the distances of the BM17
(D, ~ 170 Mpc) and SFRS galaxies (D ~ 11 Mpc), these values corresponding to
spatial resolutions of 20 — 200 pc and 30-290 pc, respectively, which are similar to the
10 — 160 pc resolutions reached by the GOALS-ES observations.

To ensure consistent comparisons, we re-analyzed these ancillary VLA images
from BM17 and the SFRS using the same methods adopted here for the GOALS-ES
images, described in Section 4.3 and Section 4.4. We present the results of these
ancillary analysis in Appendix 4.7.2, and compare them with the GOALS-ES results

(see Section 4.4) in Section 4.5.

4.3 ANALYSIS

4.3.1 Regions identification & measurements

To characterize the properties of compact radio emission detected in our VLA ob-
servations, we use the Python package Astrodendro (Robitaille et al., 2019) for region
identification and measurements. Astrodendro identifies and categorizes structures in
an image into trunk, branch and leaf, based on three input parameters: the mini-
mum brightness required for a structure to be physically meaningful (min_value), the

minimum number of pixels in a structure (min_npix), and the minimum brightness
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Figure 4.1: Examples of native resolution 33 (top) and 15 GHz (bottom) images used
in this work. Each image is displayed in linear stretch with bilinear interpolation, and
the colorbars show the brightness of the radio continuum emission, in the range of 0

to 80% of the peak pixel value, in units of mJy beam™'. Synthesized beams (lower

left) and scale bars of 100 pc (lower right) are shown.

relative to the local background required for a structure to be considered indepen-
dent (min_delta). Structures identified as leaf are of the highest hierarchical order,
which are the independent regions of compact radio emission that we are interested
in, while branch and trunk are the surrounding relatively diffuse emission.

To ensure that we only identify physically meaningful structures, we ran Astro-
dendro on both the 15 and 33 GHz images of each system with min_value= 50,
and min_delta—10,,s where 0., is the rms noise measured in an emission-free re-
gion of the image before primary beam correction. We follow Song et al. (2021) and
set min_npix to be a quarter of the area of the synthesized beam, to avoid identi-
fying noise spikes yet allowing detection of small unresolved regions. Despite that
extended diffuse emission is largely filtered out in these observations, complex struc-
tures encompassing trunk, branch, and leaf are identified in several systems. For
our purpose of characterizing the most compact radio emission, we only focus on the
identified leaf structures in subsequent analysis.

Because the 33 GHz radio continuum more directly traces thermal free-free emis-
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sion from star formation (e.g. Condon, 1992), in general we use Astrodendro results
derived at 33 GHz for region identification and characterization. This also allows
more robust constraints on the region sizes and surface brightness, given that 33 GHz
observations either have higher native resolutions than 15 GHz observations, or better
sensitivity (i.e. observations from 20A-401). In six systems, only the 15 GHz emission
is bright enough to be identified via Astrodendro, and hence 15 GHz results were used
instead. We also visually inspected all images and Astrodendro results to ensure that
any identified structures associated with image artifacts are excluded from further
analysis.

To account for the image noise and its influence on size and flux measurements
of the identified regions, we re-ran Astrodendro 1000 times, randomly adjusting the
brightness of each pixel sampling from a Gaussian distribution defined by the rms
noise o,ys and a VLA flux calibration error (10%)?. The standard deviations of the
results from the 1000 runs are used to quantify the uncertainties in measured flux
densities and sizes. Figure 4.2 shows two examples of Astrodendro output for a single

rumn.

4.3.2 15 — 33 GHz Spectral Index

To better understand the nature of the identified regions of compact radio contin-
uum emission, we measured the 15 — 33 GHz radio spectral index associated with each
region, which can be used to estimate the relative contribution of thermal free-free
emission to the total radio continuum emission at 33 GHz. First, we smoothed and

re-gridded the 15 and 33 GHz image of each galaxy to have a common resolution and

2While the fundamental accuracy of flux density scale calibration is 3-5%, here we conserva-
tively assume an accuracy of 10% instead since flux density calibrators and complex gain calibra-
tors were not observed at similar elevations given the nature of our snapshot observations. See
https://science.nrao.edu/facilities/vla/docs/manuals/oss
/performance/fdscale.
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Figure 4.2: Images of NGC 7674 (a,b) and MCG-03-04-014 (c,d), as two examples

illustrating the region identification, measurement and classification procedures de-

scribed in Section 4.3 and 4.4.1. (a) & (c):

native-resolution 33 GHz images, as

displayed in Figure 4.1, with black contours outlining the areas of individual radio re-
gions identified as leaf in a single run of Astrodendro. (b) 15 - 33 GHz spectral index
map for NGC 7674 allows the identification of synchrotron-dominated radio jets with
steep spectra (a ~ —1) and AGN with flat-spectrum (a ~ 0). Black contours are the
same as in (a). (d) Archival HST/NICMOS F160W is used to locate the nucleus and
off-nuclear star-forming region identified in MCG-03-04-014, as shown in (c). In (b)
& (d), region types as classified following Section 4.4.1 are labeled. In each panel,
black ellipse represents the native synthesized beam.
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pixel scale. Next, we again performed Astrodendro analysis on these beam-matched
images following the same procedures described in the previous Section. We then use
the 15 and 33 GHz flux densities measured for each region within the Astrodendro-
derived region boundaries to calculate the 15 - 33 GHz spectral index, «, given by

the slope between 15 and 33 GHz flux measurements with respect to frequency:

log S,, —log S,
Oé =

log vy — log v

where v; = 33 and v, = 15 in our case. Uncertainty of « is calculated via error
propagation, accounting for uncertainties in flux density measurements. For most
regions, boundaries identified using the 33 GHz images were used to measure their 15
and 33 GHz flux densities. For the 11 systems with regions that were only identified
at 15 GHz, either due to limited sensitivity or intrinsic faintness at 33 GHz, bound-
aries identified from the 15 GHz images were used instead and the derived spectral
indices hence are upper-limits. For each unresolved region that has area smaller than
the matched-beam, we use the flux density measured within a beam-sized aperture

centered on the region to estimate its spectral index.

4.4 RESULTS

For each of the 63 systems with detection, at least one region was identified using
Astrodendro. In total, we identified and characterized 131 regions at native resolutions
at 33 and/or 15GHz, 17 of which are unresolved by the native beams. Because the
15 — 33 GHz matched-beams are 2-5 times larger than the native beams at 33 GHz,
distinct compact regions at native resolutions are blended together into larger, more
extended regions at matched resolutions. Therefore, at matched resolutions, only 113

regions were identified, including 10 regions unresolved by the matched beams.
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To better distinguish regions identified at native and matched resolutions, for
the rest of this paper, we use “native regions” to refer to regions characterized at
native resolutions, and refer to those characterized at matched resolutions as “matched
regions”. All matched regions encompass at least one native region.

In the following sections, we present the derived properties of the native and
matched regions. First, we classify regions into different types on the basis of their
AGN activity (Section 4.4.1). In Section 4.4.2 and 4.4.3 we use measurements made
for the native regions to constrain the brightness temperatures, physical sizes and
luminosity surface densities of various region types. In Section 4.4.4 and 4.4.5 we
use measurements for the matched regions that are not associated with AGN activity
to estimate their total and thermal-only SFR and surface densities. Measured and
derived quantities for the native regions are presented in Table 4.1, and those for the

matched regions are in Table 4.2.

4.4.1 Region Classification

Before deriving the physical quantities associated with each region, it is crucial
that we first identify the potential source powering the 33 and/or 15 GHz radio con-
tinuum emission. Despite that the radio continuum at > 30 GHz is widely used as
a tracer of SFR (e.g. Murphy et al., 2012, 2018), emission from AGN, if present,
can completely dominate the observed radio emission at a physical scale of ~ 100 pc
(Lonsdale et al., 2003), in which case the radio-derived SFR would be over-estimated.
Further, separating AGN and SF-dominated regions first will allow us to more clearly
examine and better understand the radio properties of each population.

Although high brightness temperature (7, > 10°K) is typically used to identify
radio AGN (e.g. Condon et al., 1991), beam-dilution may reduce the brightness tem-

peratures observed on 100 pc scales to the level that is characteristic of starbursts
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(see Section 4.4.2). Since we do not have information on the intrinsic underlying
source structures, here we adopt a multi-wavelength approach to classify the native
and matched regions characterized in Section 4.3 into different categories based on
whether or not they may contain energetically-dominant AGN. We describe this two-
step procedure below, which is demonstrated in Figure 4.2 and summarized in Figure

4.3, and provide more details on individual sources in the Appendix.

Region Location

As a first step, we separate regions into three initial categories — “nuclear”, “off-
nuclear” and “extra-nuclear” — based on their relative location in their host galaxies.
These locations are determined visually by first overlaying the 33 and/or 15 GHz
radio images on top of optical y-band images of the host galaxy from PanSTARRS1
(Chambers et al., 2016; Flewelling et al., 2020) as well as Spitzer IRAC channel 1
and channel 4 maps (J. Mazzarella in prep.). Afterwards, we also overlay an ellipse
representing the size of the unresolved Mid-IR (MIR, A = 13.2 um) galaxy “core”
reported in Diaz-Santos et al. (2010), which is the FWHM of the Gaussian fit to the
Spitzer IRS spectra of the galaxy that have spatial resolutions of ~ 3”.6. The MIR
traces warm dust emission (~ 300 K) from obscured starburst and/or AGN activ-
ity, and hence provides useful constraints on the spatial extent of the most energetic
component of the galaxy. The ellipse is then projected using galaxy position angles
provided in the HyperLeda database (Makarov et al., 2014) and the Two Micron
All Sky Survey (2MASS) Extended Source Catalog (Jarrett et al., 2000), along with
galaxy inclination derived from galaxy axis ratio reported in Kim et al. (2013) and
Jin et al. (2019) using the recipe given by Dale et al. (1997).

In general, we found agreement between the astrometry of the multi-wavelength

images within few arcseconds. Regions that spatially coincide with the optical and
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MIR galaxy peak are considered to be the galactic nuclei and hence are classified as
“nuclear”. Regions that are not “nuclear” but also lie within the MIR galaxy core
are “off-nuclear”, and regions lying completely outside of the MIR galaxy core are
“extra-nuclear”. In II Zw 96, the identified region is co-spatial with the brightest MIR
component that has previously been identified as a powerful starburst region trig-
gered on the outer edge of the merging galaxy pair (Inami et al., 2010), therefore we
classify it as an “extra-nuclear” region. Regions residing within the MIR galaxy core
(i.e. “nuclear” and “off-nuclear”) are labelled with “n” in Table 4.1 and 4.2 (column
2), and “extra-nuclear” regions are labelled with “e”.

Due to the comparatively low spatial resolution of the Pan-STARRS1 and IRAC
images, determining whether a given region is “nuclear” or “off-nuclear” can be chal-
lenging when there are multiple regions within the MIR galaxy core. For seven galax-
ies, we were able to rely on direct comparisons with high-resolution HST and/or
ALMA datasets publicly available from the archives to pinpoint the location of the
galactic nuclei (often the kinematic center) and hence separate “nuclear” and “off-
nuclear” regions. For 17 native regions residing in eight U/LIRGs without sufficient
ancillary information from high-resolution imaging and/or gas kinematics, we assign
them a final type “Ud” (undetermined) in Table 4.1 and 4.2 (column 3). Images of
these eight systems are shown in the Appendix. We carry out further classification
for the remaining 114 native regions (57 “nuclear”, 49 “off-nuclear”, 8 “extra-nuclear”)

in the following section.

Host AGN Classification

For the next step, we search in the literature for multi-wavelength (i.e. X-ray,
optical, MIR, radio/sub-mm) evidence for AGN presence in each of the 63 U/LIRGs

with detection, summarized in Table 4.3 in the Appendix. Mainly, we build upon op-
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tical classifications by Veilleux et al. (1995) and Yuan et al. (2010), as well as results
from previous surveys of local U/LIRGs with NuSTAR (e.g. Ricci et al., 2017, 2021),
Chandra (Iwasawa et al., 2011; Torres-Alba et al., 2018), Spitzer (e.g. Petric et al.,
2011; Stierwalt et al., 2013), AKARI (e.g. Inami et al., 2018), VLA (e.g. at 1.4 and
8.4 GHz; Condon et al., 1995; Vardoulaki et al., 2015) and VLBA (e.g. Smith et al.,
1998a). The compiled information is used in combination with the initial location
classifications to further narrow down whether a region may contain an AGN that
could dominate the radio emission:

— For “nucler” regions: if the host galaxies have been identified as AGN in the lit-
erature at more than one wavelength range, we classify them as “AGN”. For example,
we classify the nucleus of NGC 0034 as “AGN”, given that the host galaxy is classified
as a Seyfert 2 galaxy based on optical line ratios (Veilleux et al., 1995; Yuan et al.,
2010) and X-ray spectral analysis with Chandra also reveals excess hard-band X-
ray emission from an obscured AGN with absorbing column density Ny ~ 10%3cm 2
(Torres-Alba et al., 2018). If the host galaxy has only been identified as AGN at
one wavelength range but lacks identification at other wavelengths, or if evidence for
AGN is ambiguous or inconsistent across all wavelengths, we classify the “nuclear”
regions as “AGN/SBnuc”. For example, the nucleus of IRASF 17138-1017 is classified
as “AGN/SBnuc”, because the X-ray spectral shape of the host galaxy is consistent
with either star formation or an obscured AGN (Ricci et al., 2017; Torres-Alba et al.,
2018), and the galaxy is classified as LINER in the optical, which may be powered
by low-luminosity AGN, evolved stars, or both (Singh et al., 2013). Another example
is the nucleus in MCG-03-04-014, which we classify as “AGN/SBnuc” given that the
observed nuclear optical line ratios indicates emission from both AGN and starburst
(Yuan et al., 2010), despite that the 3.3 and 6.2 um PAH feature have large equiv-

alent widths consistent with starburst-dominated emission (Stierwalt et al., 2013;
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Inami et al., 2018). Lastly, if no AGN evidence has been found at any wavelength
range for the host galaxy, we then classify the region as starburst-dominated nucleus
(“SBnuc”). An example of this is NGC 5257 (Arp 240N).

— For “off-nuclear” regions: if they form a linear structure with an identified “AGN”
and show steep 15 - 33 GHz spectral indices (o < —0.8) indicating synchrotron-
dominated emission (e.g. Condon et al., 1991), then we classify them as radio jets
(“Jets”) associated with the AGN. An example of this is NGC 7674 (see Figure 4.2).
While “off-nuclear” regions next to “AGN/SBnuc” may be jets from unconfirmed AGN
or star-forming clumps, here assume them as the latter (“SF”) for simplicity, given
that AGN with jets tend to dominate the nuclear emission and therefore likely to have
been identified at other wavelengths. This reasoning has been adopted to classify the
“SE” regions in 1C 1623B, MCG-03-04-014, CGCG 436-030, III Zw 035 and IRAS
F17138-1017, which also all have optical /IR counterparts.

— For “extra-nuclear” regions: if they are detected in the X-rays or have visible
optical /IR counterparts, then we classify them as star-forming regions (“SF”). Only
one “extra-nuclear” region, in IC 0214, does not show any X-ray, optical or IR coun-
terpart. Hence, it is likely a background radio source (“Bg”) that is not associated
with the galaxy and therefore eliminated from further analysis.

In summary, out of the 114 native regions with identified locations (i.e. not “Ud”),
17 “AGN”, 9 “Jet”, 8 “SBnuc”, 31 “AGN /SBnuc”, 48 “SF” (41 “off-nuclear” and 7 “extra-
nuclear”) regions are classified, excluding one “Bg” region detected near IC 0214. At
matched resolutions, many “off-nuclear” native regions are blended with the “nuclear”
native regions, in which cases, the larger blended matched regions are designated
with the “nuclear” classifications (i.e. “AGN”, “AGN/SBnuc”, “SBnuc”). As a result,
17 “AGN”, 6 “Jet”, 29 “AGN/SBnuc”, 8 “SBnuc” and 39 “SEF” (34 “off-nuclear” and

5 “extra-nuclear”) matched regions are classified. Figure 4.3 summarizes our region
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classification scheme, and all region classifications are reported in Table 4.1 and 4.2,
and described in the Appendix in more details. We note that only two systems in the
sample (MCG-03-34-064, NGC 7674) have previously been classified as “radio-loud”
AGN based on the excess radio over FIR emission on galaxy scales (Condon & Broder-
ick, 1991; Condon et al., 1995), which emphasizes the necessity of the above two-step
approach in constraining the sources of radio emission at resolved scales. In the up-
coming survey paper we will further investigate the kpc-scale radio-IR correlations in

the GOALS-ES systems for the different region types classified here.

4.4.2 Brightness Temperature

Condon et al. (1991) derived the maximum brightness temperature 7}, for an
optically-thick starburst radio source to be:

v

T, < T.(1+ 10(GHZ

)0.1+CXNT)

where T, ~ 10* K is the thermal electron temperature characteristic of massive star-
formation, v is the radio frequency at which measurements are made, and aynt is
the non-thermal spectral index characteristic of synchrotron emission generated by
electrons accelerated by Type II supernovae. This limit allowed Condon et al. (1991)
to confirm the AGN nature of the compact radio source they detected in UGC 08058
(Mrk 231), which has T}, 2> 10° K at 8.4 GHz. Here we assume axt ~ —0.85, based on
resolved measurements of star-forming regions in the nearby disk galaxy NGC 6946
by (Murphy et al., 2011b), which gives a maximum starburst T, of 10%2 K at 33 GHz,
and 10**K at 15 GHz.

Using the Rayleigh-Jeans approximation, the brightness temperature 7T, of each
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Figure 4.3: Region classification scheme described in Section 4.4.1 and demonstrated
in Figure 4.2. Descriptions of individual galaxies are provided in the Appendix,
including their multi-wavelength AGN classifications and and the ancillary datasets
used. Numbers of native regions classified at each step are shown in brackets. *MIR
galaxy “core” sizes are measured by Diaz-Santos et al. (2010).
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native region can be calculated via (Condon, 1992; Pérez-Torres et al., 2021):

S,
Ty = (E)ka?
S v 00
~ 1.6 x 103(—~ —2( My g 4.1
610 (mJy)(GHz arcsecZ) (4.1)

where c is the speed of light, k is the Boltzmann constant, S, is the region flux density
measured at frequency v, Q = 76,,0,,/(41n2) is the region area assuming a Gaussian
morphology, with 6, and 6, corresponding to the FWHM of the major and minor
axis of the Gaussian.

Because the identified regions have irregular morphology with unknown sub-beam
structures, here we calculate the brightness temperature of each native region using
two different methods. First, we directly use region flux density and area measured
with Astrodendro for S, and € in Equation 4.1. Second, we perform Gaussian fit-
ting and deconvolution on all native-resolution images using CASA task imfit, and
calculate the deconvolved brightness temperature T;™ of each region, using the flux
density of the fitted Gaussian model and the deconvolved 6,; and 6,,, following Con-
don et al. (1991). We note that via assuming an simple Gaussian morphology, the
latter method allows tighter constraints on the intrinsic sizes on marginally-resolved
regions, but does not reflect the observed diverse region morphology or the varying
degree of surrounding diffuse emission present in each system, which leads to poor
flux recovery especially for extended regions. Gaussian-fitting was also unsuccessful
for 16 regions in 8 systems. Therefore we use the latter method only in this Section
to illustrate the possible effect of beam dilution, but continue to use results derived
with Astrodendro (Section 4.3) throughout the rest of the paper. Values of T, and
Timft are reported in Table 4.1 and compared in Figure 4.4.

Figure 4.4 shows that, regardless of the method used, “AGN” and “AGN /SBnuc”
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have higher brightness temperatures than “SF”. The ranges of T}, for “AGN”, “AGN /SBnuc”
and “SF” are 19 — 950K, 1 — 360 K and 1 — 160 K, respectively. However, all regions,
including “AGN”, have T;, < 10*K. For “SF”, the overall low T} is expected from
optically-thin emission associated with star formation. For “AGN” and “AGN /SBnuc”,
the observed emission may come from a combination of AGN emission and nuclear
star formation, which may be further diluted by the beam. The effect of such beam
dilution is also demonstrated in Figure 4.4, where we see that T;™f for “AGN” (50
- 11900 K), “AGN/SBnuc” (3 — 2500 K) and “SBnuc” (70 — 1710K) are higher than
T, by up to ~ 1dex. Nevertheless, no “AGN” has T;™f greater than 106K, and the
only “AGN” with 7;™f® > 10*K is the one in NGC 1068, which is the most nearby
Seyfert in GOALS. Additionally, 17 regions (including the “AGN/SBnuc” in IRAS
17208-0014) are unresolved by the beam, and 18 regions (including 3 “AGN” and
2 “AGN/SBnuc”) are separately determined as point-sources by CASA imfit. For
these regions, the calculated Ty, and 7™ are lower-limits and indicated in Table 4.1.
Our results are similar to those found by Barcos-Munoz et al. (2017), who mea-
sured an overall low 7, (~ 100 — 1000 K) in the nuclei of the most luminous local
U/LIRGs at 100 pc scales at 33 GHz. These results also demonstrate the limitation
of the current VLA observations for directly identifying AGN using brightness tem-
peratures. Future VLBI follow-up of the “AGN/SBnuc” regions would significantly
improve our ability to identify AGN in many more local U/LIRGs, as well as iso-
late AGN emission from the compact circumnuclear star formation prevalent in these

systems (e.g. Condon et al., 1991).

4.4.3 Size, Luminosity and Luminosity Surface Density

For each native region, Astrodendro measures its angular area A and flux density

S, at frequency v using the region boundary identified by the algorithm (i.e. black
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Figure 4.4: Distribution of brightness temperatures of regions identified at native
resolutions at 15 or 33 GHz. Left: values derived from Astrodendro measurements of
region areas and flux densities. Distribution for all 131 native regions are shown in
black un-filled histogram. Right: values derived from Gaussian-fitting results using
CASA imfit task. Distribution for 115 regions with successful fits are shown in black
filled histogram. In both panels, distributions for “AGN” (magenta), “AGN /SBnuc”
(green), “SBnuc” (yellow) and “SE” (blue) are shown separately for comparison, with
dashed lines marking the median values. Overall, “AGN” have the highest brightness
temperatures and Gaussian-fitting yields higher values, but only one “AGN” (in NGC
1068) exceeds the maximum starburst brightness temperature (~ 10*K), likely due
to beam dilution.
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contours in Figure 4.1). We use the mean values of these measurements from 1000 runs
of Astrodendro (see Section 4.3) to calculate the spectral luminosity (L, = 475, D%),
effective radius (R, = /(A/7)), and spectral luminosity surface density ¥, of each
region, using the luminosity distance (D) and angular-to-physical conversion factor
derived for each system, as listed in Table 3.1. For the 17 native regions with areas
smaller than the synthesized beams accounting for uncertainty, we use the beam
areas as upper-limit estimates for the region sizes, and the corresponding >; are
lower-limits. The derived properties of a total of 131 native regions in 63 systems are
reported in Table 4.1, of which 14 regions in 10 systems were measured at 15 GHz
due to poor or non-detection at 33 GHz. In Figure 4.5, we show the distributions of
the derived properties of 99 native regions with 33 GHz measurements, excluding the
“Bg” in IC 0214 and 17 unresolved regions.

The effective radii (R,) of these 99 native regions span from 8 to 170 pc, with no
significant size differences among the region types, except for “AGN/SBnuc” regions,
which have the largest sizes at a median value of 80 pc compared with ~ 40 pc for
“AGN”, “SBnuc” and “SF”. As shown in Figure 4.5, the 33 GHz luminosity (Ls3)
span three orders of magnitude, ranging from 3.0 x 10%® to 3.4 x 10% erg s~ Hz L.
Unsurprisingly, “AGN” regions are overall more luminous, with a Lz = 8.0 x 10%° —
1.7 x 10¥ erg s~ Hz™! and a median of 1.7 x 10¥erg s7* Hz™!, compared with
“SF” regions which have L33 = 2.0 x 10?6 — 3.4 x 10®erg s~! Hz~! and a median of
1.1 x 10*"erg s~ Hz™', about an order of magnitude lower. This difference is also
evident in distribution of spectral luminosity surface density ¥;.,: “AGN” regions

2 with a median

have Y7, ranging from 1.1 x 10%° to 3.0 x 103! erg s7! Hz™! kpc~
of 4.2 x 10%%erg s~! Hz~! kpc~2, which is also an order of magnitude higher than
2.3 x 10% erg s7! Hz! kpc=2 for the “SF” regions. When considering all 99 native

regions, including 15 “AGN”; 9 “Jet”, 28AGN /SBnuc”, 5 “SBnuc”, 36 “SF” (31 “off-
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nuclear” and 5 “extra-nuclear”) and 9 “Ud” regions, the median for ¥, is around
1.1 x 10%%erg s~ Hz ! kpc2, below which the distribution is almost completely
dominated by “SF” regions. In Section 4.5.1 we further discuss the implication of the
differences we observe between the “AGN” and “SF” native regions, in the theoretical

context of radiation feedback-regulated star formation in the dusty environments of

U/LIRGs.

4.4.4 Thermal Fraction at 33 GHz

Assuming a typical radio continuum SED for star-forming galaxies (e.g. Condon,
1992), the 33 GHz radio continuum emission can be decomposed into thermal free-free

emission with a flat spectrum (S, oc 1)

and non-thermal synchrotron emission with
a steep spectrum (S, o< v*NT) where a non-thermal spectral index of axt ~ —0.85
has been found to be widely applicable in resolved star-forming regions detected in
nearby disk galaxies (Murphy et al., 2011b, 2012). For each matched region, we
derive the 33 GHz thermal fraction f;,, which measures the fractional contribution
of thermal free-free emission generated from plasma around massive young stars (i.e.

HIT regions) using the measured 15 - 33 GHz spectral index ay5_33 (see Section 4.3),

and Equation (11) from Murphy et al. (2012):

fin = (_1>_01_ <_1> e (4.2)
) - ()

where we set the spectral index a between vy and v, (33 and 15 GHz) to be our

measured «q5_33, and use error propagation to derive the uncertainties associated
with flux calibration and image noise levels. We note that 16 matched regions in 11
systems were not identified with Astrodendro at 33 GHz due to insufficient sensitivity,

so the measured «y5_33 for these regions are likely steeper than the intrinsic values.
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Figure 4.5: Distribution of derived properties of regions identified and characterized
at native resolutions using Astrodendro. For direct comparison, we only show results
derived from 33 GHz measurements, available for 117 native regions, excluding the
“Bg” source in IC 0214. Left: Effective radius R.. Middle: 33 GHz luminosity Lss.
Right: 33 GHz luminosity surface density X,,. In all three columns, we also show
distributions for “AGN” (magenta), “AGN /SBnuc” (green), “SBnuc” (yellow) and “SF”
regions (blue), and the corresponding median values (dashed lines), overlaid on the
distributions of all 117 native regions (grey). Results for “Jet” and “Ud” regions are

not separately shown for simplicity. While all regions types share similar sizes, “AGN”
and “AGN/SBnuc” have higher L33 and X, than “SF” by an order of magnitude.
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We label these values in Table 4.2 as upper-limits, and mark the host systems with
wxn.

Of the 97 matched regions that were identified at both 15 and 33 GHz (exclud-
ing “Bg” in IC 0214), 10 regions have steep spectra with a5 33 < —0.85 after ac-
counting for the estimated uncertainties, including four “Jet”, three “SF” and three
“AGN/SBnuc”. This suggests that the observed 33 GHz emission in these regions are
dominated by non-thermal synchrotron emission produced by relativistic electrons
accelerated in AGN jets or supernovae. The “AGN/SBnuc” in UGC 02238 and NGC
5104 have the steepest spectra, with aj5_33 ~ —1.6 £ 0.3. In these cases we follow
Linden et al. (2020) and set axt = aj5-_33, which gives fi, ~ 0%, on the basis that
negative fy, are not physically meaningful. For three “SF” regions, IC1623B n4,
NGC5257 el and IC2810 el, ay5_33 2 0 after accounting for uncertainties, which is
unexpected from optically-thin thermal free-free emission. Given that all “SF” regions
have brightness temperatures much lower than the optically-thick starburst temper-
ature of ~10* K (see Section 4.4.2), a potential cause for the higher than expected 33
GHz continuum flux may be anomalous microwave emission from spinning dust par-
ticles in heavily-obscured young starburst (Murphy et al., 2020), which will require
more high-resolution observations above and below 33 GHz to confirm. We note that
the extra-nuclear region in NGC 5257 also shows the flattest 3 - 33 GHz spectrum
among 48 extra-nuclear regions hosted in 25 U/LIRGs in the equatorial sample when
measured on kpc scale, consistent with our measurement (Linden et al., 2019). For
regions with a;5_33 > —0.1 we assume fi, ~ 100%.

indent Figure 4.6 shows the resulted distribution of f;, for all 97 matched regions
as well as for different region types, which all span a wide range from ~ 0% (dominated
by non-thermal emission) to 100% (dominated by thermal emission). However, the

median values for “AGN” and “AGN /SBnuc”, at f, ~ 30%, are noticeably lower than
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Figure 4.6: Distribution of the derived 33 GHz thermal fraction fiy,, for 97 matched
regions identified at both 15 and 33 GHz (in gray) excluding “Bg”, and for “AGN”
(magenta), “AGN/SBnuc” (green), “SBnuc” (yellow) and “SF” regions (blue). The
median values are ~ 25%, 33%, 71% and 62%, respectively, and shown in dashed
lines. Results for “Jet” and “Ud” regions are not separately shown. While f;,, spans
a wide range for all region types compared, “AGN” and “AGN/SBnuc” have lower
median fy, than “SBnuc” and “SF” regions.
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those for “SBnuc” and “SF”, at fi, ~ 65%. This result is consistent with kpc-scale
measurements of extra-nuclear star-forming regions by Linden et al. (2019) using
GOALS-ES C-configuration observations. For “AGN” and “AGN/SBnuc”, mecha-
nisms other than star formation may be producing excess non-thermal emission at
33 GHz (e.g. Panessa et al., 2019). Overall, the wide range of f;, spanned by different
region types demonstrates that a simple two-frequency spectral index is insufficient
for inferring the nature of radio emission in a given region at 100 pc scales. In Section
4.5.2 we further discuss the potential mechanisms that may be contributing to the 15

— 33 GHz radio continuum emission in these local U/LIRGs at 100 pc scales.

4.4.5 Star Formation Rates and Surface Densities

For all matched “SF” and “SBnuc” regions, we use Equation (10) in Murphy et al.
(2012) to convert the measured 33 or 15 GHz continuum flux density to a total star
formation rate (SFR), accounting for both thermal free-free emission from HII regions

(< 10 Myr) and non-thermal synchrotron emission from supernovae (~ 10-100 Myr):

() < oas(e) ™ ()

b1(em) | i) (43

where a Kroupa Initial Mass Function (IMF) and continuous and constant star-

forming history over 100 Myr is assumed. In Equation 5.4, L, is the spectral lu-

minosity at the observed frequency v, given by L, = 4rD?2S,, where S, is the mea-

sured flux density. Here we again adopt an electron temperature 7, = 10*K and a
NT _

non-thermal spectral index ™" = —0.85, as following the previous Sections. If we

only consider the thermal free-free emission from young massive stars, Equation 5.4
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becomes (Equation 6 in Murphy et al., 2012):

SFRi, gl T \“045, p 01
a0 () )
(M@yr—1> 0 107 oK GHz

y (—Lf ) (4.4)

ergs—1Hz—1

where LT = fy L, is the thermal-only spectral luminosity. For regions with fi, ~
100%, thermal emission from young massive stars completely dominates the radio
continuum, and LT ~ L,. For fi, ~ 0%, SFRy, ~ 0 Moyr—t.

For the 38 matched “SF” regions, SFR ranges from 0.14 to 12 Moyr~!, with a
median of ~ 0.7 Mgyr~'. The SFRy, spans from ~ 0 Moyr—! to 12 Mgyr—!, corre-
sponding to fi, ~ 0% to fin ~ 100%. The median SF Ry, is 0.4 Moyr—!. For the 8
“SBnuc”, the ranges of SFR and SFRy;, are 0.2 — 13 Mgoyr—! and 0 — 11 Moyr—?, similar
to the “SF” regions, but with higher median values, at 3.5 and 2 M,yr—!, respectively.
When taking account of the physical sizes of these matched regions, as calculated from
the region boundaries defined by Astrodendro with which flux density and spectral
index of each region was measured, the SFR and SFRy, surface densities, Yspr and
YSFR,,, Tange from 13 — 1.6x10% Myyr—'kpe™2 and 0 — 1.7x10% Myyr—'kpce for the
“SF” regions including 6 unresolved regions. For “SBnuc”, Ygrr and Xgpg,, have
ranges of 22 — 540 Myyr—'kpc™2 and 0 — 400 Moyr~'kpc~2, including 1 unresolved
region. The median values for the “SBnuc” regions are higher than those for the “SF”
regions by about a factor of five. However, this result may not be representative given
the limited numbers of “SBnuc” identified in the sample. We report the above derived
values in Table 4.2. For all other region types, given the unknown contribution of
star formation to the observed radio continuum, we do not report values of SFR and

SFRi,. In Section 4.5.2 we compare these results to those derived for star-forming
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regions in nearby normal galaxies observed with the SFRS at ~ 100 pc scales.

4.5 DISCUSSION

4.5.1 What powers the compact 33 GHz continuum emission
in local U/LIRGs?

As demonstrated in Section 4.4.2, the radio data at hand does not allow for di-
rect AGN identification using brightness temperatures, and multi-frequency VLBI
observations at milli-arcsecond resolutions are needed to pinpoint the location of
AGN and isolate its emission from the circumnuclear star formation in “AGN” and
“AGN/SBnuc” regions. Nevertheless, it is evident from Figure 4.4 and 4.5 that “AGN”
and “SF” respectively dominate the upper and lower end of the distributions in bright-
ness temperature and 33 GHz luminosity surface density. In Figure 4.7, we further
illustrate this difference by showing the luminosity and luminosity surface density
with respect to the effective radius characterized with Astrodendro at 33 GHz (filled
symbols), including additional 23 regions from BM17 (see Section 4.2.1 and Appendix
4.7.2).

Figure 4.7 shows that “AGN” and “AGN/SBnuc” almost always have higher Ls;
and X,, relative to “SF” across the entire size range probed and by up to ~ 3dex.
This result suggests that more extreme mechanisms may be driving the observed ra-
dio emission in the “AGN” and “AGN/SBnuc” regions compared with the “SF” and
“SBnuc” regions. In the following sections we discuss two mechanisms that may be
simultaneously contributing to the elevated 33 GHz emission observed in these “AGN”

and “AGN/SBnuc” regions.
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Figure 4.7: 33 GHz luminosity Lss (left) and surface density ¥.,, (right) vs. effec-
tive radius for 95 native regions from GOALS-ES (filled symbols) and of additional
23 native regions characterized using observations of the most luminous U/LIRGs
from Barcos-Munoz et al. (2017) (BM17; unfilled symbols). In both panels, we
show “AGN” (magenta triangle), “AGN/SBnuc” (green circles), “SBnuc” (yellow dia-
monds) and “SF” regions (blue squares). Regions classified as “Jet” or “Ud” are not
shown for simplicity. Upper-limits in size measurements are indicated with arrows.
Dashed grey curves are models for a steady-state radiation feedback-supported maxi-
mal starburst disk from Thompson et al. (2005) with assumed molecular gas fraction
[y, = 0.1,0.3,1.0 and stellar velocity dispersion o = 200 km s, as well as for f, = 1.0
and o = 300 km s~!. Solid grey curves show the same models with a modified term to
include supernovae feedback, as adopted in Barcos-Munoz et al. (2017). Compared
to “SF” and “SBnuc” regions, “AGN” and “AGN /SBnuc” regions have higher L33 and
Y14 by up to 3dex across the entire size range probed, but only the “AGN” in Mrk
231 clearly exceeds the predicted L33 and X, for a maximally star-forming nuclear
disk.
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Radiation pressure-supported nuclear starburst

Using analytical models, Thompson et al. (2005) (hereafter as TQMO05) demon-
strated that intense starbursts triggered in the dust-obscured gas-rich nuclear environ-
ments of local U/LIRGs can potentially radiate at the Eddington-limit (for dust). In
this scenario, IR radiation from dust-reprocessed UV or optical emission from massive
young stars provides the dominant vertical support against gravitational collapse in
the optically-thick starburst disk. The authors compared the models to IR luminosity
surface density estimated from radio observations of local U/LIRGs by Condon et al.
(1991) and found a general agreement. These models have also been invoked to inter-
pret compact radio/sub-mm emission observed in the most luminous local U/LIRGs
on ~ 100pc scales (e.g. Barcos-Muitioz et al., 2015, 2017; Pereira-Santaella et al.,
2021). In Figure 4.7 we compare our 33 GHz measurements to a simplified version
of the radiation pressure-supported starburst disk models presented in Thompson
et al. (2005) to investigate the possibility that the observed compact radio emission
is driven by such radiation pressure-supported optically-thick starbursts.

Following BM17, we also present additional solutions incorporating vertical sup-
port from supernovae feedback that can be approximated as 10mn,,~'/7(Faucher-
Gigueére et al., 2013; Kim & Ostriker, 2015), where ny,,) is the volume number density
of the molecular gas of the modelled marginally-stable one-zone disk (Equation 1 and
7 from Thompson et al., 2005). The predicted IR luminosities are then converted
into 33 GHz luminosities by assuming both come from star formation, using Equation
10 and 15 from Murphy et al. (2012). With this assumption, we expect that excess
33 GHz emission from AGN activity would bring the “AGN” and “AGN/SBnuc” re-
gions above the predicted values for maximal starbursts.

However, as shown in Figure 4.7, only the nucleus in Mrk 231 has L33 and > L33
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exceeding the model prediction for the highest molecular gas fraction and velocity
dispersion assumed, suggesting dominant AGN contribution to the 33 GHz emission
at 100 pc scales. While this result is unsurprising given that Mrk 231 hosts the closest
quasar (Adams, 1972), the fact that all other “AGN” and “AGN /SBnuc” do not exceed
the model predictions points to the possibility that their 33 GHz emission could be
attributed to star formation. Most of the “AGN/SBnuc” regions cluster around the
solutions for a constant molecular gas fraction of 0.3, which is also the average value
for local U/LIRGs derived by Larson et al. (2016) based on results from galaxy SED
fitting by (U et al., 2012) (for stellar mass) and global molecular gas mass estimates
from the literature. Therefore, in the context of this model comparison, the higher
L33 and ¥, of the “AGN” and “AGN/SBnuc” regions relative to the “SF” regions
reflect a more extreme mode of star formation that maintains a radiation pressure-
supported nuclear starburst disk, compared with star formation in relatively isolated
Giant Molecular Clouds in the outskirts of the systems.

We note that many of these compact nuclei may have higher gas fractions at 100 pc
scales as molecular gas likely dominates the nuclear environments of local U/LIRGs
(Downes et al., 1993; Larson et al., 2020). Additionally, radiation pressure may ex-
ceed the Eddington limit and drives outflows (e.g. Murray et al., 2005), in which case
measurements will also lie above the model predictions (e.g. Pereira-Santaella et al.,
2021). A notable example is the two nuclei in Arp 220 (f, ~ 0.5,0 ~ 165km/s; Gen-
zel et al., 2001; Downes & Solomon, 1998), around which outflows have been detected
in different tracers (e.g. Sakamoto et al., 2009; Tunnard et al., 2015; Sakamoto et al.,
2017; Barcos-Munoz et al., 2018; Perna et al., 2020). Although these outflows have
collimated morphology that indicates an AGN origin (Sakamoto et al., 2017; Barcos-
Muiioz et al., 2018), VLBI observation does not show evidence for a bright AGN core

(e.g. Smith et al., 1998b; Lonsdale et al., 2006; Parra et al., 2007; Varenius et al.,
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2019), which suggests that the elevated radio continuum emission of these two nuclei
are likely powered by nuclear starbursts. Future follow-up high-resolution extinction-
free measurements of the stellar and molecular gas distribution and kinematics in

these nuclei are required to conduct more extensive comparisons to these models.

(Obscured) AGN activity

Aside from an extreme mode of nuclear starburst, AGN activity likely contributes
to the elevated 33 GHz emission in “AGN” and “AGN/SBnuc” regions. TQMO05 showed
that efficient AGN fueling on pc scales is accompanied by intense star formation in
the nuclear disk over 100 pc scales above a critical rate. This prediction may ex-
plain the relatively low Ls3 and X, of the “SBnuc” regions relative to “AGN” and
“AGN/SBnuc” regions: star formation in “SBnuc” do not yet reach the rates required
to trigger efficient AGN fueling. In the theoretical context of a merger-quasar evolu-
tionary sequence (e.g. Di Matteo et al., 2005) where tidal torque of gas-rich galaxy
merger drives nuclear fueling, we then would expect the“SBnuc” regions to reside in
systems at earlier interacting stages, and the luminosities of the nuclei to increase
towards later interacting stages due to contribution from triggered AGN activity.

In the top panel of Figure 4.8, we present a histogram of the region types rep-
resented in galaxies from GOALS-ES at different merger stages, normalized by the
total number of systems at each stage. We see that the “SBnuc” regions are indeed
preferentially found in early-stage mergers (stage “b”), which supports the proposed
scenario. Additionally, “AGN /SBnuc” regions are found at all stages but most fre-
quently in late-stage mergers (stage “d”). This is consistent with results from MIR
analysis of the GOALS systems by Stierwalt et al. (2013), who found that among the
local U/LIRGs, the fraction of AGN-starburst composite systems increases among

late stage mergers. Among the merging systems, “AGN” regions are also most fre-
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quently found in late-stage mergers. As shown in the the lower panel of Figure 4.8,
it is also at the late-stage that the nuclei have the highest median L33. These results
are in agreement with the scenario that powerful AGN activity is triggered during
gas-rich galaxy-mergers. The marked increase in “AGN/SBnuc” towards the later
stages may reflect increased level of dust obscuration that makes AGN identification
more difficult at shorter wavelengths, as suggested in previous GOALS studies in the
MIR and X-rays (e.g. Stierwalt et al., 2013; Ricci et al., 2017, 2021). We note that
nuclei from BM17 were not included in Figure 4.8 because they primarily reside in
late-stage mergers, but including them does not alter the overall trend seen in the
GOALS-ES sample.

To further investigate whether the elevated 33 GHz emission is correlated with
more powerful AGN activity, we compare AGN diagnostics in the X-rays (hard-
ness ratio, Lo jorev; Iwasawa et al., 2011; Torres-Alba et al., 2018) and MIR (6.2um
PAH equivalent width, MIR slope; Stierwalt et al., 2013) with Lz3 of “AGN” and
“AGN/SBnuc” regions in Figure 4.9. We also mark systems with [Ne V] (14.3 pm),
Fe K (6.4keV), and hard X-ray (> 10keV) detections (Petric et al., 2011; Iwasawa
et al., 2011; Ricci et al., 2021), which are commonly used indicators of AGN activity.
The latter two are used to identify heavily-obscured AGN.

As shown in Figure 4.9, while L33 does not exhibit clear correlation with the X-
ray hardness ratio, nuclei with higher L33 show higher Lo jgiev, smaller 6.2pm PAH
equivalent width (EW), and steeper MIR slope. The Kendall’s Tau correlation coeffi-
cients are 0.08, 0.27, -0.29 and 0.29, respectively for comparisons presented in Figure
(a), (b), (c) and (d), indicating stronger (anti)correlations between Ls3 and MIR di-
agnostics. Nuclei with the highest L33 mostly reside in ULIRGs, and they also have
the smallest 6.2um PAH EW and highest Ly 1gkev, which suggests that the 33 GHz

continuum is tracing AGN activity that produces strong hard X-ray emission and
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weak PAH emission. The steeper MIR slope of these nuclei, as shown in Stierwalt
et al. (2013), suggest that they are heavily-embedded in thick layers of cool dust,
which can absorb significant amount of X-ray emission and cause reduced correlation
between the radio and observed X-ray luminosity.

In Figure 4.9(b) we also show the expected range of X-ray luminosities for radio-
quiet AGN (shaded in grey; Panessa et al., 2019) and star-forming galaxies (black
dashed line; Ranalli et al., 2003) at the given Lsz. Many “AGN/SBnuc” follow the
relation established for star-forming galaxies, suggesting that both Lo 1oy and Lss
could be tracing star formation in these nuclei. However, some of them may also
host highly-embedded AGN whose X-ray emission is significantly absorbed. Compar-
ison between the observed Ly jgev (Iwasawa et al., 2011; Torres-Alba et al., 2018)
and intrinsic Ly jokev derived from spectral model-fitting by Ricci et al. (2021) for a
handful of overlapping systems shows that the latter could be higher by up to two
orders of magnitude. Correcting for the effect of host obscuration will allow a more
robust comparison between these nuclei to radio-quiet AGN (shaded area), and would
require more sensitive X-ray observations and spectral analysis.

The above results that the elevated 33 GHz emission in “AGN” and “AGN /SBnuc”
with the highest 33 GHz-luminosities are likely dominated by AGN contribution that
is obscured in the X-rays. We note that the overall weak correlations between L33
and various AGN diagnostics presented above are likely driven by the > 5 — 10, times
lower resolutions of the X-ray/MIR observations compared to our 33 GHz observa-
tions.

In summary, the elevated 33 GHz continuum emission of “AGN” and “AGN /SBnuc”
regions relative to “SF” regions in local U/LIRGs likely come from a combination of
extreme nuclear starburst and AGN activity, with the nuclei with higher 33 GHz

luminosities more dominated by AGN but also suffer more severely from dust obscu-
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ration at shorter wavelengths. This conclusion is in agreement with X-ray studies
which show that AGN accretion is accompanied by intense circumnuclear star forma-
tion(e.g. Lutz et al., 2018), and that powerful AGN accretion in mergers are heavily
obscured by dust, especially in the final ULIRG stage (e.g. Ricci et al., 2017, 2021).
However, follow-up observations at higher resolutions are required to fully disentangle

the contribution from AGN and starburst.

4.5.2 How does star formation in U/LIRGs compare with that

in nearby normal galaxies?

In Section 4.4.4 and Figure 4.6 we showed that all regions in the GOALS-ES span
a wide range in fi,, but the median values for “SF” and “SBnuc” are significantly
higher compared to those for “AGN” and “AGN/SBnuc” regions. We note that sim-
ilarly low fi, (< 50%) have also been observed by Barcos-Mutioz et al. (2015) and
BM17 in the most luminous local U/LIRGs including Arp 220, using 6 — 33 GHz
measurements. The authors suggest that in these heavily-obscured systems, thermal
emission from the nuclear starburst could be suppressed via dust absorption of ion-
izing photons, which may be responsible for the apparent dominance of non-thermal
emission. Meanwhile, given the discussion in Section 4.5.1,“AGN” and “AGN/SBnuc”
regions may also contain excess non-thermal emission from unresolved jets and/or
wind /outflows associated with AGN activity (e.g. Panessa et al., 2019; Hayashi et al.,
2021). Therefore, In this Section we only focus on the comparing 46 “SF”/“SBnuc”
regions in the GOALS-ES with 129 star-forming regions identified in the SFRS (see

Section 4.2.1 and Appendix 4.7.2).
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Figure 4.8: Fraction of systems hosting different region types (upper) and nuclear
luminosity distribution (lower) vs. merger stage classification of the host system (a
(pre-merging), b (early-merger), ¢ (mid-merger), d (late-merger), N (non-merger);
Stierwalt et al., 2013). Upper: For each merger stage, the number of galaxies hosting
each region type is normalized by the total number of galaxies with the specific merger
classification, shown in parentheses on the horizontal axis. Galaxies often host more
than one types of regions, therefore the normalized galaxy counts at each merger stage
do not add to 1. All 113 native regions identified at 15 or 33 GHz from GOALS-ES
are shown, excluding “Ud” and “Bg”. Lower: Individual values are color-coded by the
nuclear region types (“AGN” - magenta, “AGN/SBnuc” - green, “SBnuc” - yellow),
and median values and uncertainties at each merger stages are represented in solid
black lines. The numbers of systems included at each merger stages are shown in
parentheses on the horizontal axis. Only nuclei identified at 33 GHz from GOALS-ES
are included. Overall, “AGN” and “AGN/SBnuc” are more frequently found and are
more luminous at 33 GHz at the final merging stage.
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Figure 4.9: 33 GHz continuum luminosity of nuclei in GOALS-ES and BM17 vs. AGN diagnostics
in the X-rays (a,b) and Mid-IR (c,d). (a): X-ray hardness ratios measured by Iwasawa et al. (2011)
and Torres-Alba et al. (2018) using Chandra observations, defined as HR=(H-S)/(H+S), where H
is the hard-band (2-7keV) flux and S is the soft-band (0.5 - 2keV) flux. Dotted horizontal line
mark the empirical threshold above which the nucleus is considered to host AGN due to excess hard
X-ray emission (pink shaded area). (b): X-ray luminosity at 2-10keV from Iwasawa et al. (2011) and
Torres-Alba et al. (2018), corrected for galactic extinction. Grey shaded area represents the radio/X-
ray luminosity ratio range for radio-quiet AGN from Panessa et al. (2019) (i.e. vL,/La_10kev =
1072 - 1074, » =90 - 100 GHz), assuming L33 ~ L1gp. Black dashed line represents the radio/X-ray
luminosity ratio for star-forming galaxies from Ranalli et al. (2003) (i.e. log La_19kev = log L1 4 +
11.12), assuming ay 4-33 ~ a15-33 ~ —0.65, as measured among “AGN/SBnuc” in this work. (c):
6.2 yum PAH equivalent widths (EW) measured Stierwalt et al. (2013) using Spitzer observations.
Horizontal dotted line marks the empirical threshold, 0.27 ym, below which the MIR nuclear emission
is considered to be dominated by AGN (pink shaded area). The green shaded area represents the
empirical range (0.27 um - 0.54 pm) where the nuclear emission is considered to have some but non-
dominant AGN contribution, and nuclei in the yellow shaded area are considered to be starburst-
dominated and have low to no AGN contribution on kpc scales. (d): MIR slope from Stierwalt
et al. (2013), defined as the logarithmic flux density ratio between 30 and 15mum. Grey shaded
area represents the range spanned by the majority of LIRGs in GOALS. In all panels, filled symbols
represent ULIRGs, and system with [Ne V] 14.3 um, Fe K 6.4keV, and hard (> 10keV) X-ray
detections reported in Petric et al. (2011); Iwasawa et al. (2011); Torres-Alba et al. (2018); Ricci
et al. (2021) are marked in square symbols in red, black and blue with increasing sizes. Nuclei with
the highest L33 also have higher observed Ls_1gkev, smallest 6.2 um PAH EW, and steepest MIR,
suggesting (dust-obscured) AGN contribution to the 33 GHz emission in “AGN” and “AGN/SBnuc”
regions.



CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM
194 EMISSION IN LOCAL U/LIRGS

Radio spectral indices & 33 GHz thermal fraction

Studies of nearby normal galaxies with the SFRS have shown that their 33 GHz
continuum emission is largely dominated by thermal free-free emission from HII
regions on both kpc and 100pc scales, which make 33 GHz continuum an ideal
extinction-free tracer of ongoing massive star formation (Murphy et al., 2011b, 2012;
Linden et al., 2020). Linden et al. (2019) shows that for extra-nuclear star-forming re-
gions in the GOALS-ES, thermal emission accounts for ~65% of the 33 GHz emission
on kpc scales, which is similar to values derived for the SFRS galaxies on the same
physical scales (fi, ~60% ; Murphy et al., 2012). To investigate whether this agree-
ment is also seen on 100 pc-scales, in Figure 4.10(right) we compare the distributions
of 15 — 33 GHz spectral indices (aq5_33) measured for the GOALS-ES (“SF”/“SBnuc”)
regions and SFRS star-forming regions. We also show the effective radius of the area
we use to measure aqs_33 for each matched region. We note that «q5_33 instead of
fin is presented because the former can be more straight-forwardly compared without
considering any underlying assumptions about the intrinsic non-thermal and thermal
spectral shapes.

Figure 4.10 shows that star-forming regions in GOALS-ES and SFRS both ex-
hibit a wide range of ay5_33, from —2.06 £ 0.43 to 1.38 4+ 0.72 for GOALS-ES and
—0.98 + 1.20 to 2 2 for SFRS. The median spectral index of the SFRS regions is
—0.08+0.27, which is consistent with values derived by Linden et al. (2020) using
different method for photometry. In contrast, the median value for the GOALS-
ES regions is —0.46+0.25, suggesting higher contribution from steep-spectrum non-
thermal emission. This value is also steeper than the median value derived on kpc
scales for extra-nuclear star-forming regions in the GOALS-ES (—0.2740.23; Linden

et al., 2019). A two-sample K-S test on the distributions of a;5_33 for the GOALS-ES



CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHz RaAaDpIio CONTINUUM
EMISSION IN LOCAL U/LIRGs 195

SFRS SFRS

SBnuc EZZ1 GOALS-ES
#  SF(off-nuc) | ]
1 SF(ex-nuc)

a15-33

| TR, 7
mﬁ]ulmurrm"' ! 9 /
m 41 C

100 150 200 250 3000 10 20 30
R, (pc) Num. of regions

Figure 4.10: The 15 - 33 GHz spectral indices (c5_33) measured for matched regions
identified in nearby star-forming galaxies from the SFRS and local U/LIRGs from
GOALS-ES. Left: a15_33 vs. effective radii, R., of the region area used to measure
aq5-33. SFRS regions are in grey, GOALS-ES regions are colored in yellow (“SBnuc”)
and blue (“SF”), with extra-nuclear “SF” regions in non-filled symbols. Upper-limits in
size and Right: Distribution of aq5_33 for GOALS-ES regions (hatched black) and for
SFRS regions (filled grey). In both panels, the median values for the SFRS (—0.08 +
0.27) and GOALS-ES regions (—0.4640.25) are shown in solid grey and dashed black
lines, respectively. Overall, a;5_33 spans a wide range for star-forming regions in both
local U/LIRGs and normal galaxies, especially at R. < 100pc. Regions in U/LIRGs
have steeper median «aq5_33 compared with those in nearby normal galaxies, suggesting
more dominant non-thermal contribution at 33 GHz.
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and SFRS regions yields a p-value of << 1, which means that the differences we see
between the two sample of regions are likely intrinsic. Several mechanisms may be
responsible for the comparatively steep aq5_33 of the 100 pc-scale GOALS-ES regions:

First, because U/LIRGs are dusty, thermal free-free emission from HII regions
may have been suppressed via dust absorption (Barcos-Munoz et al., 2015, 2017).
However, this effect likely only becomes important in the most heavily-obscured sys-
tems such as in the ULIRGs, and we also do not find any correlation between «5_33
and the MIR 9.7 um silicate depths estimated by Stierwalt et al. (2013), which mea-
sure the level of dust obscuration on kpc scales in these systems. Matched-resolution
comparison between the resolved dust and the spectral index distribution will shed
light on how much dust absorption affects the 100 pc scale high-frequency radio prop-
erties of local U/LIRGs.

Second, the ages of the starbursts also affect the relative contribution of non-
thermal and thermal emission (e.g. Rabidoux et al., 2014; Linden et al., 2019, 2020).
Using Starburst99 models, Linden et al. (2020) showed that non-thermal synchrotron
emission from supernovae can quickly dominate the radio emission of an instanta-
neous starburst within 10 Myr compared with steady continuous star formation that
maintains high thermal contribution with relatively flat radio spectrum. Using the
same models and NIR hydrogen recombination line observations, Larson et al. (2020)
estimated that star-forming clumps in local U/LIRGs have an age range of 6 - 10 Myr.
Therefore the overall higher non-thermal contribution at 33 GHz measured in local
U/LIRGs could be a reflection of the more recent star formation triggered in local
U/LIRGs on 100 pc scales.

Third, the dense ISM in the compact starbursts in local U/LIRGs may produce
non-thermal synchrotron spectrum than is intrinsically steeper that those character-

ized in star-forming regions in nearby normal galaxies (i.e. ant ~ —0.85; Murphy
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et al., 2011b). For example, axt ~ —1.5 have been measured in nearby starburst
NGC 4945 via multi-frequency analysis (e.g. Bendo et al., 2016; Emig et al., 2020).
Additionally, spectral steepening of synchrotron emission above 10 GHz have also been
observed in nearby star-forming galaxies (e.g. Klein et al., 2018), local U/LIRGs (e.g.
Clemens et al., 2008; Leroy et al., 2011) as well as high-z star-forming and star-
burst galaxies (e.g. Thomson et al., 2019; Algera et al., 2021). As discussed in Klein
et al. (2018), steep synchrotron spectra either result from energy losses of high-energy
electrons due to inverse-Compton scattering and synchrotron radiation in dense ISM
environments, or intrinsic lack of high-energy electrons. Therefore, the steeper 533
measured in GOALS-ES regions may simply reflect intrinsically steep non-thermal
spectrum, and does not necessarily require excess non-thermal emission. We note
that if we assume a simple two-component power law model without spectral steep-
ening (i.e. Equation 5.3), for fi;, to be as high as measured in the SFRS regions
(~ 90%) at ags_33 ~ —0.46, anr will have to be ~ —2, which is also the steepest
a15_33 measured in the GOALS-ES region. Matched resolution observations at lower
radio frequencies are needed to recover the intrinsic non-thermal spectral shape in
these extreme systems.

Finally, tidal shocks associated with galaxy mergers may have produced excess
non-thermal synchrotron emission in local U/LIRGs (Murphy, 2013). While it is
possible that we are detecting traces of shock-driven synchrotron emission, given the
high-resolution of our observations, large-scale diffuse emission driven by such dynam-
ical effects are likely to have been resolved out, and would play relatively minimal
role in producing the steep aj5_33 we measure on 100 pc scales.

We emphasize that while the median ay5_33 of the GOALS-ES regions is signifi-
cantly steeper than that of the SFRS regions, the wide range of values seen in both

samples, especially at R, < 100 pc, suggests that the balancing between thermal and
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non-thermal emission is more complicated at small scales. Large uncertainties in our
measurements due to sparse frequency coverage and short on-source time also limit
our ability to draw more definitive conclusions. Matched resolution radio contin-
uum observations at more than two different frequencies are needed to more robustly
characterize the radio continuum spectrum of compact star-forming regions in local
U/LIRGs. This will also allow us to better understand the whether and how the ex-
treme ISM conditions in these dense starbursts may alter the synchrotron production

and propagation processes.

Star formation rates and surface densities

In Figure 4.11 we show star formation rates and surface densities with respect
to effective radii for “SF” and “SBnuc” regions in GOALS-ES (see Section 4.4.5) and
SFRS. We show values derived from both the total 33 GHz flux (a,b) and the free-
free component via 15 — 33 GHz spectral decomposition (c,d), as described in Section
4.4.4. The star-forming regions in local U/LIRGs have 1-3 dex higher SFR and Ygpg
than similarly-sized regions in the nearby normal galaxies, even after accounting for
the steeper aq5_33 measured in the GOALS-ES regions. The median values for SFR
and Ygpg for the GOALS-ES regions are 0.840.5 Moyr—! and 86 £ 65 Mgyr—tkpc=2,
which is roughly 10 times higher than the median values for the SFRS regions (SFR
~ 0.1Moyr~' and Ygpr ~ 10Mgyr—'kpc™2). As expected, the median values for
SFRy, and Xgpg,, are lower, at ~ 0.4 Mgyr™ and ~ 50 Mgyr~tkpe™2, but still sig-
nificantly higher than those for the SFRS regions, despite that the latter is more
dominated by thermal free-free emission. Given that this comparison is made at the
scales of Giant Molecular Clouds (GMC; 10 — 100 pc), our result suggests that GMCs
in local U/LIRGs are forming more stars compared to those in nearby normal galax-

ies, at least in these most active star-forming regions detected in these systems that
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Figure 4.11: Star formation rates and surface densities vs. effective radii for “SF”
and “SBnuc” regions characterized in local U/LIRGs in this work, as well as for star-
forming regions in nearby normal galaxies from the SFRS characterized using the
same methods outlined in Section 4.3. Values derived for the SFRS sample are in
grey triangles. We show values derived both from the total 33 GHz flux (a, b) and
thermal free-free only flux based on the measured 15-33 GHz spectral indices (c, d).
Star-forming clumps and starburst nuclei in the GOALS-ES have up to 3 dex higher
star formation rates and surface densities compared with star-forming clumps in the

SFRS on ~ 100 pc scales.
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are mostly “nuclear” and “off-nuclear”.

Using HST NIR hydrogen recombination line (i.e. Paa, Paf) observations of
48 local U/LIRGs smoothed at a common resolution of 90 pe, Larson et al. (2020)
identified 751 extra-nuclear star-forming clumps in these systems with median SFR~
0.03Muyr—! and Ygpr ~ 0.3Moyr—‘kpc=2. These values are over 10 times lower
than the values derived for the GOALS-ES regions, which may be due to intrinsic
differences between nuclear and extra-nuclear star formation as suggested in Linden
et al. (2019), or systematic offsets introduced by the use of different SFR tracers.
However, due to the 90 pc resolution limit, the clumps studied in Larson et al. (2020)
are at least five times larger than the GOALS-ES regions characterized in this work,
which complicates the interpretation.

To investigate whether the different SFR tracers used may have introduced a sys-
tematic offset, we acquired continuum-subtracted Paa or Paf images used in Larson
et al. (2020) for 9 non-AGN U/LIRGs also included in the GOALS-ES and directly
compare the Paa/S emission with the radio continuum, without smoothing the HST
images, as demonstrated in the upper panels of Figure 4.12. We calculate SFR at each
matched region identified in the radio using the the same circular apertures on the
NIR, 15 and 33 GHz maps, following Equation 5.4, 5.5 and the prescription provided
in Larson et al. (2020). Due to lack of multi-line observations, these NIR images
are not corrected for extinction, which has minimal effect on the measurements of
extra-nuclear clumps studied in Larson et al. (2020) but could affect measurements
within the central kpc (Piqueras Lopez et al., 2013).

As shown in the lower panel of Figure 4.12, SFR derived from the total 33 GHz
continuum are consistently higher than values derived from the Paa/( emission by
up to ~ 1ldex, with the “AGN/SBnuc” in IRAS F16399-0937 showing the highest

discrepancy, possibly due to AGN activity or extreme nuclear obscuration. When
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only considering the thermal component, the radio-derived values for “SF” regions
show better agreement, with SFR¢, /SFRnr ~ 0.5 — 15 and a median of ~ 2, which
would correspond to A, ~ 4 if we assume thermal radio emission is tracing the the
same emission. This value is consistent with nuclear extinction estimated from NIR
line ratios in previous works (e.g. Alonso-Herrero et al., 2006; Piqueras Lopez et al.,
2013). This suggests that thermal free-free radio continuum is indeed tracing ionized
plasma in HII regions that is producing the hydrogen recombination lines, and that
radio continuum is more reliably tracing star formation in the dusty nuclear environ-
ments of local U/LIRGs.

Given the above, while the limited sensitivity of our current radio observations
only allow detections of the most energetic regions of nuclear star formation, we expect
that radio- and NIR-derived SFR for the mildly obscured extra-nuclear star-forming
clumps in local U/LIRGs to be largely consistent with each other. Therefore, nuclear
star formation in local U/LIRGs, as probed by the extremely high SFR and ¥gpgr de-
rived in this work and previous studies (e.g. Barcos-Munoz et al., 2017; U et al., 2019),
are likely proceeding at much faster rates at GMC scales than those in the outskirts
of local U/LIRGs, as well as those in nearby normal galaxies. Such extreme activity
is likely driven by the high molecular gas surface densities in the central kpc of local
U/LIRGs, as have been measured with ALMA at ~ 100 pc scales (e.g. Wilson et al.,
2019; Sanchez-Garcia et al., 2021, 2022). These studies also show that molecular gas
forms stars more efficiently in these high density environments, potentially driven by
cloud-cloud collisions (Jog & Solomon, 1992) and/or gravitational instability induced
by the high stellar mass density (e.g. Romeo & Fathi, 2016).

Meanwhile, it has also been shown that local U/LIRGs host a higher fraction of
young (< 10 Myr) and massive (= 105 M) star clusters compared to normal galaxies

(e.g. Alonso-Herrero et al., 2002; Linden et al., 2017, 2021). Therefore, the elevated
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SFR and Ygpr of GOALS-ES regions characterized in this work relative to the SFRS
regions may be a reflection of the higher numbers of massive star clusters being pro-
duced in the former. These massive clusters better samples the stellar initial mass
function (IMF) and contains more massive stars that generate synchrotron emission
via supernovae explosions, which possibly contributes to the steep 1533 measured
in the GOALS-ES regions, as discussed in Section 4.5.2.

Finally, as shown in Figure 4.11, while SFR and SFRy,, is clearly correlated with R,
for the SFRS regions, values for the GOALS-ES regions show relatively weak depen-
dence on the region sizes. Fitting the data with a power-law model SFR o L;,qi0 o< 7"
yields n ~ 2.3 for the SFRS regions and n ~ 1.1 for the GOALS-ES regions, with
similar values derived using SFR4,. While the limited sensitivity of the radio ob-
servations prevents a direct comparison to luminosity-size relation established in the
optical /NIR (e.g. Piqueras Lopez et al., 2016; Cosens et al., 2018), the relatively weak
size dependence of SFR and SFRy;,, among the GOALS-ES regions is consistent with a
scenario where the HII region is density-bounded with its luminosity set by the local
gas volume density. In this case, hydrogen atoms in the region recombine faster than
they are ionized and hence a fraction of ionizing photons are not absorbed and escape
the region, resulting in lower luminosity than expected at a given region size (e.g.
Beckman et al., 2000; Wisnioski et al., 2012). Hence the relatively constant SFR and
SFRy, of the GOALS-ES regions may be reflecting the high density environments
that they reside in. In comparison, the SFRS regions may more closely resemble
photon-bounded HII regions (i.e. Str’omgren spheres) in low-density environments,
whose luminosities are more or less proportional to the region volumes as hydrogen
recombination balances ionization.

A similar dichotomy was also observed by Cosens et al. (2018) in a large sample of

star-forming clumps, and the authors found that clumps with Xgpg > 1 Moyr—! kpc—2
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show weaker size dependence in Ha luminosity than clumps with Ygpr < 1 Mgoyr™!

kpc—2, which are consistent with the ranges of Ygrr and 28FR,, represented by the
GOALS-ES and SFRS regions, respectively. Deeper radio observations capable of
sampling a wider range of star-forming clumps would allow a more quantitative com-
parison between the luminosity - size relation observed in the radio and at shorter

wavelengths.

4.6 SUMMARY

In this study we have used high-resolution (~ 0”.1) 33 and 15 GHz radio con-
tinuum VLA observations of 68 local U/LIRGs from the GOALS “equatorial” VLA
Survey (GOALS-ES) to study the properties of AGN and star formation in these
extreme systems at 100 pc scales. The GOALS-ES sample spans the entire range of
IR luminosities, distances and merger stages represented in the local U/LIRG popu-

lation. Below we provide a summary of our major results and conclusions:

e Among the 68 systems in the GOALS-ES sample, compact radio continuum emis-
sion were detected in 63 systems with our high-resolution VLA observations at either
33 or 15GHz. Using Astrodendro, we identified and characterized a total of 131
regions of compact radio continuum emission in these systems at the native resolu-
tions, and found the effective radii (R.) range from 8 to 170 pc. These regions were
further classified as 17 “AGN” (AGN), 9 “Jet” (AGN jet), 31 “AGN/SBnuc” (AGN-
starburst composite nucleus), 8 “SBnuc” (starburst nucleus), 48 “SF”(star-forming
clump) and 17 “Ud” (unsure) based on their locations in the host galaxies as well
as multi-wavelength AGN classifications from the literature. While all regions have
low brightness temperatures (7, < 10* K), “AGN” and “AGN/SBnuc” regions have

consistently higher 33 GHz luminosities (Ls3) and surface densities (¥Xr,,) compared
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Figure 4.12: Comparison between radio continuum and Paa/f as SFR tracer. (Up-
per) Continuum-subtracted HST Paa image of NGC 1614 (left) and Paf image of
IRAS F17138-1017(right) from (Larson et al., 2020). Black contours show 33 GHz
radio continuum at matched resolutions with 15 GHz continuum, and the matched
beams are shown in the lower left corners in black ellipses. Contour levels are 0.075,
0.15, 0.23, 0.45 mJy /beam for NGC 1614, and 0.032, 0.065, 0.13 mJy/beam for IRAS
F17138-1017. Lime circles show the apertures used for measuring and comparing
radio- and Paa/f-derived SFR. (Lower) Ratio between radio-derived and NIR-derived
SFR for 9 U/LIRGs in the sample. SFR derived from thermal free-free radio contin-
uum (filled) shows better agreement with NIR-derived SFR than those derived from
total 33 GHz continuum (unfilled), and deviations from 1:1 relation (dashed line) are
likely due to nuclear dust extinction.
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with “SF” and “SBnuc” regions of similar sizes by up to ~ 3dex. Comparison with
analytical models of radiation pressure-supported nuclear starburst and with lower
resolution X-ray and IR AGN diagnostics suggests that both extreme mode of nu-
clear starburst and AGN activity may contribute to the elevated 33 GHz emission in
“AGN” and “AGN/SBnuc”.

e We used resolution-matched 15 and 33 GHz images to measure the 15 — 33 spec-
tral indices (ay5_33) of a total of 113 regions, with which we estimated the fractional
contribution of thermal free-free emission to the total 33 GHz continuum (thermal
fraction; fiy,) in these regions. The 15 - 33 GHz spectral indices for these regions span
a wide range, from -2.06+0.43 to 1.384+0.72, corresponding to f ~ 0—100% assuming
a constant non-thermal spectral index of -0.85. While all region types span a wide
range of ay5_33, “SF” and “SBnuc” have flatter median spectral indices compared with
“AGN” and “AGN/SBnuc” regions. However, the median spectral index for “SF” and
“SBnuc” (ay5-33 ~ —0.46+0.25) are significantly steeper than star-forming regions in
nearby normal galaxies measured at similar physical scales, suggesting higher contri-
bution of non-thermal synchrotron emission at 33 GHz in local U/LIRGs.

e For the 46 “SF” and “SBnuc” regions measured at matched resolution, we estimated
their star formation rates and surface densities from both total 33 GHz flux densities
as well as thermal free-free emission extracted using the estimated f;;, for each region.
We found that with effective radii of 20 - 140 pc, these regions have star formation
rates and surface densities of 0.14 - 13 Mg, /yr and 12 - 1600 M, /yr /kpc?, respectively,
which are consistently higher than similarly-sized star-forming regions in nearby nor-
mal galaxies. Even after accounting for the relatively low estimated 33 GHz thermal
fractions, the estimated thermal-only star formation rates and surface densities still
have median values of 0.4 M /yr and 50 M, /yr/kpc?, respectively, and are at least

2 dex higher than star-forming regions in normal galaxies.
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Through this study we have demonstrated the elevated star-forming activities in
local U/LIRGs relative to nearby normal galaxies at the scales of giant molecular
clouds, which motivates comprehensive investigation of the cold molecular gas prop-
erties at high resolution in these extreme environments. We have also shown the
ubiquity of compact and powerful nuclear activity in local U/LIRGs with a wide
range of host properties, despite that the origin for these luminous high-frequency
radio emission remains highly debatable. Future multi-frequency high-resolution ob-
servations with wider frequency coverage will allow more accurate characterization
of the radio SED of these compact emission to future investigate their nature, and
VLBI observations will help determine the prevalence and contribution from AGN
activity. Meanwhile, the upcoming JWST will provide crucial information of dust

and multi-phase ISM at matched resolutions.

4.7 APPENDIX

4.7.1 Notes on Individual Systems

Here we provide details on the regions identified in each system, along with their
classifications via comparisons with archival optical and IR datasets as well as infor-
mation from the literature, when available. Unless otherwise specified, merger stage
classifications are from Stierwalt et al. (2013), descriptions of the optical and IR com-
parisons are based on y-band images from the Pan-STARRSI database (Flewelling
et al., 2020), and channel maps from Spitzer IRAC (Mazzarella in prep). When de-
scribing 6.2um PAH equivalent width (EW) as an AGN diagnostic, we follow Stierwalt
et al. (2013) and Vardoulaki et al. (2015) and consider sources with 6.2um PAH EW
< 0.27pm to be AGN-dominated, and those with 0.27 < 6.2um PAH EW < 0.54um
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to have mixed contribution from AGN and starburst, and those with 6.2um PAH EW

> (0.54um to be starburst-dominated. For galaxies with regions with undetermined

nature due to lack of high-resolution ancillary data, we also show comparison between

the ancillary data and our radio images for clarity.

(1)

NGC 0034 : This system is a late-stage merger. We identified one bright
nuclear region in this system at both 15 and 33 GHz. This region aligns with
the galaxy center in the optical and IR. X-ray study suggests that this galaxy
hosts a buried AGN (Ng ~ 102cm™2; Torres-Alba et al., 2018), and this galaxy
is classified as a type-2 Seyfert in the optical (Veilleux et al., 1995; Yuan et al.,

2010). Therefore we classify the nuclear region identified in the radio as “AGN”.

MCG -02-01-051 : This galaxy is the southern component of the early stage
interacting pair Arp 256. Two nuclear regions were identified at 33 GHz at
native resolution, but the image quality is poor (SNR < 5), therefore in Table
4.1 we report region properties characterized using the native resolution 15 GHz
image where the two regions blend together into one larger region. Note that
the 15 — 33 GHz spectral index of this region, reported in Table 4.2, is an upper-
limit given the low SNR of the detection at 33 GHz. This region aligns with
the optical and IR peak, and no evidence of AGN activity has been reported,

therefore here we classify this region as “SBnuc”.

IC 1623 (VV 114) : We detect the eastern component of this mid-stage merger
at both 15 and 33 GHz. In total, 7 nuclear regions are identified with Astroden-
dro. The brightest region aligns with the optical center and is identified as an
AGN by Iono et al. (2013) based on elevated HCN/HCO™ ratio. However, no
clear signatures of AGN have been found in the X-rays, optical or MIR. Given

the uncertainties, we classify the brightest region as “AGN /SBnuc”, and the rest



216

(6)

CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM

EMISSION IN LOCAL U/LIRGS

as off-nuclear “SF”.

MCG -03-04-014 : Two nuclear regions are identified at both 15 and 33 GHz
in this non-interacting galaxy. The brighter region aligns with the optical and
IR peak, as well as the dynamical center of the warm molecular gas as revealed
in ALMA CO(J=3-2) dataset (2013.1.01165.S, PI: S. Haan). The fainter region
lies on a nuclear spiral arm that connects to the dynamical center. No clear
detection of AGN has been reported for this galaxy but it has been classified as
an AGN/SB composite system in the optical by Yuan et al. (2010). Therefore
we classify the brighter region as “AGN/SBnuc” and the fainter region as off-

nuclear “SF”.

CGCG 436-030 : In the native resolution 33 GHz image, we detect one bright
and two faint knots at the optical and IR peak of this western component of an
early-stage merger. At matched resolution at 15 and 33 GHz, these three knots
are blended together and were identified as one larger extended nuclear region
with Astrodendro. This nuclear region is detected in soft and hard X-ray with
Chandra (Torres-Alba et al., 2018), and the nuclear Mid-IR spectra (slit width
~ 4") indicate clear dominance of emission from star formation (Diaz-Santos
et al., 2017; Inami et al., 2018). However, this galaxy is classified as an AGN/SB
composite system in the optical (Vega et al., 2008) and radio (Vardoulaki et al.,
2015). VLBI observations of this galaxies revealed a high brightness temper-
ature (T, > 10" K) component that can be explained with a clustered radio
supernovae model (Smith et al., 1998a). Given these uncertainties, here we

classify this nuclear region as an “AGN/SBnuc”.

IRAS F01364-1042 : In this late-stage merger, we detect one bright nuclear
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region close to the optical and IR peak of the galaxy. Chandra detected both
soft and hard X-ray at the center of this galaxy, and (Iwasawa et al., 2011)
attributed their origin to highly-obscured high mass X-ray binaries or AGN.
This system is classified as an LINER in the optical (Veilleux et al., 1995; Yuan
et al., 2010), and as a likely AGN candidate in the radio due to the compactness
of its 33 GHz emission (Barcos-Mutioz et al., 2017). Given the above, here we

classify this nuclear region as “AGN/SB nuc”.

I Zw035 : We detect the northern component of this pre-merger at both 15
and 33 GHz. At native resolution, one bright knot and a much fainter knot
are identified at 33 GHz. Analysis of 07.03 resolution ALMA Band 6 con-
tinuum (2018.1.01123.S, PI: A. Medling) suggests that the brighter northern
region likely hosts the AGN, while the fainter region in the south is part of a
clumpy dust ring-like structure that is also producing strong OH maser emission
(Pihlstrom et al., 2001). At matched resolution, these two knots are blended
and were identified as one extended nuclear region. This region aligns with
the optical and IR peak. While no direct evidence for AGN currently exists,
Gonzalez-Martin et al. (2009) found indirect X-ray signatures for a Compton-
thick AGN, which is supported by an extremely high gas surface density esti-
mated by Barcos-Muftioz et al. (2017), who also reported that this galaxy has the
most compact 33 GHz emission among U/LIRGs in the GOALS sample. Given
the above, here we classify this extended nuclear region as “AGN /SBnuc”. More
precisely, the nucleus is located at the brighter knot detected at native resolu-
tion, which coincides with the dynamical center of the molecular gas as revealed
by ALMA (2018.1.01123.S, PI: A. Medling). Observation with e-MERLIN at

5 GHz reveals compact continuum emission at the location of the “AGN /SBnuc”
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with peak brightness temperature of 10*¥ K (J. Molden, private communica-

tion).

NGC 0838 : This galaxy is the north-east component of a complex pre-merging
system with three components, one of which is a closely interacting galaxy pair
formed by NGC 0833 and NGC 0835. A bright region lying within the MIR
galaxy “core” is visible at both 15 and 33 GHz in NGC 0838. This region is
also detected in the hard X-ray with Chandra (Torres-Alba et al., 2018), and
lies to the south of the optical and IR peak, with a faint counterpart in the
NIR as revealed by archival HST NICMOS images (11080, PI: D. Calzetti).
The soft X-ray emission of this system is very extended, likely associated with
wind from a starburst(Turner et al., 2001; Torres-Alba et al., 2018), which also
shows up in our low resolution C'—configuration image. Given the above, here
we tentatively classify this region as off-nuclear “SF”. At matched resolution,
detection at 33 GHz is poor (SNR < 5), therefore spectral index reported in

Table 4.2 is an upper-limit.

IC 0214 : Two regions are identified in this late-stage merger at both 15 and
33 GHz. The fainter region aligns with the optical and IR peak of the system,
and the brighter region lies outside of the galaxy, with no visible IR or optical
counterpart. No evidence for AGN has been reported in the literature and the
high PAH 6.2um equivalent width measured with Spitzer indicates that this
system is dominated by star formation, which is consistent with optical BPT
diagnostics using VLT/MUSE (ID: 097.B-0427, PI: G. Privon). Therefore here
we classify the fainter region as the starburst-dominated nucleus. The bright
extra-nuclear radio source does not have bright counterparts in optical or IR,

therefore we tentatively classify this region as “Bg”. We report its measured
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(10)

(11)

(12)

(13)

(14)

quantities in Table 4.1 and 4.2 for completeness but exclude it from further

analysis.

NGC 0877 : Due to the limited sensitivity of the A-configuration observations,

we did not detect any 15 or 33 GHz emission in this pre-merging system.

NGC 0958 : Due to the limited sensitivity of the A-configuration observations,

we did not detect any 15 or 33 GHz emission in this isolated galaxy.

NGC 1068 : This well-studied isolated Seyfert 2 galaxy (Yuan et al., 2010, e.g.)
is the nearest LIRG in our sample. At both 15 and 33 GHz, three luminous
nuclear regions are identified with Astrodendro. These regions are aligned almost
linearly along the N-S direction, with the central region being the brightest at
both 15 and 33 GHz. All three regions have been previously identified as radio
jets associated with a highly obscured AGN, which is likely located within the
southern region (e.g. Gallimore et al., 1996, 2004). Therefore we have classified

the southern region as “AGN”, and the other two as “Jet”.

UGC 02238 : We detect one nuclear region in this late-stage merger at both
15 and 33 GHz. This bright region aligns with the optical and IR peak of the
galaxy. This region is also detected in the soft and hard X-ray with Chandra, but
clear X-ray AGN signature was not found (Torres-Alba et al., 2018). The galaxy
also does not show excess radio emission relative to FIR emission, as expected
from radio AGN (Condon et al., 1995). However, optical observations have
classified this system as a LINER (Veilleux et al., 1995) or AGN/SB composite
galaxy (Yuan et al., 2010). Given the above, we classify this nuclear region as

“AGN/SBnuc”.

UGC 02369 : In this pair of early-stage merger, we detect two nuclear regions
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that coincide with the optical and IR peaks of the two galaxies at both 15 and
33 GHz. The nucleus of the southern galaxy is detected in both soft and hard
X-ray with Chandra, and is classified as an AGN by Vardoulaki et al. (2015)
based on steep radio spectral index between 1.4 and 8.4 GHz. The northern
nucleus is very faint in the X-ray and IR, with no reported signatures of AGN.
The entire interacting system has been classified as HII (Veilleux et al., 1995)
or AGN/SB composite system (Yuan et al., 2010) in the optical, and MIR
diagnostics indicate that the system is dominated by star formation (Stierwalt
et al., 2013; Inami et al., 2018). Given the above, we classify the southern

nucleus as “AGN/SBnuc”, and the northern nucleus as “SBnuc”.

IRAS F03359+1523 : We detect one bright nuclear region in this edge-on east-
ern component of a late-stage merger at both 15 and 33 GHz. This radio source
is classified as AGN/SB composite based on 1.4 - 8.4 GHz spectral index profile
in Vardoulaki et al. (2015), but the galaxy is classified as starburst-dominated
based on optical (Veilleux et al., 1995; Yuan et al., 2010) and MIR diagnostics
(Inami et al., 2018). Observation with e-MERLIN at 5 GHz reveals compact con-
tinuum emission at the nucleus with a peak brightness temperature of 10%% K (J.

Molden, private communication). Given the above, here we tentatively classify

this region as “AGN/SBnuc”.

CGCG 465-012 : In this mid-stage merger, one bright extra-nuclear region is
detected and identified at 15 GHz. No emission is detected at 33 GHz, therefore
we do not report measurements of this region in Table 4.2. This extra-nuclear
region lies in the tidal tail of the merger and has a bright counterpart in the
X-ray (Torres-Alba et al., 2018). We classify this region as extra-nuclear “SF”
following Torres-Alba et al. (2018).
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(17) UGC 02982 : Due to the limited sensitivity of the A-configuration observations,

we did not detect any 15 or 33 GHz emission in this late-stage merger.

(18) ESO 550-1G025 : We detect the two nuclei of this pair of pre-merger at both
15 and 33 GHz. However, nuclear emission from the southern galaxy is much
fainter and more diffuse and does not have good detection, therefore we only
report measurements for the nucleus of the northern galaxy in Table 4.1 and 4.2.
Both nuclei are detected in the X-rays with Chandra in Torres-Alba et al. (2018).
While no clear signatures of AGN have been reported, both galaxies have been
separately classified as LINER /composite system by Veilleux et al. (1995) and
Yuan et al. (2010) in the optical. Given the above, here we tentatively classify

the identified nucleus of the northern component as “AGN/SBnuc”.

(19) NGC 1614 : We detect 13 individual star-forming regions along the nuclear
star-forming ring of this late-stage minor merger at native resolution 33 GHz.
At matched resolution, several smaller regions are blended together, resulting a
total of 8 regions identified at both 15 and 33 GHz. A faint nucleus is visible
at 33 GHz, but the detection is poor, therefore not characterized in this work.
The property of the nuclear star-forming ring has been studied at various wave-
lengths (e.g. Alonso-Herrero et al., 2001b; Kénig et al., 2013; Xu et al., 2015),
and analysis of the ring based on radio datasets used in this work is presented
in Song et al. (2021). Although this galaxy has been classified as an AGN/SB
composite system in the optical (Yuan et al., 2010), deep VLBI observation
has found no evidence for AGN (Herrero-Illana et al., 2017), and the lack of
molecular gas at the nucleus also excludes the possibility of a Compton-thick
AGN (Xu et al., 2015). Following these studies, we classify all these nuclear

ring regions as off-nuclear “SF”.
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UGC 03094 : We detect one nuclear region in this isolated spiral galaxy at both
15 and 33 GHz. This region aligns with the optical and IR peak of the galaxy
center, and was detected in the ultra-hard X-ray with SWIFT /BAT (Koss et al.,
2013). While this galaxy does not show excess radio emission relative to FIR
emission as expected for radio AGN (Condon et al., 1995), fine-structure gas
emission line [Ne V| 14.3 um is clearly detected with Spitzer in this galaxy,
which is a strong signature of AGN presence (Petric et al., 2011). Given the

above, here we classify the identified radio nucleus as “AGN”.

NGC 1797 : This galaxy is in a pre-merging system IRAS F05053-0805, together
with NGC 1799. We detected four nuclear regions at both 15 and 33 GHz,
which are star-forming regions along a nuclear star-forming ring, whose diffuse
emission is detected in C'—configuration 33 and 15 GHz observations (Song
et al., 2021). This galaxy is classified as a starburst galaxy in the optical
(Veilleux et al., 1995; Yuan et al., 2010) and based on PAH 6.2um equivalent
width (Stierwalt et al., 2013), with no emission detected at the center of the ring
in our radio observations. We classify these four nuclear regions as off-nuclear

(LSF”'

CGCG 468-002 : In this mid-merging galaxy pair, we detect the nuclei of both
galaxies at 15 and 33 GHz. Detection of hard X-ray emission with NuSTAR
(Ricci et al., 2017) and [Ne V] 14.3um line emission with Spitzer (Petric et al.,
2011) in the southwestern galaxy strongly suggests AGN presence, which is
not detected in the eastern galaxy. Based on the PAH 6.2um equivalent width,
the northeastern galaxy is dominated by star formation. Pereira-Santaella et al.
(2015) classified the northeastern galaxy as an AGN/SB composite galaxy based

on optical diagnostics. Because only the northeastern component is a LIRG,
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here we only report measurements of the northeastern nucleus, which we ten-

tatively classify as “AGN/SBnuc”.

(23) IRAS F05187-1017 : We detect one nuclear region in this isolated galaxy at
both 15 and 33 GHz. This region coincides with with the optical and IR peak
of the galaxy. This galaxy is classified as a LINER in the optical (Veilleux
et al., 1995; Yuan et al., 2010) and the PAH 6.2 um equivalent width indi-
cates that both AGN and star formation could be contributing to the emis-

sion in this galaxy. Given the above, we classify the detected radio nucleus as

“AGN/SBnuc”.

(24) IRAS 05442+1732 : We detect 5 nuclear regions in this east-most component of
a pre-merging system at both 15 and 33 GHz. This galaxy is likely dominated by
star formation given the relatively high PAH 6.2 ym equivalent width (Stierwalt
et al., 2013), and its IR SED agrees well with a pure starburst model (Dopita
et al., 2011). These regions have counterparts in the NIR of various brightness
based on comparison with archival high-resolution WFC3 F110W HST image
(15241, PI: K. Larson). Given the lack of evidence for AGN, these regions
are likely “SBnuc” and off-nuclear “SF”. However, currently available ancillary
information does not allow us to determine the precise nature of radio emission

in these regions.

(25) ESO 557-G002 : We detect the nucleus of this northern component of a pre-
merging galaxy pair at both 15 and 33 GHz. Detection at 33 GHz is poor
(S/N < 5), therefore we use the 15 GHz image to measure the properties of
the detected nucleus, and the reported 15 - 33 GHz spectral index is an upper-

limit. Emission in this galaxy is dominated by star formation based on optical
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Figure 4.13: IRAS 05442+1732: left: Archival HST 110W image, displayed in arc-

sinh

stretch with bilinear interpolation. Yellow square outlines the field-of-view of

middle: 33 GHz VLA continuum observed with B-configuration. right: 15 GHz VLA
continuum observed with A-configuration.

(26)

(Corbett et al., 2003) and MIR PAH 6.2 um equivalent width (Stierwalt et al.,
2013), and no clear signatures for AGN have been reported. Therefore here we

tentatively classify this radio nucleus as “SBnuc”.

IRAS F07251-0248 : In this late-stage merger we detect one nuclear region at
33 GHz. Observation at 15 GHz was severely affected by malfunction of the
re-quantizer therefore we do not report matched resolution measurements of
this region in Table 4.2. This region lies within the optical and IR peak of the
galaxy, and is detected in the soft X-ray with Chandra. This galaxy is classified
as a “hard X-ray quiet (HXQ)” source by Iwasawa et al. (2009), and the X-ray
emission may come from obscured high-mass X-ray binary or AGN. The low
PAH 6.2 ym equivalent width detected in this galaxy (Stierwalt et al., 2013)
also indicates potential AGN presence. Given the above, we classify the radio

nucleus as “AGN/SB nucleus”.

MCG +02-20-003 : In this northern component of a pre-merging system, we
identify 3 radio regions at 33 GHz. Observation at 15 GHz was severely affected

by malfunction of the re-quantizer therefore we do not report matched resolution
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measurements of these regions in Table 4.2. These regions all coincide with the
optical and IR peak of the galaxy, and lie within the elongated galaxy nucleus
detected in Paa with HST NICMOS ((10169, PI: A. Alonso-Herrero); Alonso-
Herrero et al., 2009; Larson et al., 2020) (see Figure 4.14). This galaxy is
classified as an AGN/SB composite galaxy in the optical by Alonso-Herrero
et al. (2009). While a low PAH 6.2 um is detected (Stierwalt et al., 2013),
Alonso-Herrero et al. (2012) did not find evidence for AGN via IR spectral
decomposition. Currently available ancillary information does not allow us to
determine the precise nature of radio emission in these regions.

mJy/beam
0.000.020.040.060.080.100.120.14

11°42'35"
§ -
S ]| |
% -
g 30"

1kpc
7h35m43.4° 4325 43.0° 7M35M43.465 43.44°
RA (J2000) RA (J2000)

Figure 4.14: MCG +02-20-003: HST Paa image (left), displayed in arcsinh stretch
with bilinear interpolation. The yellow square outlines the field-of-view of the 33
GHz VLA continuum observed with B-configuration (right), showing bright clumpy
nuclear star-forming structures.

(28) IRAS 09111-1007 : Due to the limited sensitivity of the A-configuration ob-
servation, we did not detect 33 GHz emission in this mid-stage merging galaxy
pair. At 15GHz, we detect three regions within the MIR peak of the eastern
component, with the central region aligned with optical peak. This galaxy was
not classified as X-ray AGN, but strong SI XIII line was detected with Chandra

(Iwasawa et al., 2011), which may come from a buried AGN. [Ne V]| 14.3um
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line is detected in the MIR on kpc scales (Petric et al., 2011), and the system is
classified as an Seyfert 2 or LINER in the optical (Duc et al., 1997). Therefore
we classify the central region as “AGN”, and the other two regions as “Ud” as
we do not have sufficient information from other wavelengths to identify the

nature of their radio emission.
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Figure 4.15: TRAS 09111-1007: left: Archival HST 160W image, displayed in arcsinh
stretch with bilinear interpolation. right: 15 GHz VLA continuum observed with
A-configuration.

(29)

(30)

(31)

Arp 303 (1C 0563/4) : Due to the limited sensitivity of the A-configuration
observation, we did not detect 33 GHz emission in this pre-merging galaxy pair.
Only the nucleus of the southern component (IC 0563) is detected at 15 GHz.
The southern galaxy show excess hard X-ray coming from an off-nuclear ULX
region, which is possibly a background AGN. Given that no AGN evidence has

been reported in this system, we classify the detected nucleus as “SBnuc”.

NGC 8110 : Due to the limited sensitivity of the A-configuration observations,

we did not detect emission in this late-stage merger at 33 or 15 GHz.

IRAS F10173+0828 : We detect the nucleus of this galaxy in pre-merging
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(32)

(33)

stage at both 15 and 33 GHz. This nucleus is faint in the soft X-ray and is
classified as an HXQ source by Iwasawa et al. (2009), potentially containing
a Compton-thick AGN. Optical (Vardoulaki et al., 2015) and MIR diagnostics
(Stierwalt et al., 2013) indicate a mixture of AGN- and SB-driven emission in
this galaxy, which also hosts 26 OH mega-masers (Yu, 2005). Vardoulaki et al.
(2015) classified this galaxy as a radio AGN based on its negative 1.4 - 8.4 GHz
spectral index, a signature for face-on AGN with jets. Given the above, here

we classify the nucleus as “AGN/SBnuc”.

CGCG 011-076 : We detect one nuclear region in this pre-merging galaxy at
both 15 and 33 GHz. This region coincides with the optical and IR peak of
the galaxy. While no clear evidence for AGN presence has been reported, its
intermediate MIR PAH equivalent widths (Stierwalt et al., 2013; Yamada et al.,
2013) indicate potential contribution from an AGN. Given the above, we classify

the radio nucleus as “AGN/SBnuc”.

IC 2810 : We detect one nuclear and one extra-nuclear region in this northwest-
ern component of a per-merging galaxy pair at both 15 and 33 GHz. The fainter
region aligns with the optical and IR peak of the galaxy, while the brighter re-
gion lies in the galaxy disk about 5’south to the nucleus. Optical, MIR and
radio diagnostics all indicate a mixture of AGN- and SB-driven emission in
the galaxy (Imanishi et al., 2010; Stierwalt et al., 2013; Vardoulaki et al., 2015),
therefore we classify the fainter region as “AGN/SBnuc”, and the brighter region

as extra-nuclear “SEF”.

IRAS F12112+0305 : In this late-stage merger ULIRG, we detect the two

nuclei of the north-south aligned galaxy pair at both 15 and 33 GHz, with
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the southern nucleus about 5 times fainter than the northern nucleus. Both
nuclei are detected with Chandra in the hard X-ray but the northern nucleus
is slightly fainter and has softer spectrum than the southern nucleus (Iwasawa
et al., 2011). Neither of the two nuclei was detected with NuSTAR and analysis
of the Chandra/XMM-Newton spectrum indicates no presence of AGN (Ricci
et al., 2021). While no clear AGN signatures are present, this system has been
classified as a type-2 Seyfert in the optical (Yuan et al., 2010), and the southern
nucleus is classified as AGN/SB in the radio by Vardoulaki et al. (2015). Given

the above, here we tentatively classify both nuclei as “AGN/SBnuc”.

IRAS F12224-0624 : In this isolated galaxy, we detect one nuclear region, at
both 15 and 33 GHz, that coincides with the galaxy’s optical and IR peak. Small
equivalent width of PAH emission at both 6.2 and 3.3 um strongly suggests AGN
presence (Stierwalt et al., 2013; Yamada et al., 2013), and this galaxy has also
been classified as a Seyfert 2 galaxy in the optical (Yuan et al., 2010). Therefore

here we classify the nucleus as “AGN”.

NGC 4418 : We detect one nuclear region in this isolated galaxy at both 15
and 33 GHz. This region coincides with the optical and IR peak of the galaxy,
and the nature of this nucleus has been under active debate. While small
equivalent widths of PAH emission at both 6.2 and 3.3 pum indicate AGN-
dominated emission (Stierwalt et al., 2013; Yamada et al., 2013), this galaxy
is not detected in the ultra-hard X-rays (Koss et al., 2013; Ricci et al., 2021).
The flat hard X-ray spectrum potentially points to an Compton-thick AGN
(Maiolino et al., 2003), and VLBI observation at 5 GHz with EVN indicates
that the nuclear radio emission in this galaxy comes from a mixture of AGN

and star formation (Varenius et al., 2014). Given the above, we classify this
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nucleus as “AGN/SBnuc”.

(87) CGCG 043-099 : We detect 3 nuclear regions in this late-stage merger at 33
GHz at native resolution, two of which blend into one at 15 - 33 GHz matched
resolution. All these regions coincides with the IR and optical peak of the
system, whose emission is dominated by star formation given the relatively
large PAH 6.2 um equivalent width. Optical studies have classified this system
as an type-2 Seyfert (Toba et al., 2013), or a shock-dominated starburst (Rich
et al., 2015). Archival HST /WFC3 F160W image (11235, PI: J. Surace) shows
a unresolved galaxy nucleus that encompass all radio regions (Figure 4.16).
Given the late merger stage, we are likely detecting the obscured double/triple
nuclei of this system. However, currently available ancillary information does
not allow us to determine the precise nature of radio emission in these regions.
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Figure 4.16: CGCG 043-099: left: Archival HST 160W image, displayed in arcsinh
stretch with bilinear interpolation. middle: 33 GHz VLA continuum observed with
A-configuration. right: 15 GHz VLA continuum observed with A-configuration.

(88) MCG-02-33-098 : We detect the nucleus of this western component of the early-
stage merger IRAS F12596-1529 at both 15 and 33 GHz. Based on optical and
MIR diagnostics (Veilleux et al., 1995; Yuan et al., 2010; Stierwalt et al., 2013),
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emission in this galaxy is dominated by star formation, and no AGN is detected
in the ultra-hard X-rays with Swift/BAT (Koss et al., 2013). Therefore we

classify this nucleus as an SB-dominated nucleus.

NGC5104 - In this isolated galaxy, we detect one nuclear region at the location
of the optical and IR peak of the galaxy at both 15 and 33 GHz. While no
signatures of AGN are present in the X-rays (Koss et al., 2013; Privon et al.,
2020), this galaxy is classified as a LINER (Veilleux et al., 1995) or AGN/SB
composite system (Yuan et al., 2010) in the optical, which is supported by an
intermediate PAH 6.2 um equivalent width (Stierwalt et al., 2013). Give the

above, we classify the radio nucleus as “AGN/SBnuc”.

MCG-03-34-064 : In this southern component of a pre-merging galaxy pair,
we detect four nuclear regions aligned linearly on NE-SW direction in native
resolution 33 GHz image. At 15 and 33 GHz with matched resolutions, these
four regions are blended together into one elongated region that lies within the
IR and optical peak of the galaxy. Clear signatures of AGN are present in
the X-rays (Torres-Alba et al., 2018; Ricci et al., 2017), optical (Corbett et al.,
2002) and MIR (Petric et al., 2011). This galaxy also show significant radio
excess relative to the radio-FIR correlation (Condon et al., 1995; Corbett et al.,
2003), therefore the four linearly aligned regions we observe at native resolution
are very likely AGN and radio jets, which is confirmed by steep 15 - 33 GHz
spectral index (< —0.9) measured at matched resolution. Although the precise
location of the AGN is unclear from the currently available observations, the
morphology of radio emission resembles commonly observed one-sided radio jets,
with the brighter and more compact knots resulting from Doppler boosting effect

from relativistic jets traveling close to the line-of-sight (e.g. Bridle & Perley,
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1984; Singal, 2016). Given the above, we tentatively attribute the nuclear radio

emission detected in this galaxy to radio “jets”.

Arp 240 (NGC 5257/8) : Although both the eastern and western components
in this early-stage merger have been observed, we only detect two regions in
the western component NGC 5257, both at native and at matched resolutions
due to limited sensitivity. These two regions are about 12”apart along the N-S
direction, and the northern region coincides with the optical and IR peak of the
galaxy while the southern region lies at the tip of a spiral arm. This galaxy
is classified as a starburst galaxy in the optical (Veilleux et al., 1995), MIR
(Stierwalt et al., 2013) and radio (Vardoulaki et al., 2015), therefore we classify

the northern region as “SBnuc” and the southern region as extra-nuclear “SF”.

NGC 5331 : In this mid-merging galaxy pair, we only detect radio emission in
the southern galaxy NGC 5331S given the sensitivity limits. At both 15 and
33 GHz, we identify 7 regions in total in NGC 5331S, with 6 regions residing
within the bulk of MIR emission at the galaxy center, and 1 region on the
northern spiral arm. Comparison with high-resolution ALMA CO(J=2-1) data
(2017.1.00395.S, PI: T. Diaz-Santos) indicates that the nuclear radio knots lie
along the edge of a inclined rotating nuclear disk. This galaxy is classified as a
starburst galaxy in the optical (Wu et al., 1998), in agreement with a high PAH
6.2 pm equivalent width(Stierwalt et al., 2013), and no AGN is detected in the
X-rays (Torres-Alba et al., 2018). Therefore we classify the nuclear regions as

off-nuclear “SF”, and the region on the spiral arm as extra-nuclear “SE”.

IRAS 14348-1447 : In this late-stage merger, we detect the two nuclei of the

SW-NE aligned merging galaxy pair at both 15 and 33 GHz. Both galaxies have



232

(46)

CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM

EMISSION IN LOCAL U/LIRGS

been separately classified as LINERs (Veilleux et al., 1995) or AGN/SB compos-
ite galaxies (Yuan et al., 2010) in the optical, as well as in the radio (Vardoulaki
et al., 2015). Both nuclei are detected in the X-rays with Chandra, but only
the southwestern nucleus is bright in the hard X-ray with a spectrum consist
with the model for buried AGN (Iwasawa et al., 2011). Therefore we classify

the southern nucleus as “AGN”, and the northern nucleus as “AGN /SBnuc”.

CGCG 049-057 : In this isolated galaxy we detect one nuclear region at both 15
and 33 GHz. This region coincides with the optical and IR peak of the galaxy.
While no AGN signatures are present based on IR and optical studies (e.g.
Stierwalt et al., 2013; Imanishi et al., 2010; Alonso-Herrero et al., 2012), this
galaxy likely contains an buried AGN based on X-ray (Torres-Alba et al., 2018)
and radio (Baan & Klockner, 2006) analysis, which is supported by the high
gas column density measured in the nucleus (Falstad et al., 2015). Therefore

we classify this nucleus as “AGN”.

NGC 5936 : In this isolated galaxy we detect the nucleus at both 15 and 33
GHz. However, detection at 33 GHz is poor (S/N < 5), so we only report
measurements at 15 GHz for this nucleus in Table 4.1 and its spectral index
reported in 4.2 is an upper-limit. This galaxy has relatively large PAH 6.2 um
equivalent width indicating SB-dominated emission, but it has been classified
as an AGN/SB composite galaxy in the optical (Yuan et al., 2010; Alonso-
Herrero et al., 2012). Given the above, we tentatively classify this nucleus as

“AGN/SBnuc”.

NGC 5990 : We detect the nucleus of the bright southern component of this

pre-merger at both 15 and 33 GHz. However, detection at 33 GHz is poor (S/N
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< 5), so we only report measurements at 15 GHz for this nucleus in Table 4.1
and its spectral index reported in 4.2 is an upper-limit. While this galaxy does
not show excess radio emission relative to FIR emission as expected for radio
AGN (Condon et al., 1995), it has been classified as a type-2 Seyfert in the
optical (Yuan et al., 2010) and [Ne V| 14.3 um line is detected at the nucleus
on kpc scale (Petric et al., 2011), which is a clear signature of AGN. Therefore

we classify this nucleus as “AGN”.

IRAS F16164-0746 : In this late-stage merger, at both 15 and 33 GHz we
detect a compact luminous nuclear region with faint elongated emission on its
sides along the E-W direction and perpendicular to the galaxy’s optical disk.
Only emission on the west side of this region has strong enough detection to
be characterized with Astrodendro, along with the bright region itself. Despite
having a relatively large PAH 6.2 pm equivalent width Stierwalt et al. (2013),
this galaxy is classified as an AGN in the X-rays (Torres-Alba et al., 2018)
and [Ne V] 14.3 um line is detected at the nucleus on kpc scales (Petric et al.,
2011), which is a clear signature for AGN. It has also been classified as a LINER
(Veilleux et al., 1995), or Seyfert 2 (Yuan et al., 2010) in the optical. The bright
region coincides with the dynamical center of the molecular gas as revealed by
ALMA (2017.1.00395.S, PI: T. Diaz-Santos), therefore here we assume it to
be the location of the AGN. The ALMA data also shows an edge-on rotating
nuclear molecular disk, with the west side of the disk coinciding with the fainter
elongated radio region, which has a relatively flat 15 - 33 GHz spectral index
(~ —0.3). Therefore here we tentatively classify this fainter region as off-nuclear

“SF”.

CGCG 052-037 : In this isolated galaxy, multiple nuclear regions were detected
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at native resolutions, but only one region has high enough S/N to be consistently
identified with Astrodendro at both 15 and 33 GHz. No clear signatures of
AGN have been reported in the literature, and existing MIR studies classify
this galaxy as a starburst galaxy (Imanishi et al., 2010; Yamada et al., 2013;
Stierwalt et al., 2013). Therefore this region is likely “SBnuc”, or off-nuclear
“SE”. However, currently available information does not allow us to determine

the nature of the radio emission.

IRAS F16399-0937N : In this late-stage interacting pair we detect the northern
nucleus at both 33 and 15 GHz. While no clear evidence for AGN has been
presented, a buried AGN possibly exists and is producing the OH mega-maser
observed in this system Sales et al. (2015); Torres-Alba et al. (2018). Given the

above, we classify this nucleus as “AGN/SBnuc”.

NGC 6240 : In this well-studied late-stage merger, we detect the two nuclei of
the merging galaxy pair at both 15 and 33 GHz. This system has been classified
as a LINER in the optical (Veilleux et al., 1995; Yuan et al., 2010). Despite
having a relatively large PAH 6.2 um equivalent width, MIR line diagnostics on
kpc scales indicate a strong presence of one or two buried AGN Armus et al.
(2006). Analysis in the X-rays show that both nuclei have clear AGN signatures
(Iwasawa et al., 2011). These two active nuclei have also been resolved with
radio VLBI (Gallimore et al., 2004). Therefore here we classify these two nuclei
as “AGN”.

IRAS F16516-0948 : In this late-stage merger, we detect two regions that
lie outside of the MIR galaxy “core” at both 15 and 33 GHz. These two extra-

nuclear radio-emitting regions were also identified by Herrero-Illana et al. (2017)
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at 8 GHz. However, only the region to the east has good enough detection to
be identified by Astrodendro and only at 15 GHz, hence we only report the 15
GHz measurements in Table 4.1 and the spectral index reported in Table 4.2 are
upper-limits. This region lies outside the bulk of optical and 3.5um IR emission
(Spitzer IRAS Channel 1), yet coincides with the peak of 8um IR emission
(Spitzer IRAS Channel 4), as shown in Figure 4.17. While relatively large PAH
6.2 um equivalent width was measured in this system (Stierwalt et al., 2013),
the measurement was performed centering on the optical peak of the system
and misses the region we identify at 15 GHz, which may be a highly-obscured
nucleus or off-nuclear “SF”. Currently available ancillary information does not

allow us to determine the precise nature of radio emission in this region.
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Figure 4.17: IRAS F16516-0948: (a): PanSTARRSI1 y band image, displayed in
arcsinh stretch with bilinear interpolation. (b): Spitzer channel 1 image, overlaid with
33 GHz VLA continuum (magenta contours) observed with C-configuration (beam
shown on the lower left in magenta). (c¢): Same as (b) but on Spitzer channel 4 image.
Lime square outlines the field-of-view of (d): 15 GHz VLA continuum observed with
A-configuration.

(52) IRAS F17138-1017 : In this late-stage merger, we detect 5 regions at both 15
and 33 GHz, 4 of which are aligned along N-S direction following bulk of the
nuclear optical and IR emission in the galaxy. The north-most region is at the

location of the nucleus (Colina et al., 2015), and is also the brightest among
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all regions. Although this galaxy is detected in hard X-ray with NuSTAR and
Chandra, it is inconclusive from analysis of the X-ray spectra whether a buried
AGN is present (Ricci et al., 2017; Torres-Alba et al., 2018). In the optical this
galaxy is classified as an AGN/SB composite galaxy (Yuan et al., 2010), while
the PAH 6.2 um equivalent width and NIR line diagnostics indicate that its
nuclear emission is dominated by SF (Stierwalt et al., 2013; Colina et al., 2015).
Give the above, we classify the north-most region as “AGN /SBnuc”, the rest 4

nuclear regions as off-nuclear “SF”.

IRAS 17208-001/ : In this late-stage merger, we detect three nuclear regions
at native resolutions at both 15 and 33 GHz. These regions are aligned linearly
along the E-W direction, and the west-most region appears much more luminous
than the rest. At matched resolution, these regions are blended together into a
larger elongated region at 15 and 33 GHz. Prominent shock features have been
observed in this galaxy (Medling et al., 2015; U et al., 2019), which has been
attributed to star formation (Rich et al., 2015). While VLBI observations do
not find compact radio cores indicative of AGN activity (Momjian et al., 2003b,
2006), the system has been classified as a AGN-starburst composite systems
in the optical (Yuan et al., 2010) and based on an intermediate 6.2 ym PAH
equivalent width (Stierwalt et al., 2013). It has been argued in several studies
that the system likely hosts buried AGN (e.g. Iwasawa et al., 2011; Falstad
et al., 2021; Baba et al., 2022). The brightest region on the west is located at
the dynamical center of the molecular gas as revealed by ALMA (2018.1.00486.S,
PI: M. Pereira-Santaella). This region and the faint radio region on the east
coincide with the locations of the merging dual nuclear disks revealed in milli-

arcsecond resolution Keck observations (Medling et al., 2015). Therefore we
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classify these two regions as “AGN/SBnuc”. The other faint region in between
may be associated with shock or clumpy star formation in one of the nuclear
disk, but currently available information is not sufficient to clearly identify its
nature. Figure 4.18 shows the HST image of the galaxy along with VLA radio

continuum images of the nuclear regions studied in this work.
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Figure 4.18: IRAS F17207-0014: (a): HST/NICMOS F160W image, displayed in
arcsinh stretch with bilinear interpolation. Yellow square outlines the field-of-view of
(middle): 33 GHz VLA continuum observed with A-configuration (beam shown on the
lower left in white). (right): 15 GHz VLA continuum observed with A-configuration.

(54) IRAS 17578-0400 : In the northern component of this early-stage merging

(99)

galaxy triplet, we detect one nuclear region at both 15 and 33 GHz. This region
aligns with the optical and IR peak of this galaxy. This galaxy is not detected in
the ultra-hard X-rays with SWIFT /BAT (Koss et al., 2013), and it has a large
PAH 6.2 ym equivalent width (Stierwalt et al., 2013), indicating SB-dominated
emission, which is also consistent with the optical classification (Rich et al.,
2015). However, this galaxy may host a highly embedded AGN (Falstad et al.,

2021). Therefore we tentatively classify this nucleus as “AGN/SBnuc”.

IRAS 18090+0130W : We detect two nuclear regions and one extra-nuclear

region in this western component of a early-stage merger at both 15 and 33
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GHz. However, the detection at 33 GHz is poor (S/N < 5), therefore we only
report measurements made at 15 GHz in Table 4.1 and the derived spectral
indices reported in Table 4.2 are upper-limits. The two nuclear regions lie
closely besides each other, and both are located at the IR and optical peak of
the galaxy. Archival HST 132N image (ID: 14095, PI: G. Brammer) shows an
unresolved galaxy nucleus encompassing the radio regions we detect, as shown
in Figure 4.19. This galaxy is not detected in the X-rays with Chandra or
SWIFT /BAT (Koss et al., 2013; Torres-Alba et al., 2018), but an intermediate
PAH 6.2 pm equivalent width (Stierwalt et al., 2013) indicates that the emission
in this galaxy may be partially driven by AGN. Therefore the two nuclear regions
that we detect are likely the AGN/SB nucleus and a off-nuclear SF region or a
radio jet. Archival However, currently available ancillary information does not

allow us to determine the precise nature of radio emission in these two nuclear

regions.
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Figure 4.19: TRAS 18090+0130: HST F132N image (left), displayed in arcsinh stretch
with bilinear interpolation. The yellow square outlines the field-of-view of the 33 GHz
(middle) and 15 GHz (right) VLA continuum observed with A-configuration, showing
at least two radio components of undetermined nature.

(56) IRAS F19297-0406 : We detect the nucleus of this late-stage merger at both 15

and 33 GHz. This galaxy is detected in both soft and hard X-rays with Chandra,
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and Iwasawa et al. (2009) classified it as an HXQ, and may contain an buried
AGN. Optical and MIR diagnostics all point to an AGN/SB composite system
(Yuan et al., 2010; Stierwalt et al., 2013). Therefore we classify this nucleus as

“AGN/SBnuc”.

IRAS 19542+1110 : In this isolated galaxy we detect its nucleus at both 15
and 33 GHz. While MIR diagnostics do not clearly identify AGN signatures
(Imanishi et al., 2010; Stierwalt et al., 2013), this galaxy is compact and bright
in the hard X-ray and has a very steep spectrum and hence was classified as an
AGN by Iwasawa et al. (2011). AGN signatures were not detected in the optical

(Fluetsch et al., 2020). Therefore here we classify this nucleus as “AGN /SBnuc”.

NGC 6926 : We detect the nucleus of this late-stage merger at both 15 and
33 GHz. This galaxy is an optical type-2 Seyfert (Veilleux et al., 1995; Yuan
et al., 2010), and has clear detection of [Ne V| 14.3 um line at the nucleus on
kpc scale, which is a clear signature of AGN presence. Therefore we classify

this nucleus as AGN.

Il Zw96 : In this mid-stage merger, we detect one region at both 15 and 33
GHz. This region coincides with the site of an extremely obscured off-nuclear
starburst that is responsible for 70% of the IR luminosity of this system (Inami
et al., 2010), which also has the hardest X-ray spectrum among all X-rays
sources detected in this system due to the obscuration (Iwasawa et al., 2011).
Here we tentatively classify this region as an extra-nuclear “SF” following (Inami
et al., 2010). We note that while VLBI observations of the OH megamaser in
this region have suggested that it may host an obscured AGN (Migenes et al.,

2011), recent multi-frequency analysis of the radio spectrum shows that it is
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well described by pure star formation (Wu et al., 2022).

ESO 602-G025 : In this isolated galaxy we detect its nucleus at both 15 and
33 GHz. However, detection at 33 GHz is poor therefore we report the 15
GHz measurements instead in Table 4.1 and its spectral index reported in 4.2
is highly uncertain. Both MIR and optical diagnostics point to an AGN/SB
composite scenario (Yuan et al., 2010; Stierwalt et al., 2013; Yamada et al.,

2013), therefore we classify this nucleus as “AGN/SBnuc”

IRAS F22491-1808 : We detect the eastern nucleus of this late-stage merger
at both 33 and 15 GHz. This nucleus is detected in both soft and hard X-rays
with Chandra, and is classified as an HX(Q by Iwasawa et al. (2011) which may
contain a buried AGN. This system is classified as SB-dominated in the optical
(Veilleux et al., 1995; Yuan et al., 2010), but MIR diagnostics indicate potential
AGN contribution to the emission (Stierwalt et al., 2013). Given the above, we

classify this nucleus as “AGN/SBnuc”.

NGC 7469 : In this southern component of a pre-merging galaxy pair we detect
its nucleus at both 15 and 33 GHz. This galaxy does not show excess radio
emission relative to FIR emission, as expected for radio AGN(Condon et al.,
1995), but it is a well-studied optical Seyfert 1 galaxy (e.g. Veilleux et al., 1995;
Yuan et al., 2010), and [Ne V| 14.3 pm line is clearly detected at its nucleus on
kpc scales (Petric et al., 2011). Therefore we classify the detected radio nucleus

as “AGN”.

CGCG 453-062 : In this isolated galaxy we detect the nucleus at both 33 and
15 GHz. While MIR diagnostics point to a SB-dominated scenario (Imanishi

et al., 2010; Stierwalt et al., 2013; Yamada et al., 2013), this galaxy has been
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classified as a LINER (Veilleux et al., 1995) or Seyfert 2 (Yuan et al., 2010) in
the optical and strong [Ne V| 14.3 ym line emission has been detected at the
nuclear position at kpc scales (Petric et al., 2011). Therefore we classify this

nucleus as an “AGN”.

(64) NGC 7591 : In this isolated galaxy, we detect a nuclear star-forming ring at
both 33 and 15 GHz. The nucleus and 6 individual star-forming regions along
the ring are resolved only at 15 GHz at native resolution, and analysis of these
regions is presented in Song et al. (2021). This ring has also been detected
and studied in NIR hydrogen recombination lines by Larson et al. (2020). For
consistency, here we mainly use the 33 GHz measurements for our analysis.
At 33 GHz, the circum-nuclear ring was observed at lower resolution (i.e. B-
configuration), and 3 distinct regions were identified by Astrodendro, which we

classify as off-nuclear “SF”.

(65) NGC 7592 : In this early-stage merging galaxy triplet, we detect the nuclei
of the eastern and western components at both 15 and 33 GHz. While [Ne V]|
14.3 pm line is clearly detected for the entire unresolved system with Spitzer
(Petric et al., 2011), only the western galaxy is classified as a Seyfert 2 in
the optical (Veilleux et al., 1995; Yuan et al., 2010), which also shows compact
emission in the X-rays with hard X-ray excess Torres-Alba et al. (2018) and MIR
AGN signatures (Imanishi et al., 2010). The eastern component is classified as
a starburst galaxy in the optical (Veilleux et al., 1995; Yuan et al., 2010), and
no AGN signatures have been identified in the X-ray or MIR (Torres-Alba et al.,
2018; Imanishi et al., 2010; Stierwalt et al., 2013). Therefore here we classify

the eastern nucleus as “SBnuc”, and the western nucleus as an “AGN”.
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NGC 767/ : In this western component of a pre-merging galaxy pair, we de-
tect four nuclear regions at both 33 and 15 GHz. These regions are aligned
almost linearly along the E-W direction. This galaxy is detected with NuS-
TAR (Gandhi et al., 2017) and classified as a Seyfert 2 in the optical (Veilleux
et al., 1995; Yuan et al., 2010), with a strong detection of [Ne V| 14.3 um line
(Petric et al., 2011) and small PAH equivalent widths (Imanishi et al., 2010;
Stierwalt et al., 2013). This galaxy also shows excess radio emission relative to
FIR emission, as expected from radio AGN (Condon et al., 1995). Using VLBI,
Momjian et al. (2003a) also concluded that the nuclear radio continuum emis-
sion are mostly likely all associated with AGN activity and that the AGN itself
is located in between the brightest two radio components. At 15 and 33 GHz,
we detect a faint region in between the two brightest radio continuum sources
that were observed by Momjian et al. (2003a), and this is the only region that
shows a flat 15 - 33 GHz spectral index (o ~ —0.35) among all four regions,
which likely marks the location of the AGN. Therefore we classify this faint

region as “AGN”, and the others as “Jet”.

NGC 7679 : In this pre-merging galaxy, we detect one nuclear region and one
extra-nuclear region at 15 and 33 GHz. The nuclear region coincides with the
optical and IR peak of the galaxy. Observations in the X-ray revealed that this
galaxy hosts an unobscured AGN (Della Ceca et al., 2001), while it is classified
as a Seyfert 2 in the optical (Veilleux et al., 1995; Yuan et al., 2010). Although
the large PAH 6.2 ym equivalent width (Stierwalt et al., 2013) indicates that this
galaxy is dominated by star formation, [Ne V| 14.3 ym line is clearly detected
at the nucleus on kpc scales (Petric et al., 2011), supporting the optical and

X-ray classification. Therefore we classify the nuclear region as AGN, and the
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extra-nuclear region as extra-nuclear “SF”.

(68) MCG -01-60-022: We did not detect any radio continuum emission in this

pre-merging galaxy due to incorrect pointing setup.

4.7.2 Analysis result for ancillary VLA Data

Images from BM17 and SFRS (see Section 4.2.1) were re-analyzed following meth-
ods described in Section 4.3. Five of the 22 systems in BM17 are also in the GOALS-
ES sample, and emission in two other systems are resolved out in the A- or B-
configuration), therefore we only include results derived for 26 regions in 15 systems
from BM17 to complement our discussions in Section 4.5. These regions are classified
into seven “AGN”, ten “AGN/SBnuc”, six “SF”, two “Ud” and one “Bg”, using pro-
cedures described in Section 4.4.1. Regions classified as “Ud” and “Bg” were further
removed from comparison. One galaxy in the SFRS, NGC 2146, is a LIRG included
in the full GOALS sample (Armus et al., 2009), and hence was also excluded from
re-analysis and comparison to the GOALS-ES results. A total of 187 regions are iden-
tified at characterized at both 15 and 33 GHz in 35 SFRS galaxies, but we remove
58 regions identified as AGN, background galaxies and AME candidates by Linden
et al. (2020) from comparison to the GOALS-ES “SF” and “SBnuc” regions in Section
4.5.2 and Section 4.5.2. Below we present measured and derived quantities for a total
of 152 regions identified in the BM17 and SFRS sample that were included in Figure

4.7, 4.9, 4.10 and 4.11 in Section 4.5.
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Table 4.3: Multi-wavelength AGN Classification for the GOALS-ES Sample

1D X-Ray Optical MIR Radio Reference(X-ray/Optical/MIR /Radio) Adopted
¢S @ ®3) ) () (6) (M
1 Y Y N, M, M Y T18/V95,Y10/110, S13, 118/V15 Y
2 N N N* - R17/V95,Y10/110, S13, 118/- N
3 M N N, M N,Y,Y G06, G20/V95,Y10/110, S13/C95, V15, 113 M
4 N N,M N - K13/V95,Y10/110, S13, 118/- M
5 N M N, M M T18/V08/I10, S13/V15 M
6 M M M, Y M 111/V95,Y10/S13, 118/V15 M
7 N,M N N* M G09, TA18/V95,Y10/118/PC M
8 N N N - T18,T01/T01/S13/- N
9 N N N - K13/PC/S13/- N
12 Y Y Y Y T18/V95,Y10/P11/G96 Y
13 N M N N T18/V95,Y10/110, S13, 118/C95 M
14 N N,M N* Y(S) T18/V95,Y10/S13, 118/V15 M(S), N(N)
15 N N N M T18/V95,Y10/110, 118/V15, PC
18 N M - Y(S), M(N) T18/V95,Y10/-/V15 M(S), M(N)
19 N M N N T18/V95,Y10/110, S13, 118 /H17 N
20 Y - Y, M - K13/-/P11, S13/C95 Y
21 N N N - K13/V95,Y10/S13/- N
22 N M N - R17/P15/S13/- M
23 N M M - K13/V95,Y10/S13/- M
24 - - N - -/-/S13/- N
25 N N N - K13/C03/S13/- N
26 M - Y - 109, 111/-/S13/- M
27 N M Y, N - K13/A09/S13, A12/- M
31 M M N, M, N Y 109, 111/V15/110, S13, 118/V15 M
32 - - M - -/-/S13/- M
33 N M Y, N M T18/V08,V15/110, S13/V15 M
34 M Y* *  N(N), M(S) 109, 111/V95,Y10/S13/V15 M
35 N Y Y - K13/V95,Y10/110, S13, Y13/- Y
36 N - Y M K13, R21/-/110, S13, Y13/V13 M
37 N Y, N N - T18/T13, R15/S13/- M
38 N N N - K13/V95,Y10/S13/- N
39 N M M - K13,P20/V95,Y10/S13/- M
40 Y Y Y Y R17, T18/R93/P11, S13/C95, C03 Y
41 N N N N K13/V95/S13/V15 N
42 N N N - T18/W98/S13/- N
43 Y(SW), N(NE) M Y* M 111/V95,Y10/110, S13/V15  Y(SW), M(NE)
44 Y N, M N, M Y T18/V95,A12/110, S13/BK06, F15 Y
45 N N, M N - K13/V95,Y10/S13/- M
46 N Y Y N K13/Y10/P11, S13/C95 Y
a7 Y M, Y Y, N - T18/V95,Y10/P11, S13/- Y
48 - - N - -/-/110, S13, Y13/- M
49 M M M N T18/Y10, R15/S13/BK06 M
50 Y M Y*, M* Y 111/V95,Y10/A06, S13/G04 Y
51 - - N N -/-/S13/C02 N
52 M M N - R17, T18/Y10/S13, C15/- M
53 M M, N M - 111/Y10, R15/S13, M15/- M
54 N N N M K13/R15/S13/F21 M
55 N - M - T18/-/S13/- M
56 M N, M M 111/V95,Y10/S13/- M
57 Y N N,M - 111/F20/110, S13/- M
58 Y Y Y, M - K13/V95,Y10/P11, S13/- Y
60 N M M - K13/V95,Y10/S13, Y13/- M
61 N N N, M - 111/V95,Y10/110, S13/- M
62 Y Y Y N B86/V95,Y10/110, S13, Y13/C95 Y
63 - M, Y Y - -/V95,Y10/P11/- Y
65 Y (W), N(E) Y(W), N(E) Y(W), N(E) - T18/V95,Y10/110, P11 /- Y (W), N(E)
66 Y Y Y Y  K13,G17/V95,Y10/P11, S13, 113/M03, K17 Y
67 Y Y Y, N - D01,K13/V95,Y10/P11, S13/- Y

Table 4.3 continued
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Table 4.3: Multi-wavelength AGN Classification for the GOALS-ES Sample (contin-
ued)

1D X-Ray Optical MIR Radio Reference(X-ray/Optical/MIR/Radio) Adopted
1) (2) (3) (4) (5) (6) (7)

NOTE — (1): Identifier for each TRAS system matched with Table 2.1. (2): Whether any AGN
has been detected in the X-ray (i.e. ultra-hard X-ray detection, hardness ratio, Fe line detection)
where Y=Yes, N=No, M=Maybe (i.e. analysis is unable to identify origin of X-ray emission). (3)
Whether AGN has been detected in the system at optical wavelengths via optical line ratios (i.e. BPT
diagram). We consider “LINER" to be potentially hosting AGN (i.e. classified as “M). (4): Whether
any AGN has been detected via Mid-IR diagnostics (i.e. 6.2 um PAH equivalent width, 15 - 30um
spectral slope, [Ne V] 14.3 um line detection). (5) Whether AGN has been detected in the radio.
For (2) - (5): If AGN classifications from multiple studies conducted at the same wavelength range
disagree, the classification from individual studies is presented, separated by comma. (6): Coded
references for AGN identification in the X-ray/Optical/Mid-IR/Radio. See end of the table caption
for full references. (7): Adopted AGN classification in this study. If an AGN has been identified
at least two different wavelength ranges, then we consider the system as an AGN host in this work
(i.e. labeled as Y=Yes); if evidence for AGN is identified at only one wavelength range (Y or M), or
if evidence is ambiguous at all wavelengths, then we consider the system as an potential AGN host
(i.e. classified as M=Maybe); If no AGN evidence is currently identified at any wavelength ranges
(i.e. classified as N=No). * indicates classification for the entire IRAS system instead of individual
galaxy components.

References — PC: private communication, A06 (Armus et al., 2006), A09 (Alonso-Herrero et al.,
2009), A12 (Alonso-Herrero et al., 2012), B86 (Barr, 1986), BK06 (Baan & Klockner, 2006), C02
(Corbett et al., 2002),C03 (Corbett et al., 2003), C15 (Colina et al., 2015), C95 (Condon et al., 1995)
D01 (Della Ceca et al., 2001), F15 (Falstad et al., 2015), F20 (Fluetsch et al., 2020), F21 (Falstad
et al., 2021), G04 (Gallimore et al., 2004), GO6 (Grimes et al., 2006), G09 (Gonzalez-Martin et al.,
2009), G17 (Gandhi et al., 2017), G20 (Garofali et al., 2020), G96 (Gallimore et al., 1996), H17
(Herrero-Illana et al., 2017), 109 (Iwasawa et al., 2009), I10 (Imanishi et al., 2010), I11 (Iwasawa
et al., 2011), I13 (Iono et al., 2013), I18 (Inami et al., 2018), K13 (Koss et al., 2013), K17 (Kharb
et al., 2017), M03 (Momjian et al., 2003a), M15 (Medling et al., 2015), P10 (Petric et al., 2011), P15
(Pereira-Santaella et al., 2015), P20 (Privon et al., 2020), R15 (Rich et al., 2015), R17 (Ricci et al.,
2017), R21 (Ricci et al., 2021), R93 (Rush et al., 1993), S13 (Stierwalt et al., 2013), TO1 (Turner
et al., 2001), T13 (Toba et al., 2013), T18 (Torres-Alba et al., 2018), V08 (Vega et al., 2008), V14
(Varenius et al., 2014), V15 (Vardoulaki et al., 2015), V95 (Veilleux et al., 1995), W98 (Wu et al.,
1998), Y10 (Yuan et al., 2010), Y13 (Yamada et al., 2013).



EMISSION IN LOCAL U/LIRGS

CHAPTER 4. CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM

246

‘(1) pue (g) wolj peje[noren ‘AjIsusp aorjins Aysouruin| erjoods
zD ¢ (8) "(9) umnjoo woij pajenores Aysoutn| [eijoads zo) ¢¢ (1) “A1suep xnj zHH ¢¢ (9) "snipel oA100pe uotday (g) 'uorsal
o1[) Jo yrad UOISSIWD oY) JO s9YRUIPI00D OOOZL (7) 29 (€) "T'F'F UOIP00g SUIMO[[0] POYISSB[O ‘UOISSTIS OIPRI PIjIajop oY) I0J 9IN0s
A7o1] 3sowr oYy uryesrpur odA) uoidey (g) (0100 Axeres YN oPISINO) Ied[onu-eI)xs - 9, ‘(0T0g) ‘T8 10 sojueg-zel[ AQ poinsestl
9100 Axeled YN oY) UM - U, :UOI}BIO[ UOISel SulyedIpul ,o, pue U, Yiim ‘ouwreu Axeres Surpnioul oyuepl uoiay (1) — HLON

¢0'0F¢9°0¢ ¢0'0F66°S¢ FO'0FS6'0  TO0FEE'T 99£2GE9E  8GTSCLTSE  dS/NOV  TU $09¢+G9EeTASYHI
T0°0F8S°0¢ T0'0F8S'8¢ c0'0F90°1 T0'0FGL'T  6TGERE'SE  GEOTLS LTS  dS/NDHV U QI8S+T0TIZSVHI
80°0F9¢°1¢ €0°0FL6°SC LLOFP6'6  FOOF09T  S9TE0S'E€T  6TLSELEET  dS/NOV Tu €16600DN
Yo OFLT1E 0T 0F6¢°60 €8FFS0C  TUI'OFIST CITE0S'€T TPPREL'€e  dS/NOHV U €16600D0
T10°0F¥1°1E T10°0F97°6¢ VO'OFSL'E  TO0FI6T L0LL6'GE  96GLVL1€C  dS/NOV  TU 809¢+0SZSTASYHI
¢0'0F¥S 0¢ TO'0FST'8¢ T0°0FSE0  TOOFIST LI6EVLTY G9£928°60C €IS/NDV U GOLAA
¢c0'0F09°0¢ T0°0FLSG 8T ¢0'0FI6°0  TOOFELT T98SVLCY ¥8VSTS 634G NOV U GOLAA
¢0'0F09°6¢ T10°0F1€°8% c0'0F8S'0  TOOFOT'C 688988°GS¢  6E£LGLT1°90T AS T 969800DN
T10°0FST°0¢ 10°0F€9°6C €T0FCECT  T00F67'c €80L88°GS  TPSGLI90C NOV EH@@%OOUD
¢c0'0F67°0¢ T0°0F€1°8¢C €0°0F96°0  TOOFLGT TISE6ETTE LOSLYT 00T AS yu  L8¢80D0DN
90'0F¢¢ 0¢ 90°0F1¢°LC GO0F¥T'0  €00FSCT F6¥6ET¥E  9TCLYT 00T AS eu 28¢800DN
T0°0FST'IE T0°'0F6°S¢ 90°0F69°G T0°0F€9°T CPFS6ETFE  6STILPT00C NDOV cu 28¢800DN
€0°0Fcv 0¢ ¢0'0FLG LT T0°0F92°0  TO0FGET 6E96ETFE  GLOLTTI 00T AS TU  28€800DN
60°0FS9°6¢ 80°0F€6°S¢ €9°0F6S°E  TOOT6LT T99¥C1°C9 899G68°86T  dS/NOHV U VOSTAA
10°0F¥6°0¢ 10°0F¢S°0¢ LOTFLTL T0'0FFSC  T89€L8°98 6TIE6S0F6T NOV TU 8G0800DN
T10°0F1€°0¢ T10°0F90°6¢ CS0FVS9¢ TOOFET'C 8S6CIS'SS  CGIOVI GLI NDV Zu 069£DON
10°0F29°6¢ T0'0F88°LC Y0'0F1¥'C TO'0F8S'T 68869588  CIG0STCLT AS 70 069£DON
¢0'0F10°0¢ T0°0F€€'8T T°0F2c8'9 TO0FI6T €EET9G'8S  GCI6TITLT NOV U 069¢DON
90'0F¢¥'6¢ G0'0FGE LT 80°0FCL0  €0°0FCLT ¥69€94°8G 6ELLCT CLT AS 12 069£0DON
€0'0F66°6¢ T0°0FL0°6C 60°0FS6'C  T00F6TC 986678 0F  LL8FL6'GIT  dS/NOV U 610-€2-L0+DDIN
10°0F26°6¢ 10°0F65°6C ¢T'0F¥ 01 T0°0F65°¢ GCESE'T9  €66796°CT1 NDV T4 10TS00DN
¢0'0FS9°6¢ T0°0FCL'8¢ €0°0F6E°T T10°0F8C'C  F9LZECFF  S0LIR6'8ET  dS/NOV Tu 188700DN
T10°0F¥6°6C T10°0F¥¢'6G 70°0F80°C T0°0F0v'¢  &F0G90°6¢ 9TLSOT GET NDV U GI6€+2LS80ASVHI
(8) (2) (9) (9) (7) (€) (¢) (1)
(;—2dy ;_2zH ;_s810@) (;_zH ;_S 31) (Kpux) (od) (o) (o)
#2801 ge7 301 geg o 801 20(] VY odAT, uoI8N

SuoIgor S TING 10} So1Ijuenb poALIop pue poInses|y ' o[qel,



CHARACTERIZING COMPACT 15 - 33 GHz RAapio CONTINUUM

CHAPTER 4.

penunuod gy s[qeL

247

760- < ¥2 0F2C8'C- ¥6°0- < Y2 0FC8'C- 00T L6°0F€9°0 T0'0F¥0°0 T0'0F20°0 19T > GTT96°LT 0T#86°88T €9_6997ODN
€2°0F8S°0 I 0F€8°0- 60°0F0L°0 70°0FcLl 0~ gcF1¢ 8T°'0Fcs'0- 8T0F9L'T LT°0F99°C 70°0F¥0°C TLL8T'CT GLET9 88T To_9€97DDN
€2°0FC9°0 €2°0F9¢°0- 90°0F9L°0 ¥0°0F2¥ 0~ qCcF8y 8T'0F¥5°0- Se0FLYV'E €9°0F€ee’g c0'0F9T'C TS88T'C GTTT9'88T Z9_9€S¥DODN
SC0FVI0- €T 0F6L T~ TT°0F01°0- 90°0FGLT- T€FT19 ¥C 0FSv 0~ 20'0FLT0 €0°0FvC 0 S0°0F€6'T c¥TT8'ST TLOEL G8T 7o _T1CEVYODN
92 0FST°0- €C°0F86°1- €T°0F91°0- 80°0F66°1- €€FL9 82 0F07°0- 20°'0F0T°0 20'0F€T0 S0'0F¥8'T LT1€T8'ST LG0€L G8T 99 _TZEVODN
ST'0FT10°0- VI OFLE T~ 80°0FTIT°0- 90°0F LV 1~ 9TF¥8 2T 0F92°0- ¥0°'0Fce 0 70°0F6€°0 €0°0FL0°C 80TC8'GT 8V0€L G8T ¢o_TTEVODN
0Z'0- < ¢ 0F66°1- 0z°0- < Z0F66°1- 00T 2S'0F80°0 TO'0F90°0 TO'0F90°0 g8'1T > 0G0T8°ST CTILTL G8T To_TTEVODN
67 0F¥¥ 0~ 8V 0FVI'C- ¥1°0Fcc 0~ 60°0F€6°1- TrFIV €°0F09°0- CO0FTIT0 20'0F8T0 90°0F06°T 8GCTTY'GT €69CL°G8T Go_TCEVODN
¢T'0FLT 0" CT'0F6LT- ¢T°0FL2 0~ ST 0F6L T~ 00T €7 0F¥9°0 20°0F0T1T°0 20'0F90°0 T0°0F66°T TESOV 7T 62C69° 78T To_¥9CVODN
CI'0FLTI0- TT°0F9T°1- 80°0F€€0- G0°0Fce 1~ 7+96 T2 0Fv1 0 L0°0F09°0 80°0FL9°0 €0°0F92°C cveItT et 697GS VLT TU_€LLEDDN
CI'0F8T0 CI'0FGs0- G0'0FT1°0 ¥0°0F€9°0- 0Z+08 8T1°0F62°0- CSO0FIT'S G9°0F€EV9 T0°0F8€C 188L6°CT 9Z890°0LT To_LT9EDDN
S0°0 < TT°0FT1- L00- < G0'0F€ET I~ T1+68 61°0F12°0- LT°0FS9'T 02 0Fv6'1T €T°T > L9€96°CT 78L90°0LT T _LT9EDDN
L€'0F62°0- g€'0FLT T ¢1'0F80°0- 90°0F90°C- CEFIV €2°0F65°0- €0°0F61°0 ¥0'0F1€0 G0°0F9LT TIV0L°TT 981667091 T9_TGEEDDN
LT'0F¥70°0 LT0Fce'T- G0'0F90°0 g0'0Fo€e'1- vZ+€9 61°0F€V 0~ CL'OFITT 9T'0F9¢'T 10°0FL0°C 6€S0L°TT 99066 09T €u_T9EEDDN
9T°0FL0°0- ST0FET I~ 90°0F80°0- GO'0FPI I~ €2F89 61°0F6€°0- LT'0F09°T TT0FLIC ¢0'0F2c'c 68TOL°TT 72066 09T T® TSE€EDDN
0T'0F80°0- T°0Fv¥'C- 0T°0F80°0- OT'0F¥¥'C- 00T €2°0FS0°0 ¥0°0Fce0 ¥0'0F1€0 T0°0FLG'T 79.9%°89 LI9TOT LST Tu_$LSTOI
OT'0F8T°0- 60°0F97'C- OT'0F81°0- 60°0F9¥°C- 00T 82°0FcL'0 G0'0F1IE0 €0°0F8T°0 CO'0FI19°1 TTY.LY 89 T6T8T LST T° ¥.LSTOI
92 1F06°0- 9T 1F9L°C- OT'0FTT°0- 60°0FL6°T- 6EFVI 0€°0F€0°1- 20°'0F80°0 20'0F6T1°0 20'0FT8'1T 186¥9 'SV €T6L6' VST T9_86TE€DON
9T1°'0F0€°0- 9T 0F68°1- L0O'0FC¥ 0" LO'OFT0°C- €TFL8 LT 0F€T 0" 20'0Fv1I0 ¢0'0FLT0 TO'0F96°T Stadadand 9€0LS ¥ST TU_$8IEDDN
OT'0FTS0 T°0F82°0- S0°0F9¢€0 70'0FEV 0~ gF46 8T'0FST°0- 0T 0F¥6'T ¢T0F61°C T0°0F9¢C €99C8°1¢C S6LTS PST T°_06TE€EDDN
900 < ST OFTILO- €00 < S0°0FvL 0~ €CFTIL 61°0FLE°0- 0T°0F96°0 €T°0F8T'T LeT > VITLT 6 0990L°8¥T TU_670€EDDN
ST'0FIT0- ¥1'0+65°C- 60°0F¥2 0- LO'OFEL T 0T+06 G2'0F02°0- 70°'0F62°0 70'0F¥E0 €0°0FTIG'T 8GB68°L9 CSTS89VT T2 _9L6CTDDON
€1°0F€0°0- CroFvee €1°0F€0°0- CT 0FvSc- 00T ¥2 0F70°0- ¥0°'0F62°0 70°0F0€°0 c0'0F67' T GL868°L9 86L78°9V1 22_9L6TODN
12°0Fcc 0- 61°0F€0°€- €T°0F8€0- T0F6T°€- 7+96 9€°0F¥1°0- 20'0F0T1°0 CO'0FIT 0 70 0FsE'T TT0€6°L9 TLTBL VI T2 _9L6CDDON
IT°0F20°0 TOFP81- S0°0FC10- G0'0F86°T- LFE6 6T°0FLT1°0- LTOFI9T 6T°0FS8'T T0'0FT8'T 98T€E6°L9 6ET8LIVT €9_9L6CODN
TT°0FS0°0- I1°0F6€°C- TT°0FS0°0- T1°0F6€°C- 00T 2T 0Fc0°0- 90°0Fc¥ 0 G0°0Fcv 0 TO0F8S'T 760€6°L9 €ITLLIVT C9_9L6TODN
68 1- < L8 0FETC €5°1- < CT0FC8'1- v9Fce 2y 0F99°0- TO'0F¥0°0 TO'0FL0°0 19°C > 9€000°C¥ TIGVE6€T T2 _86LTDDN
TT°0F6T1°0- 60°0FLEC TT°0F6T1°0- 60°0FLEC 00T T2°0F€T0 90°0F€S°0 90°0F8¥°0 €0°0F99°1 €0€99°99 69GCETVIT T°_€0¥7CODN
60°0F0S°0 60°0F8L T~ 60°0FS°0 60°0F8L T~ 00T 8T0F¥0°0- T2°0FL0C ¢C0FSTC TO0FT19°T GL0T9°6¢9 GG8LTVIT ¢9_€0¥CODN
TT°0F10°0 T°0Fve'C- TT°0F10°0 T0Fvec- 00T T2°0FS0°0- ¥0°0F9€°0 ¥0°0F8€°0 c0'0F8¥'1T 7PE19°99 9TLITVIT Z9_€0¥CODN
I1°0F60°0- IT°0F19'C- 90°0F¢T 0~ G0'0FLLCT- SF+46 TC0FST 0 ¥0°'0Fce0 ¥0°0F9¢€°0 10°0F67'1 cYv19°99 T6V0T V1T T°_€07CODN
60°0F10°0 60°0FIT'C- 60°0F10°0 60°0FTIT'C- 00T 61°0F70°0- 0T'0FL6°0 T1T°0F00°T 10°0F69°T LTLT9°G9 6668T° V1T €9__€0¥CODN
9T'0FLT 0 ST'0F¥6°C- 90°0F¢T'0- 90°0F10°€- 12F6L €2°0F0€°0- 20°0F81°0 €0°0F€T0 10°0FLE'T €EVT19°99 GOGLT PTIT Z9_€0¥CODN
9z'0- < 60°0F9€°C- 920~ < 60°0F9¢€°C- 00T 12°0F€0°0 90°0F¥S°0 90°0F€S°0 LT > 6£€99°99 9G6TTVIT T°_€0¥CODN
660 < ST 0FLT0- 66°0 < ¢0°0FLT 0" €TFL9 61°0F07%°0- T1°0F€0°C €T°0F6L°C cre > 9€205°0C- 0829989 To_Z8VIDDN
g6°0 < LT0FTE0- 860 < 20°0F8T°0~ vZF+c9 61°0F¥¥'0- 80°0F00°T 0T 0F€8°C cr'e > 61205°0C- 6029989 29 TSYIDDN
€1°0F98°0 T0F8T°C- 60°0FTL0 S0'0F€€c- LF€6 6T°0FL1°0- 60°0F48°0 0T'0FL6°0 70 0F€T'T 6T1L60°89 6670L°99 gu_gvedl
x €1°0FC6°0 TIT°0F98°1- 80°0FC8°0 70'0F96°1- 9TF¥8 8T1°0F92°0- 02 0F66'T v OFVVC €0°0F9€'T 1196089 TEVOL 99 vu_2veDI
G 9T°0F08°0 ¥1°0F6C°C 80°0F9L°0 ¢0'0F¢eec ccFeL 6T1°0FS9€0- 60°0F¥8°0 IT°0F0T'T €0°0F1C'T 7¥$60°89 €920L799 €u_gvedl
R €T°0FCO0'T ET0FIT I~ S0°0F96°0 VOOFLT T~ TCF9L 8T°0Fce 0~ € IFETT 8G TF8GT TO'0F69°T 1196089 81669799 cu_gvedl
— TC0FS¥ 0 VI0FL9°C T2 0FS70 V1°0FL9°C 00T 82°0Fc0°0- G0°'0FS20 €0°0F92°0 80°0F6T'T €9760°89 05969°99 _T9 2Z¥eDI
— 6T1°0F¥70°0 6T1°0F¥9°0- 90°0F60°0 G0°0F6S°0- gcF68 61°0F97°0- LT 0F9V'C 9€°0F€es’e T0O'0F1I¥'C €09L2°0¢€- TVI8S IV €9_L60TDDN
T~ G 0FIT0- ST 0FV0°1- L0°0F20°0 G0'0FT16°0- 8TF0% 2'0F€9 0" ST 0F6T'T 8T 0FI8'T ¢0'0F62°C 8CTLT 0€- 676LS TV 99 _L60TODDN
U 0z'0 < C1'0F86°0- G0°0 < YOOFET T~ LFE6 ¥Z 0FL1°0- 90°0FcL0 G0°0F280 91°'C > 9€LLT0€~ T68LG° 1V To_L60TDDN
ST'0FST 0 ¥1°0F99°0- 90°0FT1T°0 G0°0F69°0- €CFeL 61°0FS9€0- CT0FL6'T 92°0F09°C c0'0FseC T199.2°0€- 869LG° TV C9_L60TDDN
— 010 < 9T°0FL0°T- ¥0°0 < €0°0FVI 1~ vCF9L ¥ 0Fce0- G0°0F0L°0 70°0F16°0 91°'C > ¥veLT 0€- 699L5° TV G9_L60TODDN
< €1°0F90°0 €1'0F61'C- €1°0F90°0 €T 0F61°C- 00T L2°0F20°0- €0°0F91°0 20'0F9T°0 10°0F€9°1 00CGL ST 989GT 7T T®_8Z90DDN
@) €10~ < 61°0F9¢°C- €1°0- < 61°0F9G°C- 00T I7°0F€0°0- 20°0FL0°0 TO'0FL0°0 €91 > GEGER'CT 8L8V1 VT T®_8Z90DDN
@) €1°0F02°0- ET0FV 1I- €1°0F02°0- €T'0F0ov 1~ 00T 2€'0F0€0 €0°0F¥1°0 CO'0FITO ¢0'0FST'C TLLLG L~ LGL96°TT T9_LEEODDN
— gz 0- < ¢ 0F€9 1~ Gz0- < 02'0F€9°1- 00T €7°0FL0°0- 20°0F80°0 T0'0F60°0 90°C > TLILG L~ TT996° 71 €9_LEEODDN
'z, LT'OFET 0 S1°0F9°0- 60°0F91°0- G0°0Fc9°0- €CF0L 61T°0FLE0- €T0FvTT LT'0F99°T 70°0FCs'C L6T8G L GETI6° 7T To_LEE0DDN
= YIT'0F91°0- VLOFLI T 90°0F92°0- 90°0FLT' 1~ LTFES8 €2°0F92°0- ¥0°0F82°0 70'0F¥€0 T0°0FSCC TTILG L~ T¥8S6°V1 7o LEEODDN
Z (z1) (1) (o1) (6) (8) (L) (9) (9) () (€) (@) (1)
) (god 18 O) ({16 OW)  (p_odq ;18 O)  (;_18 Op) (%) (&pu) ) (>d) () )
wn ﬂimmw Sor Uiyg4qs Sog HdS< Sop gAaS o1 usy €€—STno €eg g 2y Sor 29 vy uorSoy
=
M SUOL30I SUIULIOJ-IR)S QY S I0J SoIjrjuenb poALIop pue poInsesjy :G§ o[qR],



CHARACTERIZING COMPACT 15 - 33 GHz RAaDIO CONTINUUM

CHAPTER 4.

N penunuod gy S[qer,
WW 60°0+20°0 60°0F¥9°1- 60°0F20°0 60°0F¥9°1- 00t TZ°0FET0 L0°0F99°0 L0'0F65°0 10°0FT6°T L60LT° VS 16€29°01C €2_TO0TIN
— 6€°0- < gc0F1L'C- 6£°0- < G 0FT1LC- 00T €L 0FVT0 T0'0F90°0 20'0F<0'0 69°T > vicLe ve €6209°01C 7o _TOTIN
— 80°0FT10°0 80°0F69°1- 80°0F10°0 80°0F69°T- 00T ¢z 0F08°0 90°0F65°0 S0'0F070 T0°0F6°T L6ELT VS G9L19°01¢ go_TOTIN
~_ LZ0F80°0- LTOF8V'C- L2 0F80°0- LT'OF8V'C- 00T LG90FLG0 20°0F0T1°0 20'0F90°0 TT°0FSS'T L69LT° VS 80LT9°0TC 92 TOTIN
U Le0- < 60°0FLT°T- Lg0- < 60°0FLT T~ 00T 61°0F€0°0 9T 0FLY'T STOFVV'1T gec > L9690°¢€- LLEEE0TT Iu 68TOL
Z¢1'0F00°0 T1°0F60°C- ¢1'0F00°0 11°0F60°C- 00T L2°0F02°0 €0°0F8T°0 ¢0'0F<T0 TO0FILT T9€9T LY £€6605°20T To_¥6TSDDON
— C1'0F90°0 Cr0Fe81- 90°0FL0°0- S0°0F96°T- TI+68 12°0F12°0- ¥0°0FLE0 S0°0F€EV0 TO0FI8'T 8TVIT LYV 0€905°20T To_¥6T1SDDN
< ¢I'0FS00 CroFITC- 21'0F50°0 CL'OFIT'C- 00T LT 0FVT0 €0°0FLT°0 ¢0'0FST0 TO0FL9'T €898T 'LV 7£667°C0C T°_¥6T1SODN
(@) 9T°0FL0°0- VI0FLVv' T 9T°0FL0°0- VI 0FLVC- 00t 67°0FLLO 20°0FL0°0 T0°0F¥0°0 €0°0F4e'T 8TEET LY 9¥86¥°C0C T°_¥61SODN
@) T°0FL0°0- T'0FgL'T- T°'0FL0°0- T'0FGLT- 0ot 2g'0F90°0 G0°0F6€°0 G0°0F8€°0 TO0F16°'T 8LG6T LY 84C8Y'C0T G9_P6ISODN
— 62°0- < vo 0Fv9'C- 970~ < 60°0Fc8°C- cF86 08°0F21°0- TO'0F<0°0 T0°0F90°0 LG°T > V6C6T LY ¢96.L7°C0T ¢9_V6ISODN
80°T+88°0- LOTFET € LT'0F8T'0- L0'0FEV'T- LEFST 92°0F88°0- C0'0FIT0 €0°0F2T 0 80°0F€9'T 69L6T LT €8697°C0C L2 _¥619DDN
Z 00°TFL8°0- 66°0F90°€- €T°0F1€°0- L0'0F¢C- Tr+81 9% 0F¥L 0 2¢0'0F0T°0 ¢O'0F61°0 S0°0F99'1 6I86T LT 60697°C0C 69_VP6T19ODN
= 0L°0F9L°0- 89°0FT10°€- 91°0F8€°0- 80°0F€9°'C- 77¥8¢ 82°0F89°0- T0°0F80°0 CO'0FET0 L0'0FE9'T 8LB6T LY 9€89¥°20C 0T°_¥61SDDN
Z. er1- < cLIF6V € 9€°0- < 60°0FcL T 9aFVI T7'0F66°0- T0'0FS0°0 TO0FIT0 L8°T > 8LI6T LV T1897°20C 99_P619DDN
O 17 0F12°0- 17 0Fev e 80°0F80°0 go'0FeTCT- ceFVE 12°0Fv9°0- €0°0FST0 SO°0F1I¥0 €0°0FS9'T 8200T LV 89¥9¥°20C CI®_V61SDDN
= ST°0F0 VI 0FEV'C- S1°0F00°0 YL 0FeVCT- 00t 88°0Fce'T T0'0F80°0 ¢0'0F€0°0 CO'0F¥eT 188CC LY ¥2c9v 20t ¥o_P6T19DDN
% g 0FL2T0- e 0F9¢e- 60°0F9¢°0- 80°0F¥9'C- 0Z+08 €€°0+62°0- T0'0F80°0 ¢0'0F0T1T°0 C0'0FI19'1 98861 LT CI19%°20¢T T19_¥61SDDN
— 9¥°0- < Ve 0FV8C 9%°0- < Ve O0FV8C 00T €V 1+08°0 T0'0F€0°0 ¢0'0Fco'0 9¢°'1T > TTTeT LY 7909%°2¢0C 99_¥619DDN
M 2T 0Fve0- ¢ 0FsLe ce0Fve0- ¢ 0FsLT- 00T 06°0FLL°0 TO'0F¥%0°0 10°0F20°0 c0'0F<9'1 V163C LY L209%°20C g9_FP6TI9DODN
E 790- < 8% 0F68°C- gv0- < 80°0F18°C- IVFVe Y7 0+05°0- T0'0F<0°0 TO'0F80°0 L9°T > T9L6T LV 826S¥'¢0C 89 _F6ISDODN
9T'0F91°0- 91°0+92°C- L0'0F<C0- 90°0F¢¢ T 8T+C8 ¥Z'0+82°0- 20'0F<T°0 ¢0'0F6T°0 TO'0F0L'T V6161 LYV 90857°C0T T2_¥6T1SDDON
ge0- < ggoFeLe ge0- < geoFeLe 00T 6T°CFILT TO'0F¥%0°0 ¢0'0F10°0 98T > 6EVTT LY L¥957°20T Z°_¥6TSDDON
T€°0F16°0- T€°0F90°¢- T€°0F16°0- 1€°0F90°¢- 00T V8 IF6T'T T0°0F20°0 T0'0F10°0 TO'0F89'T TEEET LY L¥957°20T L9 _¥6TSDDN
6€°0F¥0°1- 6€°0F¢€€- 6€°0F70°T- 6€°0F0¢°¢- 00T LY vF¥0°C TO'0F10°0 T0°0F10°0 c0'0FT9'1 ¥9€TT LY €1I8¥¥'20T T9_¥6T1SODN
2% 0F29°0- 1¢°0F8LC- 2g'0FC9°0- 12°0F8L'C- 00T TOCFI8'T TO'0F¥%0°0 T0'0F10°0 TO0FL9'T L6LTT LY v09v¥'c0C €9_P6ISODN
60°0F60°0- 60°0F68°1- 60°0F60°0- 60°0F68°1- 0ot €2°0F0€°0 €0°0F62°0 €0°0F€T°0 TO'0FS8'T 8LGOT LV 918€¥'C0C T°_¥6T1SODN
6£°0- < 12°0FLL T 6€°0- < 12°0FLLC- oot 68°0F0L°0 TO'0F¥0°0 T0°0F20°0 9¢'T > V99T LY 695€Y°C0C ¢9_V6ISODN
1¢°0- < 81°0F69°C- 1€°0- < 81°0F69°C- oot 9L°0FVL0 T0°0F<0°0 T0°0F€0°0 9¢'T > 98991 LV €02eV'20T €9_P6I9DODN
IT°0F€0- 1°0F66'1- TT°0F€0- 0T'0F66°1- 0ot GZ'0FET0 €0°0F€T°0 €0°0F02°0 T0°0F16°T VOV LY L6€1V°C0T ¢9_V6I9DDN
L¥0- < €2°0F8'C- L¥0- < €2°0F08°¢- oot €T IFV6°0 TO'0F¥0°0 10°0F20°0 8G'T > GEEVT LY L6E1V'C0T T°_V61SDDN
TT°0F8T°0- IT°0F9v'C- TT°0F8T0- IT°0F97v'C- 0ot 1€°0F6€0 20°'0F9T°0 ¢0'0FCT'0 T10°0F19°T 80C89°1¢C €SP8I V6T 9 _9C8VDDN
€T°0FET0 €T°0F1C T L0'0F¥0°0 go'0F1ET- 81F2C8 02°0FL20- Y0 0FVE0 g0°0FCy0 C0'0F8S'T €EV89°1C V8IST' V61 9u_9Z8YDDN
LT°0F80°0 L1°0F€T T 90°0F60°0 g0'0F1CC- YeFv9 61°0Fcy0- S0°0FEY0 90°0F09°0 c0'0F9'T 89€RI'1T G808T V61 ¥o_ 928V DDN
7L 0- < 8°0F¥ € 67°0- < 80°0F¢T €~ €9FLE 97 0F29°0- T0'0FS0°0 T0°'0F80°0 Tr'T > 00$89°1¢ 966LT° V61 Ld_9Z8YDODN
9¥°0- < v'oFere- cr0- < 60°0F80°¢- 6€FT19 v 0F4v0- T0'0F90°0 T0'0F80°0 TrT > €8189°1C 096LT°761 T°_9287VDDN
§v0- < 9€'0F 1€ 0g°0- < 80°0F9T°¢- gcFeL T¢°0FvE0- TO'0F<0°0 T0'0F90°0 Tr'T > CVE89'1C L6BLT V6T g9 9Z8¥DODN
9¢°0- < 8T 0F10°€- 6%°0- < 60°0FVT € 0T+06 16°0F02°0- TO'0F<0°0 TO'0F90°0 v > 09¢89°1¢ L6BLT¥6T 89 _9Z8¥DDN
T€°0F9¥%°0- Te'0+6¢<°C- 90°0+82°0- 90°0FCv'C- eFvy 2T 0FLS0- ¥0'0F¥vE0 90°0F¥<°0 TO'0F89'T VIETT IV €69€L°C61 T9_9€L¥DDN
LT0FLYV O LT 0FVE T 90°0Fce 0" §0°0F0TC- 6CFLV 12°0F99°0- L0°0F94°0 0T'0FL8°0 CO'0FI8'T L6LIT 1V G09€L°C6T 2°_9€LVDDN
€T 0F¥1I0- €1°0+82'C- 90°0F82°0- S0°0F€EV'T- LF€6 €C0FLT 0 ¥0°0F€€°0 S0°0F8¢°0 TO'0F89'T 990CT 1V TLYELTET €9_9€LVDDON
€e0- < €2°0F96°C- €€°0- < €C°0F96°C- 00T 0L°0Fce0 TO'0F40°0 20'0F<0°0 T > vicer v TOVEL'TET 7o_98L¥VODN
72 0F91°0- c1'0F9cc- ¥ 0F91°0- ¢r'0F92°¢- 00T Gg'0FLEO 20'0FC1'0 20'0F60°0 T0FLT qTovece 8LV6S706T ¢o_TEIPODN
€1°0F20- 60°0F€9°T- €1°0F02°0- 60°0F€9°T- 00t 12°0F12°0 90°0F2s0 SO0°0F¥¥0 §0°0F€0°C L9GVS'CE CET6S°06T T°_TE€9YODN
€v0- < 1¢°0FsL e €v0- < 12°0F<L'e- oot 6L°0F85°0 TO'0F¥0°0 T0°0F20°0 65T > GLIVG'TE €V06S°06T €9_TEIPODN
17°0- < 8¢'0FcL'T- sv0- < 60°0F9L°C- 8CFcTL 16°0F9¢°0- T0°0F90°0 T0°0F80°0 09'T > 9€LES'TE €0TCS 06T ¥o_TE9PODN
60°0F20 60°0F16°0- 60°0F02°0 60°0F16°0- oot 81°0F80°0- 82'0F0L°CT 0€°0F88C 10°0F61°C 9€0vS'CE 9LLTG 06T 89 _TEIVODN
€2°0F9¢°0- T 0Fsve- 1°0F62°0- L0'0F6V'C- 8CFcTL 62°0F9€°0- 20'0FIT'0 CO'0FVI0 €0°0FS99'T 9€LES'TE LVLTSG 06T €9_TEIPODN
YI°0F6€°0 YI'0F69'1- 90°0F7E€0 SO0FVLT- CTFGL 61°0F¥€0- 90°0F19°0 80°0F080 CO'0FILT 98LES'CE 0671S°06T G9_TEIYODN
¥8°0F€L0- ¥8'0F¥0°€- 280~ < L0°0F28'C- 6SFIV ¥S°0F09°0- T0'0FS0°0 T0°0F80°0 09'T > €0LES°CE 0LVTIG 06T 29_TE9YDODN
ge0 < 60°0F96°1- ge0 < 60°0F96'1- oot g’ 0F10°0 ¢0°'0FvT 0 20'0F¥C0 09'T > 618€S°CE T6E€TS 061 Ld_T€9YDODN
61°0FF¥°0- 81°0FL'C- 61°0F7¥0- 81°0FL'C- 0ot ¢g'0F8€0 T0'0FS0°0 10°0F¥0°0 c0'0F29'1 GLLS6'LT €9€66°88T 22 6997ODN
(e1) (1n) (o1) (6) (8) (2) (9) (9) () (£) (2) (1)
(poo® | 18 OR)  (;_1£ Op)  (p_ody ,_1& Op)  (;_1& Ow) (%) (&pu) (&pwr) (od) () ()
.ﬁmmmmw 8o1 Uiyg4qs Sog HdAS< Soy gAaS o1 s €€—STno €E€g 91g 2y 8o1 20 vy uordey

248

(penurjuod) suordal SUIULIOj-Ie)S Y S 10] SoIjIjuenb poALIop pue paInsea]y :G§ o[qe],



CHARACTERIZING COMPACT 15 - 33 GHZ RADIO CONTINUUM

CHAPTER 4.

249

EMISSION IN LOCAL U/LIRGs

od 0gg UIIM) IedppnuU — U

[l

<y, M payesIpul
‘SYTIIT]-TOMO] I San[eA pajIodal oT[) ‘SUOTSAI POAJOSOIUN IO "A}ISTOP 9JRJINS 9T UOTJRULIO] Teys A[uo-feuriot ], (gT) "G’ uoryenby Sursn
‘() wmmjoo woIy Xopur Terysads ZHN) ¢¢ - GT pue (9) UWM[OD UI XN ZY) §F TOIJ PIALIOD 9)Rl UOIYRULIO] Iels ATUO-TRULIAYT, (TT) “\<,
[IIM POJEIIPUI ‘SHUWI[-ISMO] 9I€ Sonjes parrodsal o} ‘SUOISSI PIAJOSIIUN 10 “A}ISUSP 90BJINS 9)eI UOIjBWLIO} Telg (Q) '§'Q uolyenbyy
Sursn (9) WOIJ UOTSSIUIS WNNUIIUOD ZI¥) €€ [810) WIOIJ POALISD Sojel uoljeurio} Iels (6) ¢ ¢ uoryenbsy Sursn (9) woIj pajetwnyse ‘Ziy) €8
Ye uorpey ey, (8) Xopur [enoads zHH €E — GT (L) Ayswep xny zHH € (9) Aysuop xny zHHGT (G) (,>,,) syw-rddn se
payTew pue payIodal ST Ureaq PazZISAJuAS 9} JO SNIPEI dAI}IIJJ0 oY) ‘(PIA[OSOIUN "O°T) UIRA(] POZISAIUAS ZI[X) §F — GT POTDIRU I} UeY)
JIo[[ewIs 'aIe T[JIM SUOIZAI 10 'SNIPRI dAIJ0e[e U0ISeY (F) ‘sojeurpiooo uotdal (g) 2g (g) -Ies[onu-eIixe — 9, ‘(199u00 Axered oy} jo

:Axeled o1} UN}IM UOIIDI 91} JO UOIYedO0] 1) SUIedIPUI 9, PUR 1, [IM ‘IBYIHULPI U0ISeY (1) — HLON

90°0F97°0 S0°0FT¥ 0 TO0FLS8'T ZYE8T 09 78618°80€ T°_9¥69D0DN
7e0- < ¢ 0F19°C- ve'0- < 02 0F19°C- 00T TS'0FL00 TO'0FL00 TO'0F90°0 29T > TLLYT 09 GL808°80¢ 22_9769DDN
T°0Fc0'0 TOF8L T~ T°0Fco00 0T 0F8L T~ 00T T2°0Fc0°0- S0°0F97°0 S0°0F97°0 TO'0FS8'T 62L71°09 68€08°80¢ T2_9¥769DDN
910 < 60°0FGgE 1~ 910 < 60°0F¢ce 1~ 00T 6T°0F10°0 €T°0F€T' T €T°0F€T' T 66T > 62671709 6T96L°80¢€ €9_9769D0DN
70- < 1€°0FL9C- v 0- < 60°0F69°C- 0€F0L 0% 0FL€°0- 20°'0F80°0 TO'0OFIT O 29T > GT6LT 09 9€6.LL°80€ T2_9¥769DDN
9T°0FL0°0- €T 0FIV T 9T°0FL0°0~ €T 0FIV'C- 00T 82°0Fc0°0 CO0FTIT0 ¢O0'0FIT 0 S0°0F8S'T €€T8T 09 L9GLL B0E 29_9769DDN
6¢0 < €2°0F99°0- 2g0 < ¥0'0Fcs 0~ GCF6¥7 8T 0F¥S°0- LT TFLTT V6 IF7 61 €T°C > L6EST 09 GLLTL 80€E TU_9%69D0DN
LT°0F96°0- 91°0F¢8'C- LT°0F¢96°0- 9T°0Fc8'c- 00T SV IFS6'T TO'0F¥0°0 TO'0FT10°0 ¢0'0FT8'1T 71212709 LI9LTL 80E €9_9769D0DN
€r'0- < 61°0F69°C €v°'0- < 61°0F69°C- 00T 0S°0F0T°0 TO0'0F90°0 T0'0F<0°0 29T > TLITT 09 TEETL 80E 29_9769DDN
€0FI1I0°T- 6C°0F1E€E- €0FI0°T- 6C°0F1E€E~ 00T 8€'€FVTT TO'0F10°0 T0°0F10°0 €0°0F09°T TE€TTZ 09 LLL0L°80€ T°_9¥769D0DN
€1°0F9€°0- croF1ec €1°0F9¢°0- cr 0F1€C 00T 2€0F8T0 20'0FVI0 2O0'0FIT0 T0°0F8L'T TE€180°09 78€99°80¢€ T°_9¥769D0DN
200 < 80°0F8V'1- 200 < 80°0F8¥ 1~ 00T 61°0F0T°0 0T'0F€6°0 60°0F98°0 66T > ¥6TLT 09 097€9°80¢€ T°_9¥769D0DN
10 < 60°0FCV 1~ L0°0- < ¥0'0F8S'1- €FL6 61°0F€T0- TT°0F0T'T €T°0F2T'1 66°T > 809L1°09 LG765°80€ G9_ 97690 DN
100 < T0F69°1- €1°0- < G0'0F¥8'1- 8F¢26 61°0F81°0- 90°0F19°0 80°0F0L°0 66°T > LI9TLT 09 12685°80¢ ¥o_9769DDN
€20 < 80°0FLT' T~ €g0 < 80°0FLT T~ 00T 8T'0F91°0 ST OF8V'T €T°0F0€'T 66°T > 09891°09 7828S°80¢€ 22_9769DDN
ST°0F62°0- VI OFT 1~ 60°0F¥¥ 0~ 90°0F¢T 1~ 9F¥6 92°0F91°0- €0°0Fv20 70'0FL2°0 €0°0F5€°C L988T 0~ L9280°02C 7o _€TLSDDN
6£°0- < 61°0F9G° 1~ 6£°0- < 6T°0F9G°1- 00T 9¢°0Fce0 TO'0F80°0 TO'0F90°0 91'C > 00682°0- 0STS0°02C 99 _€ILGDDN
v1'0FCv 0 71'0F€0- S0°0F8€°0 v0'0F¥€0- CTFIL 8T°0F9€°0- 02 0FS6'T 92 0F69°C T0°0F6€£°C GL88T 0~ 0S.70°02C L9 _€TLSDDN
9T°0F¢2'0 G1°0F88°0- 80°0F¢cc 0 S0°'0F16°0- €CFTIL 6T°0FLE0- S0°0F€S0 LO'0F0L°0 €0°0F61°C L988C°0- 80970°0TC 62 __€TLGDDN
12 0F8¥°0- TC0FT 1~ 90°0FS7°0- 90°0FLO°T- 62F29 2T 0FVv 0~ G0°0F9¢€°0 90°0F TS0 T0°0F¥v¥'C €€€62°0- 09¢70°0CC ¢9_€ILSDDN
IT°0F€€0 TT°0FcL0- 90°0Fc0 G0°0F¢8°0- 0TF06 61°0F02 0~ 90°0F6S°0 LO'0F0L°0 c0'0F€TT €8882°0- GL7¥0°02T 89 €ILIDDN
860~ < 7E0FGL T~ 99°0- < 80°0F€8 1~ 0ZF08 €9°0F62°0- TO'0F90°0 TO'0F80°0 91°'C > GL96C 0 00%¥%0°0CC To_€ILSDDN
9¢°0- < 7E0FEL T 09°0- < 60°0F8L T~ 9CFVL L7 0F¥E 0" TO'0FL00 20'0F60°0 91°'C > GTI6C 0" GTeY0°02T €9_€TLGDDN
8T'0F¥20- S1°0Fce 1- ¢1°0F9¢€°0- 90°0FvE T~ €IFL8 G2 0Fcc 0~ €0°0F6T1°0 €0°0F€T0 S0°0F9¢C C688C°0- ¢68¥0°02T g9 €ILGDODN
80°0F€0°0- 80°0F66°1~ 80°0F€0°0~ 80°0F66°1- 00T 92°0FL9°0 ¥0°0F62°0 €0°0FLT0 TO0FLLT €869€°79 L67L6°0TC €9_TOTIN
80°0F€0°0- 80°0FL6°1- 80°0F€0°0~ 80°0FL6°1- 00T LZ'0F8L0 ¥0'0F1€°0 €0°0FLT°0 TO'0F8LT 0989€°¥9 6ETL6°0TC 2o _TO0TIN
2z0- < LT°0F69°C- 2z0- < LT°0F69°C 00T €9°0F29°0 TO0'0F90°0 TO'0F¥0°0 Tq'1T > 8999€° V9 TI1L6°01C T°_TOTIN
TT°0F8L°0 IT°0F89°0- G0°0F99°0 ¥0°0F6.L°0- PI+98 8T 0F¥2°0- 0L°0FS6'9 ¥8°0FLE'8 10°0F20'C 69STE VS 80916°01C T°_TOTIN
z€0- < 8T°0F8LC- 2e0- < 8T°0F8L'C- 00T GL'0FTLO T0'0F<0°0 TO'0F€0°0 zq'1T > 098¥€' 79 6LT08°0TC Tu_T0TIN
200 < 80°0FLC 1~ 200 < 80°0FLT T~ 00T 61°0FL20 9T'0F€eS'T V1I'0F€CTT or'e > LYIVT VS L8%GLT0TCT To_TOTIN
IT0F¥1°0- TT0FPIC TT0F¥T°0- IT°0F¥TC- 00T CEO0FVY 0 €0°0F1T°0 €0°0FGT°0 TO'0FGSL'T L6992°79 ¥9.29°01¢C 1°_TOTIN
T°0FS0°0- 60°0F1I8'1- T'0F¢0°0- 60°0F1I8°1- 00T CCZO0FIT'0 SO0'0F¥P¥'0 S0°0F0¥%0 T0°0FL8'T 6£692°79 0S429°01C Z° T0TIN

(z1) (1) (o1) (6) (8) (L) (9) (9) () (€) (@) (1)
(god 18 O) ({16 OW)  (p_odq ;18 O)  (;_18 Op) (%) (&pu) ) (>d) () )
ﬂimmw Sor Uiyg4qs Sog HdS< Sop gAaS o1 usy €€—STno €eg g 2y Sor 29 vy uorSoy

(penurjuod) suorsel SUIULIOj-Ie)S Y S 10] SoIjIjuenb poALIop pue paInsea]y :G§ o[qe],






251

CHAPTER 5

RESOLVED KPC-SCALE 3-33 GHz SED

AND RADIO-IR CORRELATION

5.1 INTRODUCTION

Luminous Infrared Galaxies (LIRGs; 10" < Lig[8-1000um]| < 10'? L)) and Ultra-
luminous Infrared Galaxies (ULIRG; Lig[8-1000um]> 102 L) are the most prolific
star-forming galaxies in the local Universe, having the highest star formation rates
(SFR) per stellar mass (Howell et al., 2010). From an cosmological perspective,
U/LIRGs are also an important class of objects for understanding massive galaxy
evolution, as they are the dominant contributors to the co-moving infrared (IR) lumi-
nosity density and star formation rate (SFR) density at z 2 1 (Chary & Elbaz, 2001;
Le Floc’h et al., 2005; Murphy et al., 2011a; Magnelli et al., 2011, 2013; Gruppioni
et al., 2013), when half of the stellar mass of the Universe was produced (Madau &
Dickinson, 2014). Furthermore, detailed observations of local U/LIRGs reveal them
to be interacting and merging gas-rich spirals (Armus et al., 1987; Sanders & Mirabel,

1996), which may represent an important starburst transition phase precedent to the
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formation of luminous quasars and massive elliptical galaxies (e.g. Di Matteo et al.,
2005; Springel & Hernquist, 2005; Hopkins et al., 2006). Therefore, local U/LIRGs
provide the ideal laboratories to conduct detailed investigation into the evolution
process of massive galaxies and the extreme star-forming environments common at
high-z.

One major obstacle in characterizing the properties of local U/LIRGs is the heavy
extinction of UV /optical and even near-IR photons by the large amounts of dust gen-
erated by ongoing starburst activity. It is estimated that only ~ 4% of star formation
in local U/LIRGs is unobscured (Howell et al., 2010), and the rest can only be ac-
counted for by FIR observations that capture thermal emission from dust heated by
massive stars. An alternative solution lies in the radio regime where the emission is
largely unaffected by foreground dust extinction, and can be mapped at extremely
high resolutions that are yet to be achieved in the FIR, using radio interferometers
such as the Karl G. Jansky Very Large Array (VLA). Furthermore, radio continuum
emission, like FIR emission, largely comes from massive stars (Condon, 1992): in
ionized gas immediately surrounding young massive stars (< 10 Myr), free electrons
scatter off ions and emit thermal free-free emission. In addition, as massive stars
reach the supernovae stage, electrons are accelerated to high velocity and energy in
the explosion, emitting synchrotron radiation. The connection of FIR and radio emis-
sion to star formation is empirically reflected in the tight correlation between radio
continuum and FIR luminosities that has been widely observed among galaxies span-
ning four orders of magnitude in luminosity, including local U/LIRGs (e.g. de Jong
et al., 1985; Helou et al., 1985; Condon & Broderick, 1991; Yun et al., 2001; Bell,
2003). This FIR-radio correlation (FRC) has allowed radio continuum emission to be
used an extinction-free tracer of SFR.

Because the FRC operates on the basis that both radio continuum and FIR emis-
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sion come from star formation, deviation from the FRC has been used as a diagnostic
for AGN activity: excess radio emission from the AGN relative to FIR emission from
star formation will bring galaxies that are dominated by AGN activity above the FRC
(e.g. Condon & Broderick, 1991). However, it has been shown that galaxies hosting
“radio-quiet”’(RQ) AGN can still lie on the FRC among star-forming galaxies (Mori¢
et al., 2010), but with their radio and IR emission both dominated by star formation,
or even, AGN activity (Zakamska et al., 2016). This introduces complications for us-
ing radio continuum as SFR diagnostics. Meanwhile, most studies of the FRC utilize
observations of the 1.49 GHz radio continuum, thanks to large-scale 1.49 GHz surveys
such as NVSS (Condon et al., 1998) and FIRST (Becker et al., 1994) conducted with
the VLA. However, the 1.49 GHz radio continuum of a star-forming galaxy is largely
dominated by non-thermal synchrotron emission, which is a less direct tracer of star
formation (Condon et al., 1990), as it is also governed by complex processes of the
cosmic ray production and propagation, as well as local magnetic field strengths (e.g.
Murphy, 2009; Lacki et al., 2010; Lacki & Thompson, 2010). Non-linearity of FRC
have been reported in several studies on global scales (e.g. Bell, 2003; Molnéar et al.,
2021; Matthews et al., 2021), and variations on resolved scales have been observed
widely in studies of nearby star-forming galaxies (e.g. Hughes et al., 2006; Murphy
et al., 2006, 2008). These latter studies also demonstrate that the resolved FRC re-
flect the timescales on which ionizing photons heat the dust relative to those on which
cosmic ray electrons escape their birth sites, which are closely related to the balance
between thermal and non-thermal radio continuum emission.

In this study we present analysis of the spatially-resolved FRC and radio spectra
of a representative sample of local U/LIRGs from the Great Observatories All-sky
LIRG Survey (Armus et al., 2009), with the goal of investigating the kpc-scale varia-

tions of the ISM conditions in these extreme local starbursts that could shed light on



CHAPTER 5. RESOLVED KPC-SCALE 3-33 GHz SED AND RADIO-IR
254 CORRELATION

the properties of more distant dusty star-forming galaxies, as well as the interpreta-
tion of the observed FRC at high—z (e.g. Ivison et al., 2010; Murphy, 2009; Sargent
et al., 2010b,a; Magnelli et al., 2015). Importantly, we utilize newly-acquired multi-
frequency (3, 15, 33 GHz) VLA observations, complemented by multi-wavelength (24,
70, 100pm) Mid- and Far-IR ancillary observations with Spitzer (Mazzarella in prep.)
and Herschel (Chu et al., 2017), which allow direct comparisons among thermal and
non-thermal dominated radio emission, as well as IR emission from hot (MIR) and
cold dust (FIR) components.

This paper is organized as the following: §5.2 describes the sample and the radio
and IR observations used, as well as the relevant data reduction procedures; §5.3
describes the methods for aligning the radio and IR images and performing aperture
photometry; §5.4 presents the resulted 3 — 33 GHz radio spectra and FRC character-
ized at different radio frequencies and IR wavelengths, as well as for the identified
kpc-scale regions with different levels of AGN contribution. Lastly, §5.5 discusses
the implication of our results and summarizes major conclusions. Throughout this
work we adopt Hy = 70km/s/Mpc, Qnatter = 0.28 and Qyacuum = 0.72 based on the
five-year WMAP result (Hinshaw et al., 2009). These parameters are used with the
3-attractor model (Mould et al., 2000) to calculate the luminosity distances of the

sample.

5.2 OBSERVATIONS & DATA REDUCTION

5.2.1 Sample & VLA data

We use 3, 15 and 33 GHz continuum observations of 68 local U/LIRGs from
the GOALS “Equatorial” VLA Survey (GOALS-ES), which is described in details

in Chapter 2, where information on the sample, VLA observations and data reduc-
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tion procedures can be found. To compare fairly with IR observations of these systems
taken with Spitzer and Herschel, we used the A-configuration S-Band (3 GHz), and
C-configuration Ku- (15 GHz) and Ka-Band (33 GHz) observations from GOALS-ES,
which have native synthesized beam FWHM of ~ 07.6,1”.5 and 0.6 and with a
largest angular scales of ~ 10” (using conservative estimates based on the 5 per-
centile of the uv distance)'. At the distances of these local U/LIRGs (~ 100 Mpc),
these observations are probe radio emission down to ~ 1kpc scales, but will likely

miss most flux from diffuse emission beyond ~ 10kpc.

5.2.2 IR observations

All galaxies observed with the GOALS-ES have ancillary MIR and FIR imaging
from GOALS. In particular, we use the processed 24um Spitzer/MIPS images from
Mazzarella et al. (in prep) and 70 and 100pum Herschel/PACS images from Chu et al.
(2017). Information on the relevant observations and data reduction are provided in
the respective survey papers. We also converted the Spitzer images to units of Jy

pixel™ to be consistent with the Herschel images.

5.3 ANALYSIS

5.3.1 Resolution-Matching & Image Alignment

To prepare for matched-aperture photometry and analysis, we first matched the
resolution of all radio and IR images to a FWHM of 77, which is slightly larger the
PSF of the 100um Herschel images (6”.8 Chu et al., 2017). For the VLA images
from GOALS-ES, this is done using the Common Astronomy Software Applications

(CASA; McMullin et al., 2007) with the task imsmooth by setting the target resolu-

LALMA Cycle 4 technical handbook: https://almascience.nrao.edu/documents-and-
tools/cycle4/alma-technical-handbook
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tion to a Gaussian beam with the FWHM of both the major and minor axis at 7”.
For the IR images, we utilized the kernel convolution IDL code and custom kernels
provided by Aniano et al. (2011)?, and convolved the Spitzer and Herschel images
with respective custom kernels with FWHM of 7”.

Due to the different instrument properties, the resulted smoothed images do not
always align with each other, which could bias the radio-IR comparison. To ensure
that matched-aperture photometry can produce robust measurements, we also per-
formed image registration and alignment on the radio and IR images for each U/LIRG
system in the sample, using the Python package image_registration®, which is a
toolkit for registering images of astronomical images containing primarily extended
flux (e.g., nebulae, radio and millimeter maps). We visually inspected the aligned
images after each run to ensure that no mismatch between the images have occurred
and the aligned emission across the different frequencies and wavelengths indeed come

from the same emitting galaxy structures.

5.3.2 Region Identification & Aperture Photometry

To perform matched-aperture photometry for measuring the radio and IR emis-
sion of the various galactic structures observed in local U/LIRGs in the sample, we
first used the Python package Astrodendro (Robitaille et al., 2019) to identify regions
of significant radio emission in the smoothed 7’ resolution VLA images for each sys-
tem. Because the VLA observations have short integration times and have limited
sensitivity, selecting regions using the radio observations ensures good detection in
both radio and IR. Further, these radio observations also capture the most energetic
activity in these systems, therefore the FRC derived from these radio regions would

help evaluate whether and how the FRC changes under extreme physical conditions

Zsee https://www.astro.princeton.edu,/ draine/Kernels.html
3https://github.com/keflavich /image _registration
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when compared to those observed in nearby normal galaxies that are forming stars
at slower rates.

Astrodendro identifies and categorizes structures in an image into trunk, branch
and leaf, based on three input parameters: the minimum brightness required for a
structure to be physically meaningful (min_value), the minimum number of pixels in
a structure (min_npix), and the minimum brightness relative to the local background
required for a structure to be considered independent (min_delta). Structures iden-
tified as leaf are of the highest hierarchical order, while branch and trunk are the
surrounding relatively diffuse emission.

To ensure that we only identify physically meaningful structures, we ran Astroden-
dro on beam-matched 3, 15 and 33 GHz images of each system with min_value= 50y
and min_delta—=10,, where o,,s is the rms noise measured in an emission-free re-
gion of the smoothed image without primary beam correction. We follow Song et al.
(2021) and set min_npix to be a quarter of the area of the synthesized beam, to
avoid identifying noise spikes yet allowing detection of slightly unresolved regions.
Despite that we detected diffuse emission that encompass trunk, branch, and leaf
structures in several systems, we restrict region identification to only leaf structures
as measurements of the branch and trunk structures likely miss significant amounts
of flux due to the limited LAS of the radio observations (~ 10”).

For each identified region, Astrodendro also calculates the region location, sizes
(major and minor axis) and position angle assuming an elliptical morphology. In most
cases, the same regions are identified across 3, 15 and 33 GHz, and we then used the
information from Astrodendro to construct matched elliptical apertures for measuring
the radio and IR flux of each identified region on beam-matched VLA, Spitzer and
Herschel images of the same system. In cases where some regions are not uniformly

identified across the different radio frequencies due to intrinsic faintness at a certain
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frequency, we generated apertures from all regions identified at each radio frequency
to ensure to include regions with unusual 3 - 33 GHz spectral shapes. The aperture
major and minor axis were set to be the FWTM (Full Width Tenth Maximum) of
the ellipses calculated by Astrodendro with a minimum major and minor axis set to
77 and to 9.57 at maximum. This is to ensure that the apertures do not measure
flux within the smoothed beam or beyond the LAS of the observations (10”). Once
apertures are generated, we performed aperture photometry using the same apertures
on all beam-matched and aligned radio and IR images of a given system in the sample
using the Python package photutils (Bradley et al., 2022) to measure flux densities
of the region at 3, 15, 33 GHz and 24um, 70pm and 100um in a common unit of Jy.
Figure 5.1 shows two examples of the apertures generated via the process described

above.

5.3.3 Radio Spectral Index and Spectral Fitting

The above measurements also allow us to characterize the radio spectra of the
most energetic regions in local U/LIRGs in the sample, and to derive the relative
contribution of thermal free-free to non-thermal emission at each radio frequency for
a given region. For each region, we used two methods to characterize the observed 3
— 33 GHz spectrum:

First, we calculated the 3 — 15 GHz, 15 — 33 GHz and 3 — 33 GHz spectral indices
(cv3_15, 15-33, 3—33) based on the the measured 3, 15 and 33 GHz flux densities on

~ 77 scales (see previous Section), defined as:

_log S, —log S, (5.1)
~ loguy — log i, '

&Vl_VQ
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Figure 5.1: Examples of apertures generated from matched-resolution radio and IR
images, for IRAS F09111-1007 (upper) and NGC 3110 (lower). For each system, the
top row displays in orange the IR images from Spitzer (24um) and Herschel, and
the bottom row displays in blue the radio images from VLA (3, 15, 33 GHz). All
images are convolved to a common Gaussian beam of 7" (indicated with red hatched
circles), set by the native resolution of the Herschel 100um images (Chu et al., 2017).
Apertures are labeled by increasing declinations.
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where v and vy are two different observing frequencies. Uncertainty of « is calculated

via error propagation, accounting for uncertainties in flux density measurements.
Second, we directly fitted the measured flux densities at 3, 15, 33 GHz with a para-

metric function that represents the sum of two power-law components: the optically-

thin thermal free-free and and non-thermal emission, defined as:

S, = Seyn + Sg = Av™ 0% 4 By~ (5.2)
where Sg oc v~ %! represents the optically-thin thermal free-free component, and
Seyn o v~ "% represents the non-thermal component, where we assume an non-

thermal spectral index of —0.85, following resolved measurements in nearby galaxy
NGC 6946 (Murphy et al., 2011b). We performed least square fitting accounting for
uncertainty in the flux density measurements using the optimize.curve_fit func-
tion from Scipy (Virtanen et al., 2019), and the best-fitted parameters, A and B,
hence providing a prescription for estimating the relative contribution of thermal and
non-thermal component at any radio frequency for a given region.

Because our radio observations reach much higher native resolutions (FWHM
~ 1”) compared to the existing IR observations, we can analyze the resolved 3 —
33 GHz radio spectral properties of compact radio-emitting regions at much smaller
scales. To do this, for each system in the sample we also performed the region iden-
tification and matched-aperture photometry procedures, as described in the previous
Section, on 3, 15 and 33 GHz images matched to a common largest circular beam of
~ 2" (determined by the 15 GHz images which have the largest native synthesized
beams). We then repeated the procedures above to calculate the spectral indices and
performed spectral fitting using these new measurements made with smaller apertures

(with a minimum size set to the FWTM of the common Gaussian beam shared by the
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Figure 5.2: Examples of apertures generated from matched-resolution radio images,
for IRAS F09111-1007 (upper) and NGC 3110 (lower). For each system, the radio
images from VLA (3, 15, 33 GHz from left to right) are displayed in blue. All images
are convolved to a common circular Gaussian beam of 77 (indicated with red filled
circles), set by the native resolution of the 15 GHz images (see Chapter 2). Apertures
are labeled by increasing declinations.

resolution-matched radio images). Figure 5.2 shows two examples of the apertures

made from the beam-matched VLA images.

5.4 RESULTS

In total, we identified and performed aperture photometry as described above for
87 regions at 7" and 127 regions at ~ 2", with 80 regions having complete measure-
ments across all radio and IR frequencies/wavelengths at 7”. All regions are fur-
ther classified into “AGN” (AGN-dominated nucleus), “Jet” (AGN jet),“AGN/SBnuc”

(AGN-starburst composite nucleus), “SBnuc” (starburst-dominated nucleus), “SF”
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(star-forming region) and “Bg”(background galaxy) based on classification schemes
described in Chapter 4. The only exceptions to the current classification schemes are
the regions along the ionized bubbles surrounding the double AGN in NGC 6240 (see
Figure 2.47 in Appendix), which have been previously studied at various wavelengths
(e.g. Medling et al., 2021) but to our knowledge have not been captured in the radio
at such high frequencies. This is also the only system in the sample where we see
the ionized wind bubbles from the intense starburst/AGN activity at the targeted
frequencies (3 - 33 GHz). Therefore we classified these regions in NGC 6240 as “wind”
but excluded them from analysis in the work for simplicity. Results from aperture
photometry and spectral analysis at 77 and ~ 2" are reported in Table 5.2 and 5.1

respectively, including region classification.

5.4.1 3 — 33 GHz Spectral Indices

In Figure 5.3 and 5.4 we show the distributions of as_ 15, a15_33 and as_33 for
all regions characterized at ~ 2” and 7” respectively, which have median values of
15 ~ —0.65 4 0.11, g5 33 ~ —0.50 + 0.23 and az_s3 ~ —0.60 & 0.11 at ~ 2", and
ag_15 ~ —0.64 £0.11, ay5_33 ~ —0.55 £ 0.16 and ag_33 ~ —0.62 £ 0.08 at 7".

As shown in Figure 5.3, a3_15 spans a broader range compared to as_33 and
a15_33, which are mainly due to the larger variations among “SF" regions. Overall,
as3_15 and ag_33 mostly follow the 1:1 ratio line for all region types, which is expected
from spectra with no curvatures. However, ay5_s3 is consistently flatter (larger) than
az_15 and ag_33 for “SBnuc" and especially “SE” regions, indicating spectral flattening
towards 33 GHz from 15 GHz in these regions. The median ay5_33 are ~ —0.454+0.12
and ~ —0.26 £ 0.15 for “SBnuc” and “SF”, which are significantly higher than those
of “AGN” and “AGN/SBnuc”, with ay5_33 ~ —0.67+£0.12 and ay5_33 ~ —0.65 +0.13,
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respectively.

At 7" measurements, the above trends remain but the number of “SF” regions
that can be directly measured are significantly reduced due to the larger beam and
measurements also have larger uncertainties due to the inclusion of more background
noise. The effect of beam dilution can be observed more directly in Figure 5.5 where
we show the median 3 — GHz spectrum for each region type measured at both 7 and
~ 2" mnormalized by 15 GHz flux density. While “SF” regions have flattest median
spectra in both plots, the spectral curvature is more prominent at ~ 2”, where we also
see the distinction between “SF” and “SBnuc”. However, while all region types show
similar 3 — 15 GHz median spectra at 2”, the median spectra of “SF” and “SBnuc”

also become flatter than those of “AGN” and “AGN/SBnuc”.

5.4.2 33 GHz Thermal Fractions

Studies of nearby normal star-forming galaxies and starbursts show that radio
continuum emission at 33 GHz is largely dominated by thermal free-free emission
from HII regions, which makes the 33 GHz radio continuum an excellent tracer of
recent star formation (Murphy et al., 2011b, 2012; Linden et al., 2020). Using the
best-fitted parameters acquired from Equation 5.2 from §5.3, we can estimate the
fractional contribution of thermal free-free emission at 33 GHz, fi, by calculating the
ratio Av=%1/(Av=0! + By=085). The distributions of the resulted fi' are reported
in Table 5.1 and 5.2 for the 2” and 7” measurements respectively, and shown in Fig
5.6. As shown in Figure 5.6, while “SF” regions have the highest fit all region
types span the full range in thermal fraction, from 0 — 100%. At 2”, the median fif
is 53 & 15% for all regions combined, and 41 £ 15%, 40 = 10%, 57 £+ 8% and 61 £ 14%
for “AGN” “AGN/SBnuc” “SBnuc” and “SF” regions. At 7", the median value is
54 £ 16% for all regions, and 42 £ 21%, 43 + 10%, 60 & 9% and 67 £ 10% respectively
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Figure 5.3: Comparison between radio spectral indices measured at ~ 2" between
3 — 15, 15 — 33 and 3 — 33 GHz, shown in grey for all regions. Values for “AGN”,
“AGN/SBnuc”, “SBnuc” and “SF” are shown separately from left to right. The distri-
butions of the spectral indices are shown on the right-most panels. Dashed grey line
in each plot mark the 1:1 ratio (i.e. no spectral curvature), and colored dash lines
mark the median values for the respective region types. Spectral index between 15 —
33 GHz shows the most variation among the sample, and “SBnuc” and “SF” exhibit
significant spectral flattening towards 33 GHz.
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~ 2" (right) for different regions types. Flux densities are normalized by the brightest
15 GHz flux density measured among all regions. Spectral flattening towards 33 GHz
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for “SE” and “SBnuc” are more prominent at ~ 2” than at 7”.
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Figure 5.6: Thermal fraction at 33 GHz derived from spectral fitting, fit, assuming a
two component power-law model with non-thermal spectral index set to -0.85, based
on measurements at 7 (left) and ~ 2” (right). Distributions for all regions are shown
in grey, with those for each region type separately shown in color. While “SF” regions
have the highest fitted 33 GHz thermal fractions, all region types span the full range
of thermal fractions from 0 — 100%.
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for “AGN” “AGN/SBnuc” “SBnuc” and “SF” regions. These values derived for the
“SF” are consistent with previous estimates made by Linden et al. (2019) on a subset
of the current dataset.

Additional to spectral fitting, as a comparison, we also derive alternative estimates
for the 33 GHz thermal fraction directly using the measured 15 - 33 GHz spectral index

a15-33 (see Section 5.3), and Equation (11) from Murphy et al. (2012):

() -(2) s
- ()

where we set the spectral index a between vy and v, (33 and 15 GHz) to be our

measured aq5_33, and use error propagation to derive the uncertainties associated
with flux calibration and image noise levels. The derived values for f;;, are restricted
to within 0 — 100% to be physically meaningful. At 2”, the median f, is 55 & 29%
for all regions combined, and 30 & 19%, 33 4 20%, 59 4= 20% and 84 4= 15% for “AGN”
“AGN/SBnuc” “SBnuc” and “SF” regions. At 7", the median fy, is 48 + 22% for
all regions combined, and 33 &+ 21%, 37 4 18%, 63 + 15% and 71 £ 14% for “AGN”
“AGN /SBnuc” “SBnuc” and “SF” regions. Compared to results from spectral fitting,
the values for “AGN”/“AGN /SBnuc” are slightly lower and values for “SF” are slightly
higher but overall agree within uncertainty. These results are in agreement with
estimates previously made in Linden et al. (2019) and confirm that star-forming
regions and nuclei in local U/LIRGs are dominated by thermal free-free emission at

33 GHz.

5.4.3 IR-Radio Correlations

In Figure 5.8 we compare flux measurements made at 3, 15 and 33 GHz from our

VLA observations with those at 24,70 and 100um from Spitzer and Herschel obser-
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Figure 5.7: Thermal fraction at 33 GHz derived from 15 — 33 GHz spectral indices,
fin, assuming a two component power-law model with non-thermal spectral index set
to -0.85, based on measurements at 7" (left) and ~ 2" (right). Distributions for all
regions are shown in grey, with those for each region type separately shown in color.
While “SF” regions have the highest fitted 33 GHz thermal fractions, all region types
span the full range of thermal fractions from 0 — 100%.
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vations using matched apertures. We can see that the radio and IR flux densities
are well correlated with each other across all frequencies/wavelengths. After exclud-
ing “AGN” regions, the Pearson coefficients for these correlations are all 2 0.6 with
p—values close to 0, meaning that all observed correlations are statistically-significant.
The strongest correlation is seen between the radio flux densities and the 70pum flux
density, the 100um flux density shows the weakest correlation with the radio flux den-
sities, especially with 33 GHz flux density. The derived linear relation between 24pm
and 33 GHz flux density measurements is also consistent with results from Murphy

et al. (2012) based on resolved measurements in nearby normal star-forming galaxies.

5.5 DISCUSSION & CONCLUSION

5.5.1 Resolution effect on the observed 3 — 33 GHz spectral
shape

As shown in Figure 5.3 and 5.4, spectral indices measured between 3 — 15, 15 — 33
and 3 —33 GHz for “SF” and “SBnuc” are flatter than “AGN” and “AGN/SBnuc” re-
gions, indicating more dominant contributions from thermal free-free emission across
3 — 33 GHz. However, measurements made with apertures with larger physical sizes
could include more diffuse emission that is dominated by synchrotron emission from
cosmic-rays that have traveled away from their birth sites. To investigate whether
beam dilution may be biasing our results, in Figure 5.9 we show the calculated spectral
indices based on photometry performed at ~ 2” with respect to the physical diam-
eters of the apertures used for photometry. We can see that “SF” are all measured
with apertures smaller than 5kpe, while “AGN” and “AGN/SBnuc” are measured

with apertures from < 1kpc to over 10kpc. This means that “SF” are identified in
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Figure 5.8: Correlation between radio (3, 15 and 33 GHz from left to right) and
IR (24, 70, 100pum from top to bottom) flux density measurements at 7", shown in
grey for all regions and in color for different region types. The fitted slope m and
intercept b of each linear relation, as well as the Pearson correlation efficient r are
displayed on the lower right corner of each panel. All correlations between radio-IR
flux measurements are statistically-significant, with p ~ 0. Radio flux measurements

show strongest correlation with 70um flux measurements for non-AGN regions in
local U/LIRGs in the sample.
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the more nearby systems in the sample, where emission from star-forming regions
can be isolated from the typically brighter nuclear emission. The uncertainties of
the spectral indices for “SEF” regions are also larger compared to other region types,
which is likely introduced by the brighter diffuse emission from spiral arms or tidal
tails where these star-forming regions are located. However, “SEF” and “SBnuc” overall
do have flatter spectral indices compared to “AGN” and “AGN/SBnuc” regions that
are measured on similar physical scales, which means that “SF” and “SBnuc” regions
in these local U/LIRGs intrinsically have flatter 3 — 33 GHz radio spectra compared
to “AGN” and “AGN/SBnuc” regions. At 1 — 10kpc scales, the spectral indices of
the “AGN” and “AGN /SBnuc” are relatively constant at ~ —0.7. In comparison, the
spectral indices for “SF” and “SBnuc” have larger scatter, potentially reflecting the
different timescales of the starburst activity among these regions, as demonstrated
in Linden et al. (2019). The 15 — 33 GHz spectral indices of “SF” and “SBnuc” are
particularly flat, as also illustrated in Figure 5.5. These results confirm that the
flatter 3 — 33 GHz radio continuum spectra of “SF” and “SBnuc” regions are driven
by high contribution from thermal free-free emission, especially at 33 GHz, instead of
flattening of intrinsic non-thermal spectra.

Meanwhile, as shown in Figure 5.5, the larger aperture sizes used at 7" resolu-
tion may have introduced more diffuse non-thermal emission into the measurements
of “SF” and “SBnuc” regions, hence the spectral flatness at 15 — 33 GHz is reduced
relative to that observed at ~ 2”. However, the 3 — 15 GHz median spectrum for “SF”
becomes flatter at 7" relative to at ~ 2”, which is contrary to our expectation that
larger apertures dilute the thermal free-free contribution. A possible explanation for
this is that the “SE” regions identified are surrounded by more regions of massive
star formation that are either fainter or smaller which contributes to maintaining

a relatively high level of thermal free-free emission and relatively flat spectra when
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Figure 5.9: Radio spectral indices measured between 3 — 15, 15 — 33 and 3 — 33 GHz
vs. linear diameter of the aperture used for photometry at 2”. Region symbols are
the same as in Figure 5.8. Spectral indices for “AGN” and “AGN/SBnuc” regions,
which are measured with apertures with diameters of 1-10 kpc, are relatively constant
at ~ —0.7, while those for “SF” and “SBnuc” are flatter and with larger scatter. The
15 — 33 GHz spectral indices of “SF” regions are the flattest.

measured with larger apertures. In this scenario, for 3 - 15 GHz to be noticeably
flatter when measured on larger scales, many of the identified “SF” regions would also
likely to have gone through relatively recent starburst activity, with the cosmic rays
produced in supernovae still close to the birth sites. This is also consistent with the
overall flatter 15 — 33 GHz spectra of the “SF” regions.

In summary, beam dilution could reduce the estimated thermal emission at 33 GHz
for “SF” and “SBnuc” regions, but their overall 3 — 33 GHz spectral shapes would re-
main relatively flat compared to “AGN/SBnuc” and “AGN” regions up to ~ 10kpc
scales.

Several “SF” and “SBnuc” regions (in IC 2810, NGC 6926, IRAS 0544241732 and
CGCG 468-002) show 15 — 33 GHz flatter than 0, suggesting rising spectra towards
higher frequencies. This may be caused by spinning dust in highly embedded star-
forming regions (Murphy et al., 2020) or high electron opacity. Follow-up observations

with ALMA at ~ 100 GHz will aid in revealing their nature.
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5.5.2 IR-Radio correlations

As shown in Figure 5.8, using the observed radio-IR correlations to identify AGN
is not straight-forward, as many “AGN” lie on or very close to the “SF” and “SB-
nuc” regions. However, deviations of “AGN” regions from the correlations are more
noticeable at far-IR wavelengths (70, 100um) instead of mid-IR (24um), and at 3
and 15 GHz instead of 33 GHz at 7”. This suggests that at least on 10kpc scales,
these “AGN” are more dominated by non-thermal emission and do not contribute
significantly to cool dust emission. For the other “AGN” and most “AGN/SBnuc”
regions that follow the observed correlations, their emission may be dominated by
star formation rather than AGN activity. It is also possible that some of these nuclei
with higher radio and IR flux densities may host heavily obscured yet powerful AGN
or starbursts that produce high level of radio emission as well as cool dust emission
due to green house effect (Gonzalez-Alfonso & Sakamoto, 2019).

Given the observed radio-IR correlations among non-AGN regions, we can also
estimate how much of the total SFR of these local U/LIRGs, as traced by their total
IR luminosities, are recovered by the star-forming regions detected in our radio ob-
servations. To do this, we use the 33 GHz flux measurements given that the 33 GHz
continuum is dominated by thermal free-free emission for “SF” and “SBnuc” regions,
as discussed in the previous section. Using the sum of the 33 GHz continuum flux
densities for non-AGN regions identified and measured in individual systems, we can
calculate their combined SFR using Equation (10) from Murphy et al. (2012), account-

ing for both thermal free-free emission from HII regions (< 10 Myr) and non-thermal
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synchrotron emission from supernovae (~ 10-100 Myr):

<Mif;lj—l) =107% [2.18(13:5}{)0-45((};2) _0_1+
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where a Kroupa Initial Mass Function (IMF) and continuous and constant star-
forming history over 100 Myr is assumed. In Equation 5.4, L, is the spectral luminos-
ity at the observed frequency v, given by L, = 4w D3 S,,, where S, is the measured flux
density. Here adopt an electron temperature 7, = 10* K and a non-thermal spectral
index oNT = —0.85, following the previous Chapters. If we only consider the thermal

free-free emission from young massive stars, Equation 5.4 becomes (Equation 6 in

Murphy et al., 2012):

SFRy, ol T. 045, p 01
— 4.6 % 10 (—) ( )
(M@yrl > X 104K GHz

(L) (5.5)

ergs—1Hz—1

where LT = f, L, is the thermal-only spectral luminosity. For regions with fy, ~
100%, thermal emission from young massive stars completely dominates the radio
continuum, and LT ~ L,. For fi, ~ 0%, SFRy, ~ 0 Moyr—t.

In Figure 5.10 (top) we show the ratio between the summed SFR derived from
the 33 GHz radio continuum flux density from non-AGN regions measured at 7" and

the total SFR derived from the total IR luminosity of the host galaxy, as given by

SFRig = 3.15 x 107" Lig ¢ (5.6)

=3.15 x 107" Lir(1 — fagn) (5.7)
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which is a modified version of Equation (15) in Murphy et al. (2012), accounting for
the AGN contribution to the total IR luminosity, fagn, as estimated by Diaz-Santos
et al. (2017) using MIR diagnostics. As shown in Figure 5.10 (top), the fraction of
total SFR recovered by the 33 GHz continuum emission from all non-AGN regions
in a galaxy span a wide range from 10 — 80%, with a median recovery rate of 41%
for total 33 GHz continuum emission and 28% for thermal-only 33 GHz emission for
LIRGs, and 32% and 10% For ULIRGs, though there are fewer data points from
ULIRGs. For LIRGs, especially those with Lig < 10'5L,, the recovery rate has the
largest scatter. Because we are only measuring the brightest radio regions at 7”, the
low recovery rate at low IR luminosity is likely due to the fact that star formation is
widespread in these systems such as in extended dusty spiral arms and disks, which
are not captured by our radio measurements. The high recovery rate in some low
luminosity systems suggest that their obscured star formation is more concentrated.
At moderate IR luminosity (10"°L, < Lig < 10'2Ly), the recovery rate has the
highest median value, at ~ 45%, which likely reflect the overall compact morphology
of the star-forming activity in these systems. However, in ULIRGs where emission is
known to be compact, the 33 GHz does not recover well the total SFR traced by the
IR emission. One possibility is that AGN actually contributes to much higher level
of IR emission than previously estimated by (Diaz-Santos et al., 2017) using MIR
diagnostics. ULIRGs are more heavily obscured compared to LIRGs (Stierwalt et al.,
2013), and the MIR emission from a heavily obscured AGN could be absorbed and
re-emitted at longer wavelengths Gonzalez-Alfonso & Sakamoto (2019). In this case,
the AGN fraction of the system would be underestimated using MIR diagnostics, and
the total SFR would be over estimated, resulting low radio recovery rate. However,
it is also possible that we are missing extended emission from these systems due

to the limited LAS (10”) of our radio observations. Using VLA D-configuration
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observations with LAS as large as 22", Barcos-Munoz et al. (2017) showed that for 22
of the most luminous local U/LIRGs, SFRs derived from 33 GHz emission and total IR
emission are roughly consistent with one another. This effect of missing flux may also
explain the very low recovery rates in some low-luminosity systems. Additionally,
some “AGN” regions may account for significant fraction of star formation in the
host systems and excluding these regions would also lower the recovery rate in these
systems.

Given that we also have measurements of the mid- and far-IR flux densities of
individual radio regions, we can also directly compare the SFR derived from the
33 GHz continuum emission and those from the total IR luminosity extrapolated
from 24, 70 and 100pum flux densities for each non-AGN region. To do this, we
adopt the empirical calibration provided in Galametz et al. (2013) based on Spitzer
and Herschel measurements of 61 nearby galaxies (< 31 Mpc) from the KINGFISH

sample (Kennicutt et al., 2011) at the same wavelengths (i.e. 24, 70 and 100um):

Lig = 2.19240.114vL,, (24pm) 4 0.187 £ 0.0350 L, (70pm) + 1.314 4 0.0160/L,, (100m)

where Lig and vL, are in units of L;. The resulted Lig can then be converted to
SFRir using Equation 5.6. As shown in Figure 5.10 (bottom), for non-AGN regions
in our sample, the SFR derived from the 33 GHz continuum and those derived from
Lig are largely consistent with one another. This result confirms that the 33 GHz
radio continuum is indeed tracing the star-forming activities that are powering the

mid- and far-IR dust emission on 10 kpc scales.

In this study we have demonstrated that on kpc to 10kpc scales, star-forming

regions and nuclei in local U/LIRGs are dominated by thermal free-free emission at
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Figure 5.10: Comparison between star formation rates derived from 33 GHz radio continuum and
those derived from total IR luminosity. Top: Ratio between combined star formation rates derived
from 33 GHz radio continuum density measured at 7" resolution for non-AGN regions and total IR
luminosity of the host galaxy. Bottom: Star formation rates derived from 33 GHz radio continuum
and total IR luminosity for individual non-AGN regions, measured at 7" resolution. Values derived
from the total 33 GHz continuum are shown in grey, and those from thermal free-free component
are shown in pink. In both panels, values derived from the total 33 GHz continuum are shown in
grey, and those from thermal free-free component are shown in pink. Black dashed line mark the
1:1 ratio line. Overall, the 33 GHz continuum emission coming from non-AGN regions together
traces ~ 40% of the total SFR of the host galaxies. The recovery rate has a larger scatter among
LIRGs than ULIRGs. Values derived from the radio emission are consistent with those from total
IR luminosities.
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33 GHz, with significant spectral flattening near 33 GHz that is more prominent on
kpc scales. This confirms the utility of 33 GHz radio continuum as an useful SFR
tracer in the dusty environments of both local U/LIRGs and potentially their high-z
counterparts. We find that the combined SFR of the non-AGN regions as derived from
the 33 GHz continuum emission on 10kpc scales recover ~ 40% of the total SFR of
each host system as traced by their total IR emission, which is likely an underestimate
given the limited largest angular scales of our radio observations. Direct comparison
between SFR derived from the 33 GHz radio continuum and those derived from total
IR luminosity extrapolated from 24, 70 and 100um flux densities for individual non-
AGN regions yields consistent values. We also show that the radio-IR correlations
hold on 10kpc scales in these local U/LIRGs and that AGN is more easily identified
towards lower radio frequency and longer IR wavelengths, which extends the utility
of FRC as an AGN diagnostics to resolved scales. However, many known AGN also
fall on the radio-IR correlations, which necessitates the need for multi-wavelength
approach in identifying AGN in these systems. With upcoming observations from
the JWST, we will be able to investigate the relation between radio and MIR dust

emission on 100 pc scales.
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CHAPTER 6

SUMMARY

Using multi-frequency VLA radio continuum observations of a representative sam-
ple of local U/LIRGs from the GOALS Equatorial VLA Survey (GOALS-ES; Chapter
2), we have investigated the most energetic star-forming and AGN activity in these
most extreme star-forming systems on both ~100pc and kpc scales. As presented
in Chapter 5, we found that the ~kpc-scale radio emission from star-forming struc-
tures in these local U/LIRGs to be well correlated with MIR and FIR emission as
observed by Spitzer and Herschel, which extends the correlations widely-observed on
unresolved scales and confirm that both radio and IR emission from these structures
are tracing massive star formation. This is directly supported by the fact that the
same structures have relatively flat 3 — 33 GHz radio spectra, with prominent spectral
flattening towards 33 GHz, indicating that their 3 — 33 GHz radio continuum emission
contain higher contribution from thermal free-free emission from HII regions that be-
come dominant at 33 GHz.

Using the 33 GHz continuum as an extinction-free tracer of SFR, we characterized
the properties of four star-forming nuclear rings detected in the GOALS-ES and com-

pared them with those derived for five nuclear rings in nearby normal galaxies that
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have been observed in the Star Formation in Radio Survey (SFRS; Murphy et al.,
2018; Linden et al., 2020), in Chapter 3. We found that nuclear rings in these four
local U/LIRGs contribute more than half of the total SFR of the host galaxies as
traced by IR and UV emission, where in the normal galaxies the nuclear rings only
account for a moderate fraction of the total SFR. Due to the high resolutions of our
33 GHz observations, we were able to characterize the sizes and SFR of individual
star-forming regions in these rings on 100 pc scales. These regions not only have 10
times higher SFR relative to nuclear ring regions in the normal galaxies with similar
sizes, but their SFR surface density also rival star-forming clumps observed in lensed
high-z galaxies that have larger sizes.

Extending the ~ 100 pc-scale study to the entire GOALS-ES sample in Chapter 4,
we characterized over 100 regions of compact radio continuum emission at 15 and/or
33 GHz. After classifying these regions into different types based on multi-wavelength
AGN identifications of the host galaxies based on the literature, we found that AGN-
dominated and AGN-starburst composite nuclei in local U/LIRGs have up to 3 dex
higher 33 GHz luminosity and surface density relative to starburst-dominated nuclei
and star-forming clumps. Comparisons with models for radiation pressure supported
starbursts (Thompson et al., 2005) indicate that such elevated 33 GHz emission in
the former could be associated with intense nuclear starburst activity, but compar-
isons with X-ray and MIR AGN diagnostics measured on ~ kpc scales also indicate
AGN contribution, especially in nuclei with the highest 33 GHz luminosities. When
only focusing on the star-forming nuclei and clumps, we found their 15 — 33 GHz
spectra to be overall steeper than those in nearby normal galaxies identified in the
SFRS, possibly suggesting relatively lower contribution from thermal free-free emis-
sion. Nevertheless, the SFR and surface densities derived for these regions in local

U/LIRGs are ~ 100 times higher than those in normal galaxies, even after accounting
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for the comparatively low estimates for thermal contribution. Comparison between
SFR derived using thermal radio emission and NIR hydrogen recombination lines
yield largely consistent results considering dust extinction of the NIR emission, which
confirms the utility of thermal radio continuum emission as an extinction-free tracer

of recent massive star formation.

This dissertation has revealed the prevalence of extreme star-forming activity in
local U/LIRGs on the scales of giant molecular clouds, which are the fundamental
building blocks of star-forming galaxies. Much work remains to be done to better
understand what drives the molecular clouds in local U/LIRGs to form stars at rates
~ 100 times faster than those in nearby normal galaxies. Molecular gas observations
at matched resolutions with ALMA, NOEMA and the SMA will provide critical in-
formation on the temperature, density, kinematics and chemical composition of the
star-forming gas clouds in local U/LIRGs and shed light on this matter. The large
amount of available archival ALMA data already provides such opportunity, which
is further complemented by the public release of the Physics at High Angular reso-
lution in Nearby Galaxies (PHANGS) survey which have revealed the environmental
dependence of cloud properties in nearby normal galaxies (e.g. Sun et al., 2018, 2022).
Meanwhile, our studies also show that many local U/LIRGs host even more extreme
activity in their nuclei that may be powered by intense nuclear starburst at maximal
capacity and/or heavily-obscured AGN activity. These nuclei provide ideal oppor-
tunities for investigating the interplay between AGN and nuclear star formation in
the evolution of massive galaxies for both mergers and non-mergers. Follow-up VLBI
observations will be crucial for direct identification of AGN on 1 pc scales and iso-
lating its contribution to the observed radio emission from surrounding starburst.

Upcoming observations with the JWST will unveil the physical conditions of the
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dust, ionized and warm molecular gas at matched physical resolution with our radio
observations and allow us to study the effect of such intense nuclear activity on their

local environments, and subsequently the evolution of their host systems.
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