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Abstract

Luminous and Ultra-luminous Infrared galaxies (U/LIRGs) are one of the most
powerful classes of extragalactic objects in the local universe, and they provide a
unique opportunity to study star formation and feedback processes in extreme envi-
ronments. They are primarily observed to be interacting or merging disk galaxies.
During the interaction, large amounts of gas are funneled to the central few kpc, trig-
gering high star formation rates (SFR) and dust production. The absorption of UV
and optical radiation from stars, or active galactic nuclei (AGN), by dust produces
their observed high infrared luminosities.

The high level of dust obscuration intrinsic to U/LIRGs makes them difficult
to study. Radio interferometry is thus the perfect tool for revealing the nature of
these systems — it provides the high spatial resolution needed to resolve energetically
dominant regions in U/LIRGs at wavelengths that have both diagnostic power and
transparency to dust. In this thesis, 6 and 33 GHz radio continuum interferometric
observations with the upgraded Karl G. Jansky Very Large Array (VLA) are used to
study a sample of 22 local U/LIRGs.

First, a detailed analysis of the 6 and 33 GHz radio continuum emission from
the closest ULIRG, Arp 220, is presented. This late stage merger is highly obscured,
being optically thick even at mid-infrared wavelengths. Further, due to its extreme
environment, it is often used as a template for high redshift starbursts. Arp 220 hosts
two distinct nuclei that are separated by ~ 370 pc. The nuclei are well resolved with
the 33 GHz observations (i.e., with a spatial resolution of ~ 30 pc). The deconvolved
radii enclosing half of the total 33 GHz light are approximately 50 and 35 pc for
the eastern and western nucleus, respectively. Literature values of the gas mass
and infrared luminosity are combined with the 33 GHz sizes under the assumption
of co-spatiality to show that Arp 220 has one of the highest molecular gas surface
densities (Xpe ~ 10%3 (east) and 1057 (west) My pc2) and SFR surface densities
(Xspr ~ 10%0 (east) and 10*° (west) Mg yr—! kpc™?) measured for any star-forming
system. Despite these high values, the nuclei of Arp 220 are not maximal starbursts

(i.e., under the assumption that the main feedback mechanism is radiation pressure
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on dust). The small derived sizes for the nuclei indicate Arp 220 is only optically thin
in a narrow frequency range, ~ 5 to 350 GHz.

The analysis of a larger sample of 22 U/LIRGs at 33 GHz with the VLA is also
presented. It is found that, for most of these galaxies, the integrated radio flux
densities correlate well with those at infrared wavelengths, indicating these systems
follow the radio-IR correlation and that the emission at 33 GHz is primarily produced
by star formation activity. The radio emission from most of these galaxies are resolved,
with deconvolved half-light radii ranging from 20 pc to 1.7 kpc. Similar assumptions
for Arp 220 above are used here to estimate SFR surface densities of Ygpg from 10%°
to 10*° Mg yr~! kpe™? and molecular gas surface densities Y, of 10%° to 1057

Mgy pc2.

These values are among the highest values measured for any galaxies.
The star formation-gas scaling relation is used to compare the U/LIRGs with regions
within normal spiral galaxies. The presence of two “modes” of star formation is
inferred in the comparison, although this result is extremely dependent on the CO-
to-Hy conversion factor. The local U/LIRGs studied in this survey show high infrared
surface brightnesses, however 19 of the 22 sources are not maximal starbursts. Finally,
those targets showing the flattest 1.5-6 GHz spectral indices and the highest surface
brightnesses exhibit the strongest [C11] deficits, which supports the idea that deficit is
associated with the most highly obscured, high energy density star-forming regions.

In order to determine the true limit for star formation in galaxies (e.g., through
Eddington limit analysis), better measures of the gas content, opacity and velocity
dispersion of U/LIRGs are needed. The last study presented in this thesis is an anal-
ysis of the first high spatial resolution ALMA observations of the mm continuum and
dense molecular gas tracers in Arp 220. A spatial resolution of 30 pc is achieved using
the most extended configuration available in Cycle 3. An optically thin model of the
spectral flux density distribution is found to predict the continuum emission at 92
GHz, within the uncertainties of the measurement and accounting for extended emis-
sion that is potentially filtered out. At 92 GHz, the western nucleus is dominated by
dust emission, while the eastern nucleus by free-free emission. High critical gas den-
sity tracers HCN, HCO™, their isotopologues, and the shock tracer SiO are detected.

P-Cygni profiles are observed in the central beam of both nuclei, with a cleaner profile
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shape in the eastern nucleus. The western nucleus shows strong absorption in the
center, which makes determination of the profile line shapes more complicated. These
P-Cygni features indicate the presence of outflowing gas. The derived mass loading
factors are 18 (east) and 35 (west), which may be an indication that active galactic
nuclei help to boost the outflow mass rates. However, these numbers are strongly
dependent on the highly uncertain HCN-to-gas mass conversion factor and should
only be considered as upper limits. In addition to signatures of outflowing gas, clear

evidence of gas rotation in both nuclei are observed.
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Chapter 1

General Introduction

1.1 Importance of Major Merger-Induced Starbursts

Luminous and ultraluminous infrared galaxies (LIRGs: 10" < L;g [8-1000um] <
10*2, ULIRGs: L;g > 10'2) represent some of the most active systems in the local
Universe. These galaxies are powered by extreme star formation and active galactic
nuclei (AGN). In the local universe they are primarily triggered by galaxy interac-
tions and mergers (e.g., Sanders & Mirabel 1996, and reference therein). Their high
infrared luminosities are explained by the ultraviolet (UV) light emitted by the star-
burst, and/or AGN, being absorbed by obscuring dust and re-emitted at infrared
wavelengths. One example of these local U/LIRGs is the prototypical merger, Arp
220 (see Figure 1.1), where high dust obscuration blocks direct view of the energetic
nuclear regions.

Over the last two decades, U/LIRGs have been established as an important ex-
tragalactic population. The primary reasons are:

e U/LIRGs are essentially giant stellar nurseries - the entire molecular ISM of
the progenitor galaxies has agglomerated within the central few kpc of the merger,
igniting star formation rates (SFRs) up to two orders of magnitude higher than the
total SFR in our galaxy (e.g., Solomon et al. 1997; Downes & Solomon 1998; Evans
et al. 2002; Iwasawa et al. 2009).

e While their local space density is low, they become much more abundant with



Arp 220 system

nuclear disks

outer disk

Fig. 1.1.—: HST optical image of Arp 220 (0.4 and 0.8 pum in blue, courtesy of Aaron Evans) showing the
overwhelming amounts of dust present in this system (darker filamentary patches). 6 and 33 GHz continuum image of
Arp 220 overlaid in red and yellow, respectively (Credit: B. Saxton NRAO/AUI/NSF). Inset: schematic illustration
of the motion of the gas present in the nuclei of Arp 220 from Sakamoto et al. (1999).

increasing redshift (z). In fact, these systems become the dominant contributor to
the IR luminosity density at z > 0.5, where the bulk of the galaxy mass build-up
occurs (e.g., Le Floc’h et al. 2005; Magnelli et al. 2011). The extreme population of
merger induced starbursts is present across all redshifts. Indeed, the Submillimeter
Galaxies (SMGs), among the brightest systems in the universe, may be such systems
(e.g., Tacconi et al. 2008).

e A variety of different diagnostics are suggestive of the presence of AGN as a
significant energy source in the ultraluminous infrared galaxies (Petric et al. 2011;

Iwasawa et al. 2011), where the fraction of sources hosting an AGN increases with
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the IR luminosity (e.g., Veilleux et al. 1995, 1997; Kim & Sanders 1998), making these
systems ideal for studying the connection between AGN and starburst activity. This,
in addition to their high bolometric luminosities (comparable to optically selected
QSOs), opens the possibility of an evolutionary model connecting QSOs to ULIRGs
(Sanders et al. 1988b,a).

The extreme environments seen in these major mergers makes them ideal for
studying different mechanisms regulating the star formation rate and stellar clustering
in regimes very different from the Milky Way. The intense starbursts in these mergers
often occur in regions of a few hundred parsecs in size. The lack of high-resolution,
resolved maps of recent star formation, gas, and kinematics has limited our ability
to assess the properties of merger-driven star formation and feedback processes at
play. Examples of proposed theories of merger-driven star formation include radiative
feedback (Scoville 2003; Thompson et al. 2005), feedback from momentum-driven
winds (Murray et al. 2005), turbulence (Krumholz & McKee 2005a), and collisions
between bound structures (Tan 2000; Tan et al. 2009). The local surface density of

star formation is an important ingredient to tests of these theories.

1.2 The Power of Radio Continuum

Multiwavelength observations are a useful method to obtain crucial information on
the star formation distribution within these sources. Indeed, the process responsible
for the creation of their high infrared luminosities, the absorption of UV light by
obscuring dust have made them difficult to study at optical and UV wavelengths.
Further, while the bulk of their bolometric luminosity is observed at infrared wave-
lengths, infrared telescopes to date (e.g., IRAS, ISO, and Spitzer) have insufficient
resolution to resolve the energetically dominant regions of even the nearest U/LIRGs.
This constitutes a fundamental challenge to understanding these systems, because the
resolved distribution of activity (especially the star formation surface density, Yspg)
is a crucial property for both the appearance and evolution of these sources.

Radio continuum (RC) offers a powerful alternative to IR wavelengths for the

following reasons: a) the emission in the centimeter-to-millimeter wavelengths regime
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does not suffer extinction due to dust, b) the nature of the emission is a combina-
tion of free-free (produced by the acceleration of free electrons by the interaction with
ions in an ionized medium, such as ionized Hydrogen (HII) regions surrounding newly
formed stars), synchrotron (produced by the acceleration of ultrarelativistic electrons
by magnetic fields, such as in the envelopes of supernovae explosions) and thermal
dust radiation (see Figure 1.2 obtained from Condon (1992)). The first two processes
trace emission associated with star formation; and, ¢) unlike IR telescopes to date,
radio interferometers achieve high angular resolution (sub-arcsecond). Mapping the
RC emission from LIRGs at high resolution represents one of the only ways to assess
the true distribution of star formation on small angular scales in the presence of over-
whelming optical /IR extinction (see Figure 1.1). This has made radio interferometry
one of the best ways to study the structure of compact, embedded starbursts (e.g.,

see review by Lonsdale et al. 2006b).

1.2.1 The Drawback of Radio Continuum

Unlike infrared emission, RC is not a bolometric tracer. Radio carries away only
a small fraction of the total power from a starburst and is linked indirectly to star
formation by a complex string of physical processes (supernovae, cosmic ray electron
acceleration, photoionization, and B fields; see Condon 1992). Our confidence that
the RC traces star formation rests largely on an empirical correlation, the RC-far
infrared correlation. Most work on this correlation has been done for whole galaxies at
(only) one wavelength, ~ 20 cm (e.g., Condon et al. 1991a; Yun et al. 2001). However,
we know that the RC-IR relation exhibits complex environmental dependencies within
galaxies (e.g., Dumas et al. 2011; Tabatabaei et al. 2013) and that the radio spectral
energy distributions (SEDs) of starburst galaxies can be complex (Condon et al.
1991b; Clemens et al. 2010; Leroy et al. 2011; Murphy et al. 2013). This complicates a
simple interpretation equating monochromatic radio intensity with Ygpr and suggests
the need of a more sophisticated view of radio emission. This thesis is the best attempt

to date of a more sophisticated view.
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Fig. 1.2.—: Observed spectral energy distribution from a normal starburst galaxy, Messier 82, from Condon (1992).

Three main components contribute to the SED in the centimeter/millimeter regime, free-free (negative flat spectrum
shown by the dashed line), synchrotron (negative steep spectrum shown by the dotted-dashed line, and thermal dust
emission (positive steep spectrum shown by the dotted line). The circles show the observed flux density (y axis) at
different frequencies (x axis) and the solid line is the sum of the emission modeled by the three components.

1.3 Contents of This Thesis

This thesis is mainly focused on studying star formation, and the associated mech-
anisms, in a sample of U/LIRGs from the IRAS Revised Bright Galaxy Sample
(fooum 2 5.24 Jy; Sanders et al. 2003). This work makes use of the first high-
resolution multi radio frequency survey of U/LIRGs using the upgraded Very Large
Array. In Chapter 2, the results from a detailed analysis of this radio survey per-
formed on the prototypical U/LIRG, Arp 220, are presented. This Chapter was
published in the Astrophysical Journal in January of 2015. In Chapter 3, the high

spatial resolution results of the survey including the entire sample of local U/LIRGs is
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reported (22 systems in total). This Chapter will be submitted to the Astrophysical
Journal by the beginning of the Fall semester this year. In Chapter 4, the primary
focus is the dense molecular gas content in Arp 220 as seen by high spatial resolution
observations made with the Atacama Large Millimeter /submillimeter Array (ALMA)
in one of the first attempts to study the star-forming gas properties at 30 pc reso-
lution in this galaxy. Chapter 5 is a summary of the work done in this thesis and a
description of planned future efforts to understand star formation in local U/LIRGs.
For the presented work, I was in charge of the full data reduction and analysis of the
data, and the initial drafts of the Chapters were written by me. Finally, I was the PI
of the ALMA proposal which resulted in the Arp 220 dataset presented in Chapter
4.



Chapter 2

High-Resolution Radio Continuum

Measurements of the Nuclear

Disks of Arp 220



Abstract

We present new Karl G. Jansky Very Large Array radio continuum images of the
nuclei of Arp 220, the nearest ultra-luminous infrared galaxy. These new images
have both the angular resolution to study the detailed morphologies of the two nu-
clei that power the galaxy merger and sensitivity to a wide range of spatial scales.
At 33 GHz, we achieve a resolution of 07081 x 07063 (29.9 x 23.3 pc) and resolve
the radio emission surrounding both nuclei. We conclude from the decomposition
of the radio spectral energy distribution that a majority of the 33 GHz emission
is synchrotron radiation. The spatial distributions of radio emission in both nuclei
are well-described by exponential profiles. These have deconvolved half-light radii
(Rs0a) of 51 and 35 pc for the eastern and western nuclei, respectively, and they
match the number density profile of radio supernovae observed with very long base-
line interferometry. This similarity might be due to the fast cooling of cosmic rays
electrons caused by the presence of a strong (~ mG) magnetic field in this system.
We estimate extremely high molecular gas surface densities of 2.272% x 10° (east) and
45715 x 10° (west) My pce~2, corresponding to total hydrogen column densities of
Ni = 2.7727 x 10% (east) and 5.6%53 x 10% cm™? (west). The implied gas volume
densities are similarly high, ng, ~ 3.877§10* (east) and ~ 117;% x 10* cm ™ (west).
We also estimate very high luminosity surface densities of Yig ~ 4.275% x 10'3 (east)
and g ~ 9.7757 x 10'® (west) Lg, kpc™2, and star formation rate surface densities
of Ygpr ~ 103701 (east) and Ygpr ~ 1041%01 (west) Mg yr~! kpe=2. These values,
especially for the western nucleus are, to our knowledge, the highest luminosity sur-
face densities and star formation rate surface densities measured for any star-forming
system. Despite these high values, the nuclei appear to lie below the dusty Eddington
limit in which radiation pressure is balanced only by self-gravity. The small measured
sizes also imply that at wavelengths shorter than A\ = 1 mm, dust absorption effects
must play an important role in the observed light distribution while below 5 GHz free-
free absorption contributes substantial opacity. According to these calculations, the
nuclei of Arp 220 are only transparent in the frequency range ~ 5 to 350 GHz. Our

results offer no clear evidence that an active galactic nucleus dominates the emission



from either nucleus at 33 GHz.

2.1 Introduction

Starbursts induced by major mergers are among the most extreme environments in
the universe. Despite their prodigious luminosities, local merger-driven starbursts are
very compact, with most of their large gas reservoirs concentrated in dusty regions a
few hundred parsecs, or less, in size (e.g., Downes & Solomon 1998). Measuring the
compactness of these starbursts is critical to understanding these galaxies (e.g., Soifer
et al. 1999, 2000; Sakamoto et al. 2008; Diaz-Santos et al. 2013). Robust size mea-
surements allow us to translate luminosities into key physical quantities such as gas
column density, optical depth, volumetric gas density, and star formation rate and lu-
minosity surface densities. Although their luminosity renders them visible out to great
distances, the present-day rarity of major mergers means that even the nearest ultra-
luminous infrared galaxies (ULIRGs: defined as having Lig[8 — 1000um] > 10'% L)
are relatively distant (> 70 Mpc). Thus, measuring the true extent of their active
regions requires high angular resolution. The extraordinary extinctions present in
these systems at both long (from free-free absorption) and short (from dust opac-
ity) wavelengths complicate the interpretation of measurements at both wavelengths,
compounding the difficulty of measuring sizes for such systems.

Given the above considerations, radio observations at centimeter wavelengths may
be the best tool to study the deeply embedded, compact structures at the heart of
such systems (e.g., Norris 1988; Condon et al. 1991b). Radio interferometers can
achieve very high angular resolution and radio waves with v = 5 GHz can penetrate
large columns of dust and are largely unaffected by free-free absorption. The recent
upgrades to the Karl G. Jansky Very Large Array (VLA) make it particularly well-
suited for such studies. In this paper, we make use of these new VLA capabilities to
achieve the best measurement to date of the structure of the nuclear region of the
nearest ULIRG, Arp 220.

At a luminosity distance of 77.2 Mpc, and an infrared luminosity of Lig[8 — 1000um)]
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= 1.44 x 10" L', Arp 220 is the nearest ULIRG. CO and near-IR observations in-
dicate that Arp 220 is a gas rich merger with dynamical masses of ~ 10°Mg, within
~ 100 pc of each nucleus (Downes & Solomon 1998; Sakamoto et al. 1999; Genzel
et al. 2001; Sakamoto et al. 2008; Engel et al. 2011). Arp 220 is obscured at optical
through mid-IR wavelengths (Scoville et al. 1998; Soifer et al. 1999; Haas et al. 2001;
Spoon et al. 2007; Armus et al. 2007), obstructing the direct view of the nuclear
energy sources at these wavelengths. Observations in the frequency range where Arp
220 is optically thin have been able to resolve the system into two compact nuclear
disks (Norris 1988; Condon et al. 1991b; Downes & Solomon 1998; Sakamoto et al.
2008) and find disk sizes of ~ (/2. However, in each case the measured sizes remain
comparable to the size of the beam. VLBI observations at cm wavelengths by Smith
et al. (1998), Lonsdale et al. (2006a), and Parra et al. (2007) provide a higher resolu-
tion view, recovering a compact distribution of point-like sources that are proposed
to be a combination of radio supernovae (RSNe) and supernova remnants (SNRs).
However, these observations resolve out most of the emission from the disks. From
the above, it is already clear that the disks are very compact, implying extraordi-
nary volume densities and surface densities. The next step is to observe the disks
in the optically thin frequency range with resolution high enough to clearly resolve
them, and sensitivity to recover the full extent of the emission of the system at that
frequency range.

In this paper, we measure the structure of the Arp 220 nuclei with sensitive, high
angular resolution images obtained at 6 GHz and 33 GHz observed with the VLA.
Based on the integrated spectral energy distribution (SED) model of Arp 220 (see
Figure 10b in Anantharamaiah et al. 2000), the total continuum flux density at 33
GHz is a mixture of thermal and non-thermal emission with a ~ 1:2 ratio, while at 6
GHz this ratio is about 1:5. Observing at these two frequencies then helps us diagnose
the dominant emission mechanism at radio wavelengths in Arp 220. We first report

our observations, describe the calculations used to assess the disk structure, and then

Dy, from NED; Lig using Table 1 in Sanders & Mirabel (1996) and IRAS flux densities from
Sanders et al. (2003). However, note that the assumption of isotropic emission that leads to this
luminosity has some caveats (see Section 2.4.3 and 2.A).
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discuss the implications of our measurements. Throughout this paper, we adopt
Ho =73 km s7! Mpc™, Quacuum = 0.73, Quatter = 0.27 and Voptical = 5,555 km s
(after correction to the CMB frame), such that 1” on the sky plane subtends 369 pc
at the distance of Arp 220.

2.2 Observations

We observed Arp 220 using the VLA C (4-8 GHz) and Ka band (26.5-40 GHz)
receivers, recording emission in 1 GHz wide windows centered at ~ 4.7, 7.2, 29 and
36 GHz. We used all four VLA configurations with a total integration time ratio of
1:1:2:4 between D (lowest resolution), C, B, and A. The total on-source integration
time was 40 min at C band and 56 min at Ka band. We used 3C 286 as the flux
density and bandpass calibrator, and J15134-2338 and J15394-2744 as the complex
gain calibrators at C and Ka bands, respectively. The data were obtained in multiple
observing sessions during the period 2010 August 18 to 2011 July 2, with the C and
Ka band observations carried out in separate sessions. These observations are part of
a larger project; the lower resolution (C and D configuration) results are presented in
Leroy et al. (2011) and Murphy (2013), and the final results for the complete sample
will be reported in Barcos-Munoz et al. (in prep.).

We reduced the data using the Common Astronomy Software Application (CASA,
McMullin et al. 2007) package following the standard procedure for VLA data. Ra-
dio frequency interference (RFI) contaminating the C band was eliminated using the
task flagdata in mode rflag. The RFI at Ka band was negligible. After calibra-
tion, we combined the data from all configurations, weighting them in proportion
to their integration time per visibility (i.e., 10:5:2:1 for D:C:B:A). We then imaged
this combined data using the task CLEAN in mode mfs (Sault & Wieringa 1994), with
Briggs weighting setting robust=0.5. We combined all the data within each receiver
band and cleaned using components with a variable spectral index (nterms=2) to
obtain an interpolated image at an intermediate frequency (5.95 GHz for C band and
32.5 GHz for Ka band). Even after the initial calibration, we still observed phase

and amplitude variations with time. To improve the images further, we iteratively
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self-calibrated in both phase and amplitude and applied extra flagging during this
procedure as needed. The solutions for the amplitude self-calibration were carefully
inspected and accepted as long as the time variations in the amplitude gains for each
antenna were less than ~ 20%. We worked mostly with these “combined” images at
5.95 and 32.5 GHz, but we also separately imaged the two 1 GHz windows at C band
in order to derive a robust internal C band spectral index.

To check our results, we imaged the 33 GHz data separately for each VLA config-
uration. In this test, we primarily applied iterative phase self-calibration. Amplitude
self-calibration was applied (after ~ 3-5 iterations of phase self-calibration), but here
we only derived normalized solutions that cannot change the observed flux. During
this check, we also experimented with weighting the visibilities by the measured rms
noise in each data set (using the CASA task statwt). These tests revealed that the
combined A+B (two most extended) configurations recovered essentially all of the
flux in the data, agreeing with the C and D data in both flux and morphology when
convolved to matched resolution. The A configuration data alone recovered less flux
than the B configuration, consistent with some spatial filtering at this highest resolu-
tion. Further, the overall flux recovered agrees with an interpolation of the integrated
SED (Anantharamaiah et al. 2000). We proceed using the full combined image with
our confidence in the results reinforced by these tests; we verified that our fitting
yields consistent results using the combined image and the A+B configuration-only
image.

The clean restoring beam for the combined images has a FWHM of (/48 x 0735
(177 x 129 pc) at position angle (p.a.) of -40° at 6 GHz (C band), and 07081 x 07063
(30 x 23 pc) at a p.a. of 65° at 32.5 GHz (Ka band). The rms noise measured from
signal-free parts of the image is ~ 14 pJy beam™! (C) and ~ 23 uJy beam™! (Ka),
which is within a factor of two of the expected theoretical noise. The final dynamic
ranges of the images are ~ 5.2 x 10% and ~ 280, for C and Ka band.

When reporting the measured flux densities from the final images, we consider
three sources of uncertainty. First, we propagated the beam-to-beam noise (see above)
and found its effect to be negligible at both bands. Second, we assessed the impact

of the curve-of-growth technique used to measure the flux densities (see Section 2.3)
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by using the scatter of such a curve. This is also small, but larger for the individual
nuclei because they are not perfectly separable. Finally, we estimated the uncertainty
in the overall flux density calibration from the day-to-day variation of the flux density
of the complex gain calibrator. This scatter (rms) is ~ 12% at Ka band, making the
flux density calibration the dominant source of uncertainty at this band. At C band,
the scatter in the curves of growth and the variation in the flux density calibration
are comparable, i.e., ~ 1%. We sum all three uncertainty terms in quadrature and
report the combined value in Table 2.1. Note that in addition to these uncertainties,
the absolute flux scale used at the VLA is estimated to be uncertain by = 2%.

After reducing the data, we compared our 33 GHz image to VLA (Norris 1988;
Condon et al. 1991b), SMA (Sakamoto et al. 2008) and ALMA archival images (Wil-
son et al. 2014; Scoville et al. 2015). We found astrometric discrepancies of order (1
(i.e., 1-2 beams) and traced the origin of these to the adopted position of our 33 GHz
phase calibrator. When revised from the nominal VLA position to the position re-
ported in the VLBI calibrator catalog, the astrometric agreement between our image
and the other images improved to a fraction of a beam. For reference, in our data the
peak positions of the two nuclei at 33 GHz are agggg = 15234™57.291° + 0.003%(£0705),
2000 = 23°30'11”.34 40704 (east) and angep = 15734™57.2225 £ 0.0025(4=0703), dagp0 =
23°30'11”.51£0703 (west). We derive these position via a Gaussian fit (CASA’s imfit)
but they also closely coincide with the positions of the highest intensity pixel for each
nucleus. The uncertainties in the peak positions above may also be viewed as our
overall astrometric uncertainty, which we derive from the standard deviation between
the positions of the highest intensity pixels from our 6 GHz image and our shifted
33 GHz image, and the archival images from Norris (1988), Condon et al. (1991b),
Sakamoto et al. (2008), Wilson et al. (2014) and Scoville et al. (2015).

2.3 Results

In Figures 2.1 and 2.2, we present new VLA images of Arp 220 at 6 and 33 GHz
and the radial profiles of each nucleus at 33 GHz. Using these new data, combined

with a CO (3—2) integrated intensity (“zeroth moment”) map from Sakamoto et al.
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Fig. 2.1.—: (a) 33 GHz image (FWHM resolution of 077081 x 0”063, p.a. ~ 65°) with 6 GHz contours overlaid

(FWHM resolution of 0748 x 0735, p.a. = -40°).The contours are in factor of 2 step, with the outermost contour
corresponding to 12.5¢, where ¢ = 14 uJy beam™!, and enclosing 98% of the total flux density. In the lower left
corner, we show the FWHM of the clean beam for the 33 GHz (red) and 6 GHz (white) image. (b) The same 6 GHz
contours overlaid on the CO(3—2) integrated intensity map of Sakamoto et al. (2008) (FWHM resolution of 038 x
0728, p.a. &~ 23°). In the lower left corner, we show the FWHM of the clean beam for the 33 GHz (red) and CO(3—2)
(white) image.(c) A 33 GHz radio continuum image with its contours overlaid. The contours are in factor of 2 step,
with the outermost contour corresponding to 3¢, where ¢ = 23 uJy beam~!, and enclosing 97% of the total flux
density. (d) 33 GHz contours overlaid on a radio supernova (RSN) and/or supernova remnant (SNR) number density
map constructed using the point sources found by Lonsdale et al. (2006a). We clearly resolve structure surrounding
both nuclei and see a broad similarity between the radio continuum, gas traced by CO, and recent RSNe and/or
SNRs.

(2008), and positional information of point sources found by Lonsdale et al. (2006a),

we carry out a series of calculations to determine what mechanism is producing most
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of the radio emission, how radio emission traces recent star formation, and the true
sizes and shapes of the nuclear disks. In Tables 2.1, 2.2 and 2.3 we present the results

of these calculations.

2.3.1 Integrated Flux Densities and Spectral Indices

In Table 2.1, we report the flux density of the entire system, each nucleus, and the
resulting spectral indices. We used a curve of growth method to derive the flux densi-
ties. For the integrated flux density, we progressively (u,v) tapered and re-imaged the
data, recording the total flux density above a signal-to-noise of 5 at each resolution.
These flux densities agree with those measured from the imaging of individual arrays
(see Section 2.2). For the flux densities of the individual nuclei, we used CASA’s
imstat task to place circular apertures around each component, varying their radii.
We plotted the flux density against aperture radius and looked for convergence in this
curve-of-growth to identify the true flux density. We also independently measured
the integrated flux of the south-west component seen at C band (see top-left panel in
Figure 2.1), using an aperture in the CASA viewer, and found that it encloses ~ 3%
of the total 5.95 GHz flux density. The integrated flux densities at both frequen-
cies agree, within the reported errors, with predicted values based on the modeled
integrated SED published in the literature (e.g., Anantharamaiah et al. 2000).
Using these flux densities, we calculated the spectral indices, a for F,, oc ¢, of the

whole system and each nucleus via

log Fy — log Fy

= 2.1
logvy —logvy (21)

(05

where F; and F5 are the flux densities at frequencies v and 1. Equation 2.1 will
be valid for flux densities F; and Fy over matched apertures (or for integrated values

over whole systems).
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2.3.2 Comparison to Gas and Recent Star Formation

To assess the degree to which the measured sizes are characteristic of the whole
system, we compared our maps to known distributions of emission from gas and
recent radio supernovae and/or supernova remnants (RSNe/SNRs). In the top-right
panel in Figure 2.1, we plot C band contours over the CO (3—2) map of Sakamoto
et al. (2008) (restoring Gaussian beam with FWHM (738 x 0728 at a p.a ~ 23°).

The RSNe/SNRs trace recent star formation, and they can accelerate cosmic ray
(CR) electrons that emit synchrotron radiation. We built a map of RSN/SNR number
density from the locations of 49 point sources identified by Lonsdale et al. (2006a)
from 18 cm VLBI observations. On our 33 GHz astrometric grid, we convolved delta
functions with a fixed, fiducial intensity at the positions of the point sources with our
33 GHz beam?. In the bottom panels of Figure 2.1, we compare the 33 GHz map to
the distribution of recent RSNe/SNRs.

Note that although we use RSNe/SNRs as signposts of recent star formation, the
VLBI sources do not contribute significantly to the flux that we observe. For a typical
synchrotron spectral index oy 7_33gn, = —0.7, the Lonsdale et al. (2006a) RSNe/SNRs
would contribute 1.5 mJy at 33 GHz and 4.9 mJy at 6 GHz. This contribution would
only account for ~ 2.5 % of the total flux density that we observe with the VLA.
Even at 18 c¢m, the Lonsdale et al. (2006a) RSNe/SNRs have integrated flux only ~
12 mJy at 18 cm, or ~ 4% of the total flux density of Arp 220 at that frequency
(Williams & Bower 2010). This contribution is small compared to the 10% expected
fraction in normal spiral galaxies like M31 or the Milky Way (Pooley 1969; Tlovaisky
& Lequeux 1972). This difference is most likely due to free-free absorption at 18 cm
(see Section 2.4.3).

2.3.3 The Morphology of Arp 220 nuclei at 33 GHz

The smooth, ellipsoidal isophotes in Figure 2.1 suggest a disk-like geometry. We
modeled the 3 ¢ clipped image of Arp 220 at 33 GHz (outermost contour in bottom

2Lonsdale et al. (2006a) report offsets from the center of Arp 220, which we take to be azg00 =
15134m57.259%, 83000 = 23°30'11".409.
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left panel of Figure 2.1) using a 2-D non-linear least-squares fitting technique. After
experimenting with Gaussian, exponential, Sérsic and hybrid profiles, we found that
the two disks are reasonably described by thin, tilted exponential disks. We fit both
nuclei simultaneously by varying, without constraints, the amplitude, position angle
(p.a.), inclination, center, and scale length of each nucleus. Although the parameters
did not have constraints, the starting points were educated guesses of the final param-
eters. In each case, we construct the model image, convolve it with the synthesized
beam of our observations, and compare the model and observed intensities to derive
2. Note that the results for the inclination of the disks represent lower limits because
we assume thin disks.

The best fit parameters from the model fitting, along with associated uncertainties,
are reported in Table 2.2. In addition to deriving formal uncertainties, we gauge the
accuracy of our fit by varying our approach among several reasonable methods. For
example, we adopt a logarithmic, rather than linear, goodness of fit statistic and
we fit the radial profile rather than the image itself. These imply an uncertainty
of ~ 15% for the scale length and a few percent for p.a. and inclination. The
error in the normalization is dominated by our overall uncertainty in the amplitude
calibration (=~ 12%). As another point of comparison, we also report the results of
simple Gaussian fitting, although, we emphasize that the residuals are substantially

poorer for this approach at low and high radius.

From the exponential model, we obtain deconvolved scale lengths of 30 and 21 pc
for the east and west nucleus, respectively. Our results for p.a., inclination, and center
did not vary significantly with the choice of functional form. While the fits appear
to be good descriptions, they are not perfect. From the residual images, we found
that the western nucleus showed higher residuals in the disk than the eastern nucleus,
while the center of the eastern nucleus had higher residuals than the western nucleus.

Both nuclei are well resolved, showing significant extent compared with the syn-
thesized beam. The implied deconvolved half-light radii, Rsoq, are 51 and 35 pc,
respectively; that is, if viewed face-on, we would expect half the emission from Arp

220 to come from nuclear disks ~ 100 (east) and ~ 70 (west) pc across. In Fig-
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Table 2.1. Flux Densities and Spectral indices for Arp 220

Frequency Total East nucleus West nucleus
(GHz) (mJy) Integrated (mJy) Peak (mJy beam~1)® Integrated (mJy) Peak (mJy beam™1)?
4.7 2220+ 1.9 924 £ 2.1 61.8 £ 0.5 114.6 4+ 4.3 89.5 + 0.7
7.2 171.4 + 2.3 732+ 1.4 36.0 £ 0.4 89.5 + 1.4 60.4 £ 0.7
5.95 197.6 + 2.8 81.4 £ 2.8 49.0 + 0.7 94.3 +£ 1.7 733+ 1.0
32.5 61.8 £ 7.2 30.1 £ 3.9 4.1 £ 0.5 33.4 £ 4.0 6.5 £ 0.8
Spectral index
Q6—33GHz -0.69 £ 0.07 -0.59 £ 0.08 -0.61 £ 0.07
Qur—79GH, -0.61 + 0.04 -0.55 + 0.07 -0.58 =+ 0.09
Note. — For details on the calculations, see Section 2.3.1

aThe clean restoring beam FWHM is 0760 x 0743 at 4.2 GHz, 0738 x 028 at 5.95 and 7.2 GHz, and 0’081 x 07”063
at 32.5 GHz.

Table 2.2. Best-Fit Morphology for the Nuclei of Arp 220 at 33 GHz

Parameter East nucleus West nucleus
Deconvolved® Convolved? Deconvolved® ConvolvedP

Exponential Disk Model

Scale length (pc) 30.3 = 4.6 34.0 £ 5.1 21.0 £ 3.2 25.4 £ 3.8
Peak intensity (mJy beam™1) 6.0 £ 0.7 4.8 £ 0.6 13.4 £ 1.6 9.0 £ 1.1
Position angle (°) 54.7 £ 0.6 55.4 £ 0.6 79.4 £ 0.8 77.3 £0.8
Inclination (°) 57.9 +£ 0.6 55.4 + 0.6 53.5 £ 0.5 49.1 + 0.5
Rso (pe)* 50.8 + 7.6 57.0 + 8.6 35.2 + 5.3 42,7+ 6.4
Two Dimensional Gaussian Fitting
FWHM major axis (pc) 85.9 + 8.6 90.8 £ 9.1 63.7 £ 6.4 70.2 £ 7.0
FWHM minor axis (pc) 46.3 + 4.6 51.8 £ 5.2 38.0 + 3.8 44.7 + 4.5
Position angle (°) 56.0 £ 1.1 56.5 £ 1.1 78.7 £ 1.6 771 £ 1.5
Observed Half-Light Radius®

Rsosky (PC) 73.3 £ 7.5 45.5+ 3.7

Note. — The reported parameters were obtained by fitting a 2-D exponential and Gaussian

distribution, respectively. The quoted uncertainties reflect the systematic uncertainty from
varying the goodness of fit statistic or other methodology in the fit. In the case of the peak
intensity, the uncertainty is determined by the flux density calibrator error, 12%. In all
cases, the errors from the fit are negligible. For Arp 220 (d; = 77 Mpc), 10 pc = 0703 or
0”1 = 36.9 pc

aParameters that construct the best image, compared to the observed one, after convolving
the model with the reported clean beam (see Section 2.3.3 for details).

bBest fit parameters that reconstruct the observed image without accounting for the beam.

°Taking Rsosky = 1/As0sky /(7 cosi), where i is the inclination obtained from the expo-
nential disk model and Asosky is the observed area enclosing half of the total 33 GHz flux

density. The effects of the beam are not accounted for in this size metric.

*This is an analytical solution obtained by using the scale length parameter from the
model. We refer to the deconvolved column as Rgoq.-
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ures 2.1 and 2.2, we have also shown that the size measurement agrees with that
implied by the RSN/SNR distribution (Lonsdale et al. 2006a). In fact, Herrero-Illana
et al. (2012) derive scale lengths for the RSN/SNR distribution, from Lonsdale et al.
(2006a) and Parra et al. (2007), that are consistent with the results shown in Table
2.2.

The p.a.’s of the east and west nuclei agree well with those of the kinematic major
axes of the disks measured from sub-millimeter CO observations (Sakamoto et al.
1999, 2008), H I absorption observations from Mundell et al. (2001), and H53« radio
recombination line Rodriguez-Rico et al. (2005). The velocity gradients along these
position angles on individual nuclei have also been observed in the 2 pym Hy line
(Genzel et al. 2001) which traces hot molecular gas and 2.3 ym CO absorption (the
latter traces stellar velocities: (Engel et al. 2011)).

We performed two checks on the size measurements. First, as a point of com-
parison, we report in Table 2.2 a 2-D Gaussian fit to each nucleus at 33 GHz. We
obtained deconvolved FWHM sizes of (/23 x (/13 (86 x 46 pc?) for the eastern and
0717 x 0710 (64 x 38 pc?) for the western nucleus. These sizes agree fairly well
with previous, marginally resolved, estimates at other frequencies. Downes & FEckart
(2007) found a deconvolved major axis size of (/19 = 70 pc for the western nucleus
at 1.3 mm. Sakamoto et al. (2008) found major axis sizes of 0727 = 100 pc (FWHM,
east) and 0716 = 59 pc (FWHM, west) at 860 um. However, we show through radial
profiles (Figure 2.2) that the disks are better described by an exponential morphology.
In fact, the deconvolved Gaussian fit would underestimate the deconvolved half-light
diameter of the disks by 9 %(west) and 15% (east), if we account for inclination effect
in the gaussian fit, i.e, the deconvolved FWHM,,jor is smaller by ~ 9% and 15%
when compared to the deconvolved half-light diameter (2 x Rspq).

Second, we calculated the area on the sky containing half of the flux associated
with each nucleus. This very basic measure still suffers from beam dilution and
inclination effects, but provides a measure of size that is independent of the functional
form. We derived this image-based Aspsy, by identifying the isointensity contour that
encloses 50% of the total flux density of each nucleus. We summed the area of the

pixels (pixel size = 0702) enclosed within that contour and estimate the observed
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radius for i = 55.4° (east) and ¢ = 49.1° (west), and Rsosky = v/Asosky/ (7 cosi). This
is ~ 73 pc for the eastern nucleus and ~ 46 pc for the western nucleus. We report the
observed Rsosy values in Table 2.2. As with the Gaussian, the measured area shows
broad agreement with the exponential profile fitting, though differing in detail.

We created deprojected, azimuthally averaged radial profiles of 33 GHz intensity to
assess the accuracy of our models and compare the structure of the nuclei to that of the
RSN/SNR number density map. Assuming a thin tilted ring geometry, we calculated
deprojected profiles for the observed emission, the emission in the convolved model,
and the RSN/SNR number density map. In each case, the center of the profiles
correspond to the highest intensity pixel in the observed image for each nucleus. We
plot these profiles in Figure 2.2. We included only emission above a signal-to-noise
ratio of 3 and then averaged the intensity in a series of inclined, ~(0”035-wide (half
the clean beam size) rings, adopting the best-fit model inclination and p.a. from
our modeling (Table 2.2). Note that these rings oversample the ~ (707 beam, so
that adjacent bins in Figure 2.2 are not independent. We normalized the RSN/SNR
radial profile to match the 33 GHz profile at r =~ (0/09. The plotted error bars were
calculated from the standard deviation of the flux within each annulus divided by the
square root of the area in that annulus expressed in units of the beam size (i.e., the
number of independent beams).

In Figure 2.2, we show that the exponential model matches the data well for both
nuclei, matching slightly better for the western nucleus. Meanwhile, the Gaussian
profile is not as good as the exponential profile when compared to the observed data,
being particularly poorer in the outer parts of the disks. The linearity of the semilog
profiles also confirms (and motivates) our adoption of an exponential functional form.
The RSN/SNR radial profiles mostly follow the integrated radio emission profiles (and
thus also the model). The agreement is better in the western nucleus. The eastern
nucleus lacks a bright central peak and shows a somewhat more scattered distribution,
which could be caused by stochasticity and timescale effects; i.e., there just may not
be enough RSNe/SNRs visible to give a smooth appearance (compare to bottom
right panel of Figure 2.1 to see the clumpy nature of the SNe distribution). The same

idea applies for the outskirts of the western nucleus. In the rest of the paper, we
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will consider that the RSN/SNR number density distribution follow the continuum
emission observed at 33 GHz closely enough that we can take our measured 33 GHz

sizes as indicative of the distribution of active star formation in Arp 220.

East Nucleus of Arp 220 West Nucleus of Arp 220
10" T T T T T 10° T T T T T
— Gaussian beam — Gaussian beam
$—4$ Obs. 4% Obs.
$¢--¢ Exp. Model $¢--¢ Exp. Model
¢ ¢ Gauss. Model ¢¢ Gauss. Model
¢:¢ RSNe/SNR ¢:-¢ RSNe/SNR

Brightness (Jy/arcsec?)
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Fig. 2.2.—: Azimuthally averaged radial profiles for the deprojected image of the east nucleus (left) and west

nucleus (7ight) in semilog space. Blue solid curves are 33 GHz emission, and cyan dotted dashed line curves are the
RSN/SNR number density profiles scaled to match the 33 GHz radial profile at 0”09. Red dotted lines and green
dashed lines are the radial profiles of the exponential and Gaussian model images, respectively, convolved with the
beam. The black solid lines represent the Gaussian beam radial profile.

2.3.4 Brightness Temperatures

The brightness temperature, Ty, can be used to constrain the emission mechanism and
energy source, and may give clues regarding the optical depth. With well resolved
sizes, we can circumvent beam dilution that often confuses estimates of T),. We

calculated Ty, using the Rayleigh-Jeans approximation via

2

Tb:<QS” ) < (2.2)

2
source 2k/lB v

with S, the flux density at frequency v and €., the area subtended by the source.

We report average Rayleigh-Jeans brightness temperatures, T3, in Table 2.3. From
our model, we take the area Asq = TRZ), that we expect to enclose half the emis-

sion if the system were viewed face on (see the “deconvolved” column in Table 2.2).
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Assuming this to be the true area of the disk at all frequencies, we derive average T},
over the half-light region. This means we used half of the observed flux density for
S, and Aspq for Qgource in Equation 2.2. Our rationale for this assumption is that the
33 GHz image appear to be optically thin, high-resolution tracer of the distribution
of recent star formation. Assuming that this structure is common across wavelength
regimes allows us to use a “true” size in place of a size observed with a much coarser
beam. We also calculated the peak Ty, at each band from the peak flux density and
the area of the clean beam at each frequency. This peak T}, is higher at 33 GHz than
at 6 GHz; this simply reflects that the area of Arp 220 at 33 GHz is smaller than
the beam size at 6 GHz. For exactly this reason — the small size of Arp 220 and
the variable resolution at different frequencies — the peak measurement has limited
utility and we only report the “average” version.

The average Ty, is from 10** K at 6 GHz to 10%® (~ 300) K at 33 GHz, for the
east nucleus and 10*® K at 6 GHz to 102 (~ 800) K at 33 GHz, for the west nucleus.

2.4 Discussion

Figure 2.1 shows that our observations clearly separated the nuclei at both 6 and
33 GHz and resolve the structure of both nuclei is resolved at 33 GHz. We find a
projected nuclear separation of (/96 + 0701 (354 4+ 4 pc), in agreement with previ-
ous works (e.g., Scoville et al. 1998; Soifer et al. 1999; Rodriguez-Rico et al. 2005;
Sakamoto et al. 2008). In the following subsections, we discuss the radio continuum

emission processes, the correspondence with gas and dust emission, and consequences

Table 2.3. Average Brightness Temperatures in Arp 220

Frequency Total system East nucleus West nucleus

(GHz) Log|[T}(K)] Log[T} (K)] Log|[T(K)]
5.95 4.64 + 0.07 4.43 + 0.10 4.81 + 0.10
32.5 27+ 0.1 2.5+ 0.1 29+ 0.1

Note. — Integrated values are calculated within Aspq (decon-

volved modeled size) at 33 GHz (more in Section 2.3.4). The un-
certainties follow from propagation of uncertainties quoted ear-
lier in this paper.



23

of the small sizes of the emission regions. There is a large scale agreement between
the locations of radio continuum emission, CO, and RSNe/SNRs, suggesting that the

sizes of the radio continuum sources may be viewed as characteristic of the system.

2.4.1 Synchrotron Produces Most of the 33 GHz Emission

Synchrotron radiation appears to produce most of the continuum emission at both 6
and 33 GHz. The high brightness temperature of a few x 10* K, inferred at 6 GHz
by using the 33 GHz nuclear sizes, argues in this direction. This high brightness tem-
perature cannot come from HII regions, even if they are completely opaque, because
in a purely thermal environment, the electron temperature of such regions should
not exceed 10* K. If we combined the high brightness temperature with the observed
internal C band spectral index of the total system, a4 7_72au, = —0.61 £ 0.04, we
infer that most of the emission at 6 GHz is synchrotron.

The spectral index between 6 and 33 GHz, ag_33aH, = —0.69 4+ 0.07, matches the
internal C band « of the total system within the errors; the same is true for the two
nuclei separately (see Table 2.1). The similarity between oy7_720n, and g_33cHz
indicates no significant spectral flattening between 6 and 33 GHz, suggesting that
synchrotron dominates the emission across this range of frequencies. Reinforcing
this point, our total flux density and spectral index agree with the predictions made
by Anantharamaiah et al. (2000) (see their Figure 10b). They found synchrotron
emission to dominate below ~ 60 GHz, and estimated the thermal fraction at 6 GHz
and 33 GHz to be ~ 15% and 35%, respectively. If we assume a thermal fraction of
35%, a non-thermal spectral index of —0.76 (see Table 9 in Anantharamaiah et al.
2000) and a typical thermal spectra index of —0.1, we obtain ag_33an, ~ —0.60 and
Q4 7_796H, ~ —0.66, which lie within ~ 1.3 o of the observed values.

1)We consider this to be insignificantly different to what we observe, if we take into
account the uncertain nature of the predictions and the uncertainties in the observa-
tions. Then, this result is consistent with our observation of a constant spectral index
from 6 to 33 GHz. Overall, our results are consistent with previous results showing

lower thermal fractions at 33 GHz for merging starbursts compared to normal galaxies
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(Murphy 2013).

2) The difference between the predicted spectral indices is 0.06, while for the
observed values is closer to -0.08 £ 0.11. If we assume the predicted values are the true
ones, this slight discrepancy could indicate potential opacity effects between 4.7 and
7.2 GHz (see Section 2.4.3), or the presence of a steeper non-thermal spectral index
between 6 and 33 GHz. However, this discrepancy does not affect our interpretation
of non thermal emission dominating at 33 GHz. In fact, a higher thermal fraction
at 33 GHz will only make this discrepancy worse (see below).Overall, our results
are consistent with previous results showing lower thermal fractions at 33 GHz for
merging starbursts compared to normal galaxies (Murphy 2013).

The overall star formation rate of the system provides an alternate way to estimate
the expected thermal radio continuum emission. Beginning with the IR (8 to 1000
pm) luminosity of Arp 220, we estimate the expected thermal luminosity of the system
if the IR is all due to star formation by following star formation rate conversions from
Table 8 in Murphy et al. (2012)® and assuming an electron temperature of 7500 K
(Anantharamaiah et al. 2000). This approach predicts a thermal fraction of ~ 55%
at 33 GHz and ~ 20% at 6 GHz. This is in good agreement with the thermal fraction
at 33 GHz obtained in Condon (1992) for a prototypical starburst, M82. However, if
we derive the expected spectral index as we did at the end of the previous paragraph
(assuming 55% of thermal fraction at 33 GHz), we obtain ag_s3gn, ~ —0.42 and
Q47-700H, ~ —0.63, which deviates considerably from what we observe between 6
and 33 GHz. Note that ay7_790n, does not vary significantly from what we observe,
this is due to the small thermal fraction expected at this frequency range.

The easiest explanation for the lower-than expected thermal flux is that a sig-
nificant fraction of the ionizing photons produced by young stars are absorbed by
dust before they produce ionizations. This would lower the free-free estimate in the
calculation. We estimate that to match our observations, we would require that at

least 20% of the ionizing photons be absorbed by dust. This number seems plausible

3SMurphy et al. (2012) uses a Kroupa IMF to derive the theoretical SFR conversions. The opera-
tion is equivalent to using such an IMF to relate the ionizing photon production (traced by thermal
radio emission) to bolometric luminosity (traced by IR).
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for an environment as dust embedded as Arp 220 (see Section 2.4.3) and is consistent
with some of the arguments made when considering the apparent deficit of IR cooling
line emission (Diaz-Santos et al. 2013, and references therein). Alternatively, an IMF
that produces more bolometric light (and thus IR and likely SNe) relative to ionizing
photons could resolve the discrepancy. That is, we could invoke an “intermediate-
heavy” IMF compared to that used in Murphy et al. (2012). We could also reconcile
our two estimates if the synchrotron spectral slope decays drastically between 6 and
33 GHz, so that the apparent 33-6 GHz index is a combination of very steep, curving
synchrotron and emerging thermal emission. However, this would require that ther-
mal emission make up most of the SED at higher frequencies, which is not observed
(see Anantharamaiah et al. 2000; Clemens et al. 2010).

Our best interpretation of the data is that the 33 GHz emission is mostly syn-
chrotron, in mild contrast with a typical starburst galaxy (see Figure 1 in Condon
1992). We suggest that the most likely cause is the suppression of thermal radio

emission as dust absorbs ionizing photons.

2.4.2 The Radio Emission Coincides with Gas, Hot Dust and
RSN/SNR

In the top-right panel of Figure 2.1, we show the 6 GHz emission is largely co-spatial
with CO emission. The 6 GHz emission is our more sensitive band, with a beam nearly
matched to the CO, and — as just discussed — we expect that it traces the same
synchrotron emission as the 33 GHz. The CO and 6 GHz emission cover roughly the
same area, have broadly coincident peaks, and both show an extended faint feature
to the southwest (Mazzarella et al. 1992, note a similar coincidence between 18cm
emission and the Arp 220 starburst traced in the near-IR). The distributions of CO
and 6 GHz emission do significantly differ in detail. The ratio of fluxes for the two
nuclei is 1:2 (east:west) for CO and almost 1:1 for continuum. In the west nucleus, the
morphology is more centrally concentrated at 6 GHz compared to the CO map. Some
of these differences may reflect real differences between the current gas reservoir and

recent star formation, but they may also reflect temperature and optical depth effects.
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The CO (3—2) emission in this region shows good evidence for optical thickness
(Sakamoto et al. 2008), and the densities are high enough that the gas temperature
will be likely coupled to the dust (~ 100 K).Therefore, making a straightforward
interpretation of the CO in terms of column density is challenging. We draw the
broad conclusion from the top left panel of Figure 2.1 that the synchrotron originates
from the same region as, and in very rough proportion to, the molecular gas supply.

A similar situation is also observed on smaller spatial scales by the comparison
of the RSN/SNR number density map to the 33 GHz map (see bottom right panel
of Figure 2.1). The distributions are co-spatial, but the continuum map appears
smoother than the map made from individual RSN/SNR. This is particularly evident
in the eastern nucleus, where the covering fraction of VLBA point sources is small
— perhaps a result of stochasticity in the rate and lifetime of SN visible using VLBI
measurements. The radial profiles in Figure 2.2 highlight the quantitative agreement
between the continuum and the RSNe/SNRs distribution even more. After azimuthal
averaging, the VLBA point source maps are a fairly close match to the 33 GHz contin-
uum. This is also supported by the agreement between the scale lengths reported in
Table 2.2 and those found by Herrero-Illana et al. (2012) based on the radial profiles
of the RSNe/SNRs distribution observed by Lonsdale et al. (2006a) and Parra et al.
(2007).

Such a close match between the 33 GHz continuum extent and the RSN/SNR
number density map may not be too surprising: if synchrotron radiation arises from
cosmic ray (CR) electrons accelerated by SN shocks, then the 33 GHz continuum
emission might be expected to resemble a “puffed up” version of the RSN/SNR dis-
tribution due to the diffusion of CR electrons. Instead the distributions match quite
well, consistent with most of the 33 GHz emission coming from very close to the
original RSN/SNR and little diffusion or secondary CR electron production. This
lack of significant propagation could be explained by the cooling timescales being
much smaller than the diffusion time. This is expected in compact starbursts with
magnetic fields of the order of a mG (see measurements from Robishaw et al. 2008;
McBride et al. 2014, based on Zeeman splitting of OH megamaser emission), like Arp
220 (see Figure 1 in Murphy 2009), though not in normal galaxies (Murphy et al.
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2006). For Arp 220, the cooling time of CR electrons at 33 GHz is ~10% yr, which is
a combination of synchrotron, bremsstrahlung, ionization and inverse Compton (IC)
losses. We make use of Equation 7 in Murphy (2009) for CR electrons with energies
greater than 1 GeV to estimate that the synchrotron emitting electrons at 33 GHz
only have time to propagate about 5 pec, which is about 1/10th of the size that we
have measured for the nuclei. This short diffusion scale yields a synchrotron image
that looks very similar to the sites of original CR production (the RSN/SNR) and
thus the sites of active star formation. The advantage of the VLA continuum in this
case is that in exchange for coarser native resolution, we achieve sensitivity to most of
the flux and spatial scales of interest (and potentially still probe a longer timescale).

The similarity of 6 GHz, 33 GHz, CO surface brightness, and the RSN/SNR
number density distributions lead us to view our 33 GHz measurement as indicative
of the true size of the main disks of star formation and, presumably, gas and hot dust.
These morphologies are also consistent with the nuclear morphologies measured in
mid-IR with the Keck telescope (Soifer et al. 1999). Perhaps surprisingly, the two
disks appear fairly similar in terms of profile, scale length, and observed flux. The
western nucleus appears hotter and more compact but the differences are small factors,
not an order of magnitude. The physical interpretation of such similarities is unclear.
Possible explanations include a similarity in the progenitors, or some “loss of memory”
during the process of funneling gas to the center of the galaxies during the ongoing

interaction.

2.4.3 The Nuclear Disks are the Most Extreme Starburst

Environments in the Local Universe
Gas Surface Densities

Current best estimates of the dynamical mass per nucleus are ~ 6 x 10° Mg, within
~ 100 pc of each nucleus (Engel et al. 2011). These values are still uncertain, with
~ 2 x 10° Mg, representing a likely lower limit in both nuclei (Engel et al. 2011). The
dynamical mass represents an upper limit on the gas content. Based on dynamical

modeling and CO imaging, Downes & Solomon (1998) estimated the gas content at
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1.1 x 10° and 0.6 x 10° M, for the eastern and western nucleus, but embedded in a
larger gas disk with total mass ~ 3 x 10° M, (see also Sakamoto et al. 1999, 2008;
Downes & Eckart 2007). These estimates mix dynamical modeling with observations
of low-J CO line (up to J = 3—2) measurements that are likely very optically thick
in Arp 220. Papadopoulos et al. (2012) provide an alternative, but unresolved, esti-
mate by focusing on higher J CO transitions and high critical density tracers (e.g.,
HCN) to estimate a total molecular gas mass of ~ (15 — 28) x 10° M, for the entire
system. The difficulty with this estimate is apportioning this gas mass to the various
components of the system. We consider a conservative approach to be the following:
we assume that half of the total molecular gas mass is equally distributed between
the two nuclei and the other half in an outer disk (e.g., see Sakamoto et al. 1999, for
evidence of an outer disk). This implies ~ 3.5-7 x 10° M, of gas per nucleus from
Papadopoulos et al. (2012). This remains in moderate tension with the dynamical
masses because it would imply very high gas fractions, but given the mismatch in
scales (the dynamical masses are estimated on ~ 100 pc scales) and uncertainties in
modeling, a factor of ~ 3-5 uncertainty seems plausible (Sakamoto et al. 2008).

The areas that we measure for the Arp 220 nuclei are stunningly small, especially
when compared to the integrated properties of the system. We adopt the literature
gas mass of the nuclei as 3.573% x 10° Mg, with the lower bound set by the Engel
et al. (2011) values, the upper bound set by Papadopoulos et al. (2012), and the best
estimate consistent (with modest tension) with the latter. We further expect half
of the gas mass of each to be distributed within the half-light deconvolved, face-on,
area (Asoq) of our radio images (these trace star formation, so we implicitly assume
that gas and star formation track one another within the system). We thus compare
~ 1.7575 12 x 10° Mg, to our half-light areas to estimate average, nuclear, gas surface
densities. The deprojected, deconvolved gas surface densities are 2.2+ x 10° My, pc=2
(east) and 4.5175 x 10° (west) M, pc~2. These translate to an average, nuclear, total
hydrogen column densities of 2.7727 x 10%* cm ™2 (east) and 5.675% x 102> cm ™2 (west)
(divide these numbers by 2 for Hy column densities). These nuclear hydrogen columns
are ~ 3-4 orders of magnitude higher than those derived from X-ray observations

(e.g., Clements et al. 2002; Twasawa et al. 2005), but they roughly agree with those
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derived from observations at 860 pm (Sakamoto et al. 2008) and 434 pm (Wilson
et al. 2014). The gas surface densities that we derive roughly resemble the maximum
stellar surface density of ~ 10° My pc™2 found in a compilation of literature data
by Hopkins et al. (2010). Given the large uncertainty in our mass estimate (and the
scatter in the Hopkins et al. (2010) compilation) Arp 220 appears consistent with
producing such a “maximal” stellar surface density system. This is especially true
when one considers that feedback and further evolution of the system may reduce the
efficiency (final fraction of gas converted to stars) in the nuclei below unity (a factor
of ~ 1/3 would produce excellent agreement).

We do not know the thickness of the disks, but by adopting a spherical geometry we
can calculate a lower limit to the Hy particle densities in the nuclei*. This is 3.8798 x
10* cm=3 (east) and 117}% x 10* em™ (west). For comparison, a typical Milky Way
molecular cloud has a surface density ~ 100 Mg, pc™2 (N(H)~ 10*? cm™2) and average
particle density ny, ~ 100 ecm™3. In addition to faster free fall times, correspondingly
more efficient star formation, and phenomenal opacity, potential implications of such
high molecular gas densities would include the secondary production of CR electrons

and confinement of CR electrons.

Infrared Surface Densities and Star Formation Rates

By following the same approach, we assume the infrared emission in Arp 220 is
coincident within our measured radio distribution and explore the implications. Con-
ventionally, the infrared luminosity surface density, g, is defined as the luminosity
per unit area of the system. We calculate ¥X1g by assuming that half of the infrared
luminosity (from 81000 pm) is generated within the deconvolved, face-on, half-light
area (Ajyg), i.e, we calculate an average infrared luminosity surface density, within the

half-light area, via

0.5 x Lip[8 — 1000um]> B (L50>

2 f—
" ( As As

(2.3)

4The correction to obtain the mass inside a sphere of radius Rsoq is larger than the areal correc-
tion. For simplicity, we adopt the correction appropriate for a Gaussian, so that the mass within
R4 is = 1/3.4 of the total mass.
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Following our measurements above, we use Asoq = T(RZq cast T Ripa.west) t0 derive a
total (face on) infrared luminosity surface density of Sg ~ 6.0773 x 10'® Ly, kpe=2
°  If we further assume that the ratio of the fluxes between the east and west nu-
clei at 33 GHz (~ 1:1) holds at infrared wavelengths, then using the derived radio
As0q = RZy for the individual disks, we obtain g ~ 4.2735 x 101* L, kpe2 and
Yir ~ 9.7737 x 10" L, kpc=? for the east and west nucleus, respectively. These val-
ues are more than an order of magnitude higher than those for the central 0.3 pc of
the Orion nebula complex and M 82 (~ 2 x 102 L kpc=2 and ~ 9 x 10" L kpc=2,
respectively (Soifer et al. 2000)), but are closer to those found in the brightest clusters
within starburst galaxies (~ 5 x 10" Ly, kpc™ (Meurer et al. 1997)). Our estimated
surface densities are consistent with Soifer et al. (2000), who estimated infrared lumi-
nosity surface densities of 1 — 6 x 10'® Ly, kpc™ based on mid-IR Keck observations
and radio data from Condon et al. (1991b).

The deprojected SFR surface density (defined as the SFR per unit area in the
disk), YsFr, is a close corollary of the IR luminosity surface density. We estimate this
quantity within the deconvolved, face-on, Asgq for each nucleus at 33 GHz, using a
1:1 ratio between east and west, the radio luminosity to SFR conversion from Table
8 in Murphy et al. (2012), and an electron temperature and non-thermal spectral
index of 7500 K and 0.76 (the spectral index in Murphy et al. (2012) is defined with
the opposite sign compared to our definition), respectively, from Anantharamaiah
et al. (2000). We obtain a Ygpr of ~ 103701 and 10*1*#%1 My yr~! kpe=2 within
the half-light of the eastern and western nuclei, respectively (divide these numbers by
two to take into account both sides of the disks). The total SFR calculated from Ly,
180 My, yr~!, and from the total radio flux density at 33 GHz (Lgaaio), 195 Mg yr—t,
differ by only ~ 10%, consistent with Arp 220 lying on the (33 GHz) radio-to-far
infrared correlation (and meaning that we would obtain essentially the same Ygpg
for either luminosity). The radio SFR value differs by 20% from that derived from
Anantharamaiah et al. (2000), which we consider to be within the uncertainties of

such calculations.

5The uncertainties in this value, and in the rest of this section, correspond to the errors associated
to R50d.
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Yir tells us coarsely about the density of IR luminosity per unit area, but not
necessarily the flux at the surface of the source, which may have important im-
plications for feedback and depends on the detailed geometry of the system. A
spherical geometry provides a useful limit on the flux at the surface of the sys-
tem. In this case, Fopnere = Lo/ (4 ™ RZyq) will be the flux at the surface of a sphere
of radius Rsoq with the luminosity of Arp 220. Using the measured radio sizes,
Fophere ~ 1.570% x 103 Ly, kpe=2 for the entire system, ~ 1.1103 x 103 Ly, kpe=2 for
the eastern nucleus and ~ 2.4702 x 10'® Ly, kpc™2 for the western nucleus. A less
extreme case, one that may well apply to Arp 220, is a two-sided disk. With one
half of the luminosity emergent from each side, we have Fyisx = Lso/(2 ™ RZoy), twice
the spherical case. As one would expect, these values are lower than the simple YR,
but they also differ from one another, reinforcing the importance of geometry to the
physics of the source®.

Yet another subtlety arises in the specific case where one wishes to calculate the
flux through an area very close to, but just above one side of a disk. This quan-
tity is relevant to the often-discussed case of radiation pressure on dust (see Section
2.4.3) but because of projection effects it is not identical to any of the above quan-
tities. In 2.A, we show that this one-sided flux perpendicular to the disk, which
we call Fpe, is equal to Lir/(87RZ,,) (Equation 2.10) in general. This value is fur-
ther divided by an extra factor of two for the case of the two nuclei of Arp 220
(because Lig combines the light from the two nuclei). From this calculation, we ob-
tain Foea ~ 1.570% x 101 L kpe™2 for the entire system (the same as for Fophere,
though not for the same reason), ~ 1.1705 x 103 Ly, kpc™2 for the east nucleus and
~ 24708 x 10" Ly, kpe=2 for the west nucleus. As discussed in 2.A, these should be
the most appropriate fluxes to consider when assessing the impact of pressure from
radiation perpendicular to the disk.

The ratio of the flux densities between the east and west nuclei varies with fre-

quency. Some other ratios for the east:west relation found in the literature include

6Optical depth will provide an additional complication. Here we consider the IR surface brightness
near the ultimate source of the luminosity in the region of active star formation. As the radiation
scatters out of the system, the geometry may change, so that the geometry of the photosphere could
differ from the central source considered here.
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1:4 at mid-IR (Soifer et al. 1999), 1:3 at 18 cm (if we consider only the contri-
bution of the point sources from Lonsdale et al. 2006a) and 1:2 at sub-mm wave-
lengths (Sakamoto et al. 2008). However, most of these observations do not offer
high enough spatial resolution to truly isolate the contribution of each nucleus. If
we ignore this issue and we assume a ratio of 1:4, and we use Equation 2.10, we ob-
tain Fiearecast ~ 4.51“%:{ x 10'? L kpe™2 and Frear west ~ 3.7:1):3 x 108 Lo kpe™2. In
every case, we obtain Fpe.. = 10'3 Lg kpc=2 for the west nucleus, which is always
the higher intensity nucleus.

Note that the same geometric issues discussed here raise a caveat regarding the
luminosity of the source, which was derived under the assumption of isotropic emission
(Sanders et al. 2003; Sanders & Mirabel 1996). An optically thick thin disk is not an
isotropic emitter. However, neither do our observations constrain the geometry of the
infrared photosphere, which is the relevant surface for this calculation. We discuss
this issue in 2.A. Lacking information, we have assumed the isotropic luminosity
throughout this paper, but note the uncertainty (see also Downes & Eckart 2007;
Wilson et al. 2014). Note that high angular resolution infrared (from 8-1000 um)
observations are needed in order to better constrain the true morphology of the IR

photosphere of Arp 220.

Radiation Pressure and Maximal Starburst Models

Scoville (2003) and Thompson et al. (2005), argued that for optically thick, dense
starburst galaxies, the critical feedback mechanism acting against gravitational col-
lapse, and thus star formation, could be radiation pressure on dust. Although there is
ongoing debate about whether or not radiation pressure on dust represents the dom-
inant feedback mechanism in compact starbursts (see Krumholz & Thompson 2013;
Socrates & Sironi 2013; Davis et al. 2014, for further discussion), the maximal star-
burst model of Scoville (2003) and Thompson et al. (2005) represents an interesting
point of comparison for our present work”. In Figure 2.3, which closely follows Figure

4 of Thompson et al. (2005), we present our new measurements for the flux near the

"In addition to radiation pressure, cosmic ray pressure has been forwarded as a potentially im-
portant feedback mechanism in compact starbursts (Socrates et al. 2008).
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surface of the source (assuming a thin disk geometry, see Section 2.4.3 and 2.A) in the
context of literature observations and predictions by Thompson et al. (2005). The
literature observations show a sample of ULIRGs with sizes based on 8.44 GHz radio
maps by Condon et al. (1991b) and luminosities from IRAS. Following the approach
presented in 2.A, we calculate F ., following Equation 2.10 assuming half of the to-
tal infrared luminosity to be enclosed within Asy = m R%,, where R5y = bmaj/2. We
used the deconvolved FWHM major axis, by,;j, from Condon et al. (1991b) in order
to account for inclination effects (we only include resolved sources). Following the
discussion in the previous section, the fluxes for the points in Figure 2.3 differs by a
factor of 8 compared to those in Thompson et al. (2005)%. for reasons discussed in
2.A.

The error bars of our Arp 220 values (filled points in Figure 2.3) correspond to
a combination of the uncertainties in Rsoq, and uncertainty in the contribution of
each nucleus to the IR luminosity, with the lower/upper limit assuming a ratio of 1:4
between east and west (Soifer et al. 1999). To be conservative, we also assume a 20%
uncertainty in the assumption that half of the total IR luminosity is coming from Asg.
The plotted values for the flux correspond t0 Fearcast ~ 1.175% x 10 Ly kpe™2 and
Frearwest ~ 2.4750 x 10" L, kpc2. In this Figure, we show the “Eddington” values
for radiation pressure on dust as solid and dashed lines. These represent an envelope
for which radiation pressure on dust balances self-gravity. As a result, no equilibrium
star-forming system is expected to exist above this line, hence the “Eddington limit”
analogy.

The precise value of the limit depends on the size, gas fraction (f;) stellar velocity
dispersion (o), Rosseland mean opacity (k), and dust-to-gas ratio of the system,
leading to the large spread in the model lines seen in the Figure. Our measurements

of Arp 220 appear as solid points in Figure 2.3. There, the west nucleus of Arp 220

8This factor of 8 increases for systems having more than one component, in which case we also
divide the total flux among the components. For example, in the case of one individual region in
Arp 299, NGC 3690, the difference is an additional factor of ~ 4 that comes from the contribution of
that region to the total infrared luminosity of the system (Alonso-Herrero et al. 2000). For the other
systems having more than one component, we used the relative contribution of each component
to the integrated flux density observed at 8.44 GHz as a template for the relative contribution at
infrared wavelengths.
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appears among the highest brightness systems. However, the west nucleus does not
clearly stand out from the other ULIRGs with respect to this value, partially because
the more compact size means that the “maximal” value is larger for Arp 220 than for
larger systems. Overall, all the systems plotted in Figure 2.3 lie roughly around the
Eddington limit for a f, = 0.1 and ¢ = 200 km s~* disk in Thompson et al. (2005),
which is indicated by the blue solid line.

If we adopt f; =1 and o ~ 200 km s™' (e.g., Genzel et al. 2001), indicated by
the green line in Figure 2.3, then we calculate a conservative Eddington limit of
~ 9 x 10" Lokpe=2 for the west nucleus and ~ 7 x 10! Lokpe=2 for the east nu-
cleus. Refined measurements of the geometry, gas fraction, opacity, dust-to-gas ratio
and kinematics are needed to specify the models more precisely. For most plausi-
ble assumed disk properties, we can say that both Arp 220 nuclei lie well below the
Thompson et al. (2005) Eddington-limited starburst value, with the western nucleus
being the brightest system among the local ULIRGs. If improved measurements
demonstrate one or both nuclei to lie significantly above this value, one would need
to consider luminosity sources other than star formation (presumably an AGN Iwa-
sawa et al. 2005; Downes & Eckart 2007; Rangwala et al. 2011) or question the basic
assumptions about geometry and equilibrium embedded in the model, but at present
little such tension appears to exist.

Another way to assess the role of radiation pressure in Arp 220 is to assume
that radiation pressure does represent the dominant force acting against gravity (see
2.B) and to calculate the required gas opacity, x, of the system in order to be in
hydrostatic equilibrium. By following Equation 2.12; and using the derived values
for the gas surface density and the flux for each nucleus (see Section 2.4.3 and 2.4.3),
we find that Keast & 300 cm? /g and Fyess = 80 cm? /g would be required for radiation
pressure to balance gravity. Compared to the models from Semenov et al. (2003),
which were used in the models from Thompson et al. (2005), these appear to be
unrealistically high values for the gas opacity. We interpret these high values as a
reinforcement of our previous findings that the nuclei of Arp 220 lie below the dusty
Eddington limit for f, ~ 1 and ¢ = 200 km s~ by a factor of ~ 10, and then are not

radiation pressure supported.
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Fig. 2.8.—: Flux versus radius for local ULIRGs from Condon et al. (1991b) (open symbols), and including the

values for the eastern (star symbol) and western (square symbol) nuclei of Arp 220 from this paper (filled symbols).
In this figure, we represent a new version of Figure 4 of Thompson et al. (2005). The y-axis corresponds to the flux
passing through a surface area near the source, Fnear (see 2.A), and the x-axis to the deconvolved half-light radius.
The solid lines represent the Eddington limits for several different gas fractions, fg, assuming stellar velocity dispersion
of o = 200 km s~!. The dashed line shows the model for f; = 1 and o = 300 km s~!. From this figure, we observe
that Arp 220 appears among the brightest systems but still well below a conservative dusty Eddington limit described
by the green line.

Optical Depth

The small sizes of the Arp 220 nuclei also imply that optical depth effects will be
important across the spectrum, even at wavelengths as long as sub-mm. By following
the same approach described in Section 2.3.4, we calculate the average Rayleigh-Jeans
brightness temperatures that would be implied by combining the deconvolved half-
light sizes of the nuclei with half of the 860 pym continuum flux densities reported by
Sakamoto et al. (2008) from lower resolution observations. At this wavelength, we find
implied average brightness temperatures of 19 K (east) and 76 K (west), within the
deconvolved half-light area calculated in this paper (Asopq), without any accounting
for optical depth (which could change the size of the apparent emission). In the west
nucleus, this approaches the apparent dust temperature of ~ 90 K (see Gonzélez-
Alfonso et al. 2012, for a more thorough idea of the dust temperature in Arp 220),

so that optical depth must become important by this wavelength regime, with 7 2 1
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by 860 pm in the western nucleus. This neglects any more complicated geometric
considerations (e.g., see the discussion of an inclined geometry in Downes & Eckart
2007), which are likely to make the situation even more confused. Optical depth
effects appear less severe by A ~ 1 mm, combining Asoq with half of the western
nucleus dust emission from Downes & Eckart (2007), implies an average T™ ~
45 K within the half-light area.® This modest mm optical depth is consistent with
measurement of a spectral index steeper than o = 2 by Sakamoto et al. (2008),
implying somewhat optically thin emission.

Even this simple calculation demonstrates that by sub-mm wavelengths optical
depth effects cannot be neglected, especially in the western nucleus. As a result, we
would expect high resolution but higher frequency observations, e.g., at sub-mm wave-
lengths with ALMA, to observe a moderately optically thick “photosphere” around
the galaxy and so recover a larger size than we find here (e.g., see the continuum
observations by Wilson et al. 2014). Similarly, line observations at these wavelengths
will need to consider the effects of a moderately optically thick sub-mm continuum
in their interpretation.

Further, we can estimate the optical depth at 33 GHz. The brightness temperature
calculated for the entire source at 33 GHz is ~ 500 K (see Table 2.3). The thermal
fraction at this frequency is ~ 35%, so that T}, of the thermal emission is ~ 175 K.
The thermal electron temperature (T,) cannot exceed &~ 10 K because line cooling
is high at such high temperatures. Then taking T, ~ 10* K and a measured ~ 175 K
brightness, we estimate the average 33 GHz free-free opacity within the half-light

~21 we can calculate

radius to be Trhermal ~ Th/Te ~ 0.018. Given that Trpermal X v
that Trhermal ~ 1 at v ~ 5 GHz!°. At 18 cm, Trhermar > 9, Which might help explain
the low VLBA flux density from Lonsdale et al. (2006a). In addition, as Sakamoto

et al. (2008) note, the dust opacity is close to unity at 860 pm. Thus, the Arp 220

9This temperature and the 76 K derived from Sakamoto et al. (2008) change to 120 K and 215 K,
respectively, if we follow the approach of Downes & Eckart (2007), which uses the full luminosity
and defines the size of the source Qgource as Tj;‘zgf with Osource the geometric mean between the
deconvolved FWHM of the major and minor axis of the west nucleus. That is, the brightness
temperature is higher without accounting for inclination effects.

10 hermal increases to 0.028 and v to 6 GHz if instead 55% of the 33 GHz emission is thermal
(see discussion in Section 2.4.1).




37

nuclei may be transparent only near the middle of the frequency range 5 GHz to 350
GHz. A case can thus be made that the 33 GHz image presented here is the only

existing image that is both optically thin and resolves the nuclei.

2.4.4 Evidence at Radio Wavelengths of a Dominant AGN

in the Western Nucleus

In our observations, the western nucleus is more compact with a higher T}, than the
eastern nucleus. However, consistent with previous VLBI observations, we observe
no significant central excess in either Arp 220 images or radial profiles (Figures 2.1
and 2.2). Parra et al. (2007) discuss the possibility that one of three VLBI point
sources showing a flat spectrum (o > —0.5), could be an AGN. However, that is one
of several possibilities that could explain the shape of their spectrum.

Most of the 33 GHz emission that we observe comes from the compact, but still
resolved, disks around the nuclei. Specifically, the nuclear beam of the west nucleus
contains 20% of the total flux of the nucleus, while the other 80% arises from the
more extended star forming regions (Table 2.1). Our measured Rsoq contain similar
information (see Table 2.2). We cannot rule out an AGN in the western nucleus,
but if one is present it does not make a dominant, point-like contribution to the
overall 33 GHz emission on scales of &~ 30 pc. Similarly, Arp 220 does not exceed the
“Eddington” value that might eliminate star formation as a viable power source (see
Section 2.4.3). Smith et al. (1998) show that the SN rate and luminosity of Arp 220 are
broadly consistent with emission only generated by star formation, though uncertainty
in the IMF, SN rate, and SFR certainly would still allow an AGN contribution.

No high brightness temperature radio core indicative of an AGN is present. How-
ever, given that most AGN are radio-quiet and have weak core emission (e.g., Keller-
mann et al. 1989; Blundell & Beasley 1998), the absence of a radio core does not
rule out the presence of an AGN. Indeed, several studies at other wavelengths have
presented evidence of a possible AGN in Arp 220 (e.g., Iwasawa et al. 2005; Downes
& Eckart 2007; Rangwala et al. 2011; Imanishi & Saito 2014; Wilson et al. 2014),

but to date there is no clear evidence that the putative AGN makes a significant



38

contribution to the bolometric luminosity. If our estimate of N(H) ~ 10? ¢cm™? in
Section 2.4.3 is correct, it would explain why evidence for AGN in Arp 220 has been
so elusive. With such high column densities any AGN would be Compton thick and
undetectable by standard AGN diagnostic tools.

2.5 Summary

We present new, high resolution VLA observations of the nearest ULIRG, Arp 220.
Our 33 GHz observations measure the light distribution, which originates mostly
from synchrotron emission, at a wavelength where optical depth effects are likely
negligible. We find exponential profiles with half-light radii of 51 and 35 pc for
the eastern and western nucleus, respectively. The distribution of 33 GHz radio
emission matches the number density distribution of recent RSNe/SNRs very well.
This similarity may result from strong (~mG) magnetic fields, which could yield
cooling timescales for cosmic ray electrons that are short compared to the diffusion
timescale. Adopting the measured 33 GHz sizes as characteristic of the star-forming
disks, we derive implied surface densities, H column densities and volumetric gas
densities that strikingly illustrate the extreme nature of the environment present in
Arp 220. Combining our size measurements with unresolved infrared measurements,
we estimate total fluxes that, although very large, lie well below the conservative
predicted values for the Eddington-limited “maximal starburst”, though this result is
sensitive to our assumptions. Regardless, the implied luminosity surface brightness
for the west nucleus of Arp 220 is among the most extreme for any measured system.
Given the general uncertain evidence to date of a dominant AGN in Arp 220, we
conclude that the compact size and disk-like morphology clearly make Arp 220 a
prototypical example of the most extreme class of star-forming systems in the local

universe.
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a1
2.A Flux Through An Area Just Above an Ex-

tended Thin Disk

Consider a geometrically thin disk with radius R viewed face on. Then consider a
small area parallel to the disk and at distance d above the disk center. The flux, F',

passing through the area will be

P / Teos(0)dQ (2.4)

where df) = d¢ sin 0df is the area subtended by an infinitesimal part of the disk. The
factor cos § accounts for the orientation of the area relative to the patch of emitting
disk under consideration with cosf = ﬁ just as sinf = \/RQLiM?’ I is the specific
intensity, which for the optically thick case, is just the source function of the disk and
is the same for all lines of sight (as the disk fills the beam). In the scenario where
radiation pressure is important, we consider that near the disk high optical depth is
likely and proceed in the case of Arp 220!, The integral in Equation 2.4 goes from 0
to 27 in ¢ and 0 to sin_l(ﬁ) in #. We will immediately change variables so that

r =sinf and dx = cos df. Thus,

2 R 2
vV R2+44d?2 R

Consider the limit where d << R, i.e., where the area the flux is passing through
lies just above the disk. Then

Fnear =7l ) (26)

similar to the well known relation that the flux at the surface of a blackbody is 7B, 2.

Similarly, at large d >> R, as for an astronomical observation:

1Tn the optically thin case, I will depend on the path length through the disk, which is larger by
a factor of cosf at high viewing angles. This factor cancels with the directional cosf in Equation
2.4 so that the optically thin case yields a different answer.

12F ear Will be different by a factor of two in the optically thin case.
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RZ

Ffar:ﬂ-[ﬁa

(2.7)

which is nothing more than the integral of the intensity over the solid angle subtended
by the disk. The utility in this calculation is to relate I back to the luminosity, which
for an isotropic emitter is just L = 47d*Fy,, (see the last paragraph of this appendix

for some caveats regarding this assumption). Then

R? L
Fo,=nl — = 2.8
fr =T L2 T g2 (28)
so that,
L
I=—— d Fnear = : 2.9
4 2 R? an 4 m R? (2.9)

This Fjear is the flux through a surface near the disk and the departure from the
perhaps expected L/(2 m R?) is that we have included the cosf term in the original
setup to account for the projection of the incident intensity onto the unit area.

When considering real observations cast in terms of the half-light area, A5y (and
recall that the commonly used size at FWHM for a two dimensional Gaussian is Asg)

an additional factor enters from the fact that Lsg = 0.5 L for R59. Then in general:

Feas = ﬁ | (2.10)
is the flux that should be used for considering radiation pressure near a large disk
(where large is defined so that d << R can hold). In Arp 220, an additional factor
of two comes into play if we assume the luminosity is split between the two nuclei
with a ratio of 1:1. This decreases the relation to Fpe., = L/(16 7 RZ,) for this specific
case. Note the stark difference, even for the general case, from the commonly adopted
Yk = L/7RE,.

In the case of an optically thick disk, the assumption of isotropy is not valid
and L # 47d?Fy,,, instead L = 27d?Fy,,. Further, the emission is not isotropically
distributed, so that if the disk is inclined by an angle, ¢, with respect to the line

of sight, where i = 0 is a face-on disk, then L = 27d?Fy,./cos i. In other words,
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the emission comes only from the two sides of the disks and an observer finds more
flux when the disk is viewed face on (because the constant intensity surface subtends
more solid angle). This is a substantial uncertainty for Arp 220 (e.g., see Downes
& Eckart 2007): it appears to host two inclined disks and shows good evidence for
optical depth at IR wavelengths. However, we are hesitant to impose any correction
to the luminosity in the main analysis because we we do not know the true geometry
of the infrared photosphere, which might very plausibly be more spherical and emit
more isotropically than the nuclear disks picked out by our 33 GHz observations.
Therefore throughout the main text we have used the conventional L = 4mwd?F},, but

we note this substantial uncertainty.

2.B Vertical Hydrostatic Equilibrium for a Simple

Radiation Pressure Dominated Disk

As a simple check on the plausibility of radiation pressure representing the main
means of support, we consider vertical hydrostatic equilibrium in a simple gas disk.
We consider an infinite slab of surface density X, so that the integrated weight of the
column of gas at the midplane is TGX? (here G is the gravitational constant). To a
coarse approximation, radiation pressure can counteract this weight with a pressure
set by the momentum flux of photons, F'/2¢ (where ¢ is the speed of light), multiplied
by the total opacity of the gas column, x3, where x is the cross section per unit gas
mass. Then:
KLF

GY? ~ ) 2.11
T 5 (2.11)

We can then solve for s in terms of the other properties of the disk and the resulting
k expresses the required effective opacity in order for radiation pressure to balance
the weight of the disk:

21eGY
o TG (2.12)
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If F' and ¥ are known, comparison of the require x to realistic values represents a
zeroth order check of whether radiation pressure represents a viable support mecha-
nism for a system. As a close corollary, if x is known or can be estimated, assessing
the degree to which Equation 2.11 represents an inequality offers diagnostic of the im-
portance of radiation pressure to the system. Note that x, as we have written it, will
depend on the dust-to-gas ratio, grain properties, overall opacity, and temperature
distribution. In our simplified thin disk geometry, it does not depend directly on the
size of the system but all of these properties may vary substantially as a function of
disk structure. As a first order approximation, we assume the Semenov et al. (2003)
model values serve as a template of typical values that would describe « for the nuclei
in Arp 220, but to our knowledge a thorough exploration of x appropriate for the

nuclear disks of merging galaxies remains lacking in the literature.
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Chapter 3

A 33 GHz Survey of Local Major
Mergers: Estimating the Size of
the Energetically Dominant Region
from High Resolution
Measurements of the Radio

Continuum
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Abstract

We present new, high-resolution Very Large Array (VLA) observations of the 33
GHz radio continuum emission from 22 local ultraluminous and luminous infrared
galaxies (U/LIRGs). These observations have spatial (angular) resolutions of 30-
720 pc (0707-0767) in an optically thin part of the spectrum, allowing for accurate
measurements of the size of the energetically dominant region in these dusty, compact
systems. The half-light radius implied by the 33 GHz emission ranges from 20 pc to
1.7 kpc across our sample. Several arguments suggest that the emission is a roughly
equal mixture of free-free and synchrotron, though the precise balance varies and
remains uncertain. Both types of emission are generated by star formation and the
33 GHz flux correlates well with the infrared emission, so we take these sizes as
indicative of the region that dominates the emission energetics. This allows us to
combine our sizes with unresolved flux densities at other wavelengths, accounting for
the proper aperture corrections, to estimate physical conditions in these compact,
dusty systems. We estimate the infrared luminosity and star formation rate per
area and the molecular gas surface and volume densities. These span a wide range
(~4 dex) among our targets, and include among the highest values measured for any
galaxies. We note several implications of these calculations: At least 10 sources appear
Compton thick (Ng > 10?* cm™2). The SFR and molecular gas surface densities in our
sample combined with that of normal disk galaxies yield a nonlinear star formation-
molecular gas scaling relation, though the result remains sensitive to the adopted
CO-to-Hy conversion factor. Our targets have high infrared surface brightness, but
19 of the 22 sources are non radiation pressure-limited “maximal” starbursts. We
also show that targets with higher surface brightness exhibit stronger [C11] deficits,

consistent with the suggestion that high energy densities drive this phenomenon.

3.1 Introduction

Luminous and ultraluminous infrared galaxies (LIRGs: 108 < Lig [8-1000pm] <

10'2, ULIRGs: L;z > 10'?) host some of the most extreme environments in the local
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universe. Local U/LIRGs are primarily triggered by galaxy interactions and mergers
(e.g., Sanders & Mirabel 1996, and references therein); during this process, large
amounts of gas are funneled into the central few kpc where prodigious star formation
and/or AGN activity are fueled. The energetic regions within U/LIRGs are heavily
embedded in dust and gas, which gives rise to their high infrared luminosities.

Their enormous gas surface densities, gas volume densities, energy densities, and
high star formation rates (SFRs; up to a few times 100 My, yr~!, e.g., Solomon et al.
1997; Downes & Solomon 1998; Evans et al. 2002) make the local U/LIRGs crucial
laboratories to understand the physics of star formation and feedback. Indeed, these
systems have one of the highest SFR and gas surface densities measured for any
system (e.g., Downes & Solomon 1998; Daddi et al. 2010; Liu et al. 2015; Lutz et al.
2016). These extreme conditions may lead U/LIRGs to convert gas into stars in
a mode distinct from what we find in main-sequence galaxies like the Milky Way
(e.g., Daddi et al. 2010; Genzel et al. 2010), and almost certainly lead to a higher
rate of star formation per unit gas mass. The combination of high opacity, high gas
surface density, and on-going star formation also makes these galaxies key testbeds for
theories exploring the balance between feedback and gravity (e.g., Murray et al. 2005;
Shetty et al. 2011). Indeed, for example, Thompson et al. (2005) have argued that
the most extreme local U/LIRGs may represent “Eddington limited” star-forming
systems or “maximal starbursts”, which produces stars at the maximum capacity
allowed for the considered feedback mechanism

Assessing the physics of U/LIRGs requires knowing their intensive properties,
i.e., the luminosity or mass per unit area or volume. The extremity of these systems
emerges most clearly when their high luminosities is viewed in the context of the
very small area from which it emerges. In turn, measuring these intensive quanti-
ties requires knowing the size of the region where star formation is on-going. This
is a challenging measurement. Even the most nearby U/LIRGs are quite distant
(50-150 Mpc) compared to prototypes of more quiescent “normal” galaxies. Thus
high very spatial resolution is required to study the compact energetically dominant
regions at the heart of these systems. Compounding the challenge, U/LIRGs host
enormous amounts of dust (e.g., Av ~ 1000 for Arp 220 Lutz et al. 1996), rendering
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them optically thick at optical and possibly even infrared wavelengths. They are
also opaque at very long radio wavelengths due to free-free absorption (e.g., Condon
et al. 1990), leaving them transparent only over a limited regime, from radio to sub-
millimeter wavelengths (see Barcos-Munoz et al. 2015, for the extreme case of Arp
220).

Interferometric radio imaging is the ideal, and almost only, way to measure the
sizes of the energetically dominant regions at the heart of local U/LIRGs. Radio
interferometers make it possible to achieve the high angular resolution required to
resolve the compact central starbursts, while the cm wavelength regime allows us to
see through the enormous dust columns that prevents the measurements of the inner
disk at optical wavelengths. The two dominant radio continuum emission mechanisms
at cm wavelengths, free-free (“thermal”) and synchrotron (“nonthermal”) emission,
both trace the distribution of recent star formation.

Condon et al. (1990) and Condon et al. (1991b) use 1.49 GHz (up to 1”5 of angu-
lar resolution) and 8.44 GHz (up to 0725 of angular resolution) continuum emission
measured with the Very Large Array (VLA), to study the energetically dominant
regions in U/LIRGs. They provided what are still some of the strongest constraints
on the sizes of the star-forming/AGN dominated regions in these systems. Because
the VLA has fixed antenna configurations, higher frequency observations provide bet-
ter angular resolution. However, because galaxies are fainter at high frequency and
the sensitivity of the VLA receivers has been lower, efforts to push high resolution
imaging of these systems beyond v ~ 10 GHz have been limited.

With the upgrade from the VLA to the Karl G. Jansky Very Large Array (VLA),
this has changed. Both bandwidth and receiver sensitivity improved, making the
VLA at high frequencies a powerful tools for imaging the radio continuum at very high
spatial resolution. In particular, the Ka band (26.5 — 40 GHz) has the perfect balance
between transparency to the radio emission, high spatial resolution, and sensitivity,
making it the ideal frequency range to study local U/LIRGs. We demonstrated this
capability in Barcos-Mufioz et al. (2015), where we used the VLA at Ka band to make
the sharpest full-flux recovery image to date of the nuclear disks of Arp 220.

Here we extend the work of Barcos-Munoz et al. (2015) to a sample of 22 of the
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most luminous northern U/LIRGs. This is the first high resolution, high sensitivity,
33 GHz continuum survey of local U/LIRGs. The angular resolution of the VLA at
v = 33 GHz improves on that of the 8.44 GHz of Condon et al. (1991b), still the best
results to date, by a factor of two.

The paper proceeds as follows. In Section 3.2, we describe the survey and the data
reduction process. In Section 3.3, we report on the measurements that we performed.
The physical implications of these measurements are explored in Section 3.4. In
Section 3.5, we discuss the nature of the energy emission at 33 GHz, the implied
physical conditions in these systems, the implications these measurements have on
star formation scaling relations, and whether the systems in our sample are maximal
starbursts. We end with concluding remarks in Section 3.6. In the Appendix, we
present detailed notes on individual systems.

Throughout this paper, we adopt Hy = 73 km s™' Mpc™!, Quacuum = 0.73 and
Qmatter = 0.27, with velocities corrected to the cosmic microwave background (CMB)

frame.

3.2 Sample, Observations, and Data Reduction

We used the Karl G. Jansky Very Large Array (VLA) to observe radio continuum
emission from the most luminous nearby LIRGs and ULIRGs. Our sample (see Table
3.1) consists of 22 sources from the IRAS Revised Bright Galaxy Sample (RBGS;
Sanders et al. 2003). These galaxies have infrared luminosities Lig[8 — 1000um)]
= 1016 — 10'2¢ L, and were selected to be northern enough to be observed by the
VLA, ie.,, 6 > —15° These systems are also a subset of the Great Observatories
All-sky LIRG Survey (GOALS; Armus et al. 2009), for which multiwavelength data

are available.

As part of the resident shared risk project AL746, we observed the radio continuum
emission from each source at C band (4-8 GHz) and Ka band (26.5-40 GHz). For
each observation we used dual polarization mode with two 1 GHz-wide bands. Each

band was split into eight 128 MHz spectral windows (spw’s) with 64 channels each.
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We centered the 1 GHz bands at ~ 4.7 and 7.2 in C band and ~ 29 and 36 GHz in
Ka band.

In order to recover emission across a wide range of spatial scales, we observed
our sample in each frequency range in separate sessions using each of the four VLA
configurations of the array (A, B, C and D, from highest to lowest spatial resolution)
over the period 2010 August 2 to 2011 August 16. In the D and C configurations,
we observed each source for five minutes. In the B configuration, we observed each
source for ten minutes split between two five minute scans. In the A configuration we
observed most sources for 20 minutes, split into five minute scans. Due to scheduling
constraints, eight sources were not observed in the A configuration at Ka band; these
are identified with an asterisk in Table 3.3. Thus the total time on source for most
targets was ~ 40 minutes per band, though the time on sky was larger by a factor of
~ 2-3 due to high overheads during the Jansky VLA upgrade.

Leroy et al. (2011) presented first results from our observations at both bands using
the C and D configurations. In this paper, we report on the full survey, emphasizing
the Ka band observations and the combination of all four array configurations. These
represent the highest resolution, highest sensitivity radio data for these galaxies in the
literature. The C band observations combining all four array configurations will be
reported in an upcoming paper focused on the resolved spectral energy distribution
(Barcos-Munoz et al. in preparation).

At the beginning of each session, we observed a flux density calibrator, either
3C48 or 3C286, which was also used to calibrate the bandpass. Through the rest
of the session we alternated between observations of the science target and a phase
calibrator within a few degrees of each science target, which we used to measure
phase variations due to atmospheric/ionospheric fluctuations. Table 3.2 summarizes

the calibrators used for each science target.

We used the Common Astronomy Software Application (CASA, McMullin et al.
2007) to calibrate, inspect, and analyze the data. We individually calibrated each 1
GHz-wide frequency range, or baseband, for each observing session. Before doing so,

we reduced the volume of the data to speed up the calibration process by averaging the



Table 3.2. Summary of the Observations

Galaxy Name Primary Calibrator Secondary Calibrator Ka band
(1) (2) 3)

CGCG 436-030 3C48 JO117+1418
IRAS F01364-1042 3C48 J0141-0928
IIT Zw 035 3C48 JO0139+1753
VII Zw 031 3C48 J0410+7656
IRAS 085743915 3C286 J0916+3854
UGC 04881 3C286 J0920+4441
UGC 05101 3C286 J0921+6215
MCG +07-23-019 3C286 J1101+3904
NGC 3690 3C286 J1128+5925
Mrk 231 3C286 J1302+5748
VV 250 3C286 J1302+5748
UGC 08387 3C286 J1317+3425
UGC 08696 3C286 J1337+5501
VV 340a 3C286 J1443+-2501
VV 705 3C286 J1521+4336
IRAS 1525043609 3C286 J1522+4-3144
Arp 220 3C286 J1539+2744
IRAS 1713245313 3C286 J1740+5211
TRAS 1954241110 3C48 J1955+1358
II Zw 096 3C48 J2051+1743
IRAS 2110145810 3C48 J2123+5500
IRAS F23365+3604 3C48 J2330+3348

Note. — Column 1: Name of the galaxy; Column 2: Primary calibrator used

for the observations; Column 4: Secondary calibrator for Ka Band observations



53

data in time. We used a time interval that depends on the configuration, smoothing
the data to an integration length of 10s (D), 5s (C), 2s (B), or 1s (A). This was
necessary since the correlator integration time was limited to 1s at the time of these
observations. We then Hanning smoothed the data in order to minimize Gibbs ringing
effects, if present. Before calibration, we also applied standard flagging to remove
shadowed antennas, a few channels at the edge of each spw, and other pathological
data.

We began the calibration by solving for the bandpass response and flux density
scale using observations of 3C48 or 3C286. At the time, we adopted the flux density for
these sources on the “Perley-Butler 2010” scale, assuming that the Ka band emission
shares the same structure as the VLA-provided Q-band model. We input these choices
into our data set using the CASA task setjy and accounting for channel to channel
variations in the model flux due to the spectral index of our sources.

Once setjy was applied, we used the CASA task gaincal to solve for short
timescale (~ 10 s) corrections to the phase response of each antenna during the
bandpass calibrator observation. We then solved for the phase and amplitude response
of each antenna as a function of frequency using the task bandpass. We derived
corrections for each channel and each antenna (bandtype=°‘B’), solving for a single
correction that we assumed to span the entire length of the observation (parameters
combine=‘scan’ and solint=‘inf’ in bandpass). Before solving, we applied the
short-timescale phase corrections.

We assessed the quality of the bandpass solutions by inspecting the solutions for
phase and amplitude as a function of frequency. Then, we applied the bandpass so-
lution to the bandpass calibrator only and inspected the calibrated data. We looked
for pathological channels, antennas, or baselines. When we found these, we added
them to our master list of data to flag. We then reset the entire calibration pro-
cess, applied all flagging identified to date, and then repeated the calibration using
only non-pathological data. We iterated until the corrected bandpass calibrator data
showed no evidence for corrupted features. At this point, we applied the flags and
the bandpass solution to the entire data set, including the secondary calibrators and

target sources. This also sets the flux scale of the data, because we specified the true



54

flux of the source (according to the VLA standard) using setjy.

Following these, we calibrated the time dependent amplitude and phase response of
each antenna using observations of the secondary calibrators. We solved for the phase
response on two different timescales, averaged over a whole scan (solint=‘inf’) and
over a shorter timescale of ~ 20 s. We solved for amplitude corrections on a scan-long
timescale, after first applying the short timescale phase calibration table to account
for any possible loss of amplitude due to decorrelation. Then, comparing the corrected
flux densities of our secondary calibrator to the known flux density of the bandpass
calibrator, we derived the true flux density value for the secondary calibrators by
using fluxscale.

We applied these corrections to the calibrators and inspected their phase and
amplitude as a function of time, u — v distance, frequency, and baseline. When
necessary, we flagged further data and iterated on the phase and amplitude calibration
process. Once no more flagging appeared necessary, we applied the corrections to the
science targets, which we split out from the main data sets for imaging.

Once the data had been calibrated, we imaged each science target. To do this,
we used the task CLEAN in mode mfs (Sault & Wieringa 1994), with Briggs weighting
setting robust=0.5. For each array configuration, we imaged each baseband indepen-
dently. Whenever possible, we iterated this imaging with phase and amplitude self
calibration. We typically performed ~ four iterations, though this varied according to
the signal-to-noise of the data — from no self calibration up to eight iterations. After
several iterations of phase-only self calibration, and when possible, we also performed
amplitude self calibration. We always constrained these to be only relative solutions
among the antennas (solnorm=True in CASA’s gaincal).

After self calibrating the two basebands independently, we combined both into a
single image using nterms=2' in clean. This yielded four images per source (one per
array configuration). Finally, we jointly imaged all self-calibrated data, combining
all eight measurement sets (four configurations and two basebands). This combined

image represents our best data product, combining all of our observations with sen-

! This allows us to model the frequency dependence of the sky emission with two Taylor coeffi-
cients. In this mode clean delivers total intensity and spectral index images.
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sitivity to a wide range of spatial scales. In the highest signal to noise cases, for
example UGC 08058 (Mrk 231) and UGC 09913 (Arp 220), we performed further self
calibration during this final imaging step.

These final images have a nominal frequency v = 32.5 GHz and a typical rms

1

noise 26uJy beam™". Table 3.3 reports the exact beam size and rms noise for the

combined image for each target.

3.2.1 Additional Data

To help interpret our results, we use observations of our sample at 1.49 GHz (beam
FWHM ~ 15”) from Condon et al. (1990). We also use the 5.95 GHz flux densities
(beam FWHM ~ 0.4”) from Leroy et al. (2011) and the CO flux densities, obtained
using the ARO 12-m antenna (FWHM = 1 arcminute), which will be reported in
Privon et al. (in preparation). We present a compilation of the flux densities at
these different frequencies, along with the 32.5 GHz flux densities in Table 3.3. The
uncertainties of the 1.49 GHz flux density values are assumed to be dominated by flux
density calibration errors (~ 5%, see Section III in Condon et al. (1990)), considering
the extension of the emission at 1.49 GHz is mostly point-like for our sample.

There are five sources without literature values at 1.49 GHz, but at slightly lower
frequencies. These are VII Zw 031, IT Zw 096 and TRAS F23365+3608 with values
at 1.4 GHz from the NVSS catalog (Condon et al. 1998), and IRAS 1954241110 and
IRAS 2110145810 with values at 1.425 GHz from Condon et al. (1996). We assigned
a conservative uncertainty of 10% to those values in order to account for the difference

in frequency.

3.3 Results

In Figure 3.1, contour maps show new VLA v = 32.5 GHz images for our sample of
22 local U/LIRGs. These are the first images of these systems that have both high
resolution and sensitivity to a wide range of spatial scales. We use these images to

measure: (1) the area of the energetically dominant region in each galaxy, (2) the
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integrated flux density of each target at 32.5 GHz, and (3) the area and flux density
contribution of compact regions to the integrated properties of each system. In Tables
3.3 and 3.4 we report values from (1) and (2), and data from the literature which we
use to constrain the origin of the radio emission (from the spectral index) and the

nature of the emission powering the energetics of each system.

3.3.1 Flux Densities at v = 32.5 GHz

We measure integrated flux densities for each source from our lowest spatial resolution
observations, which were obtained in the VLA’s D configuration. We expect that the
maximum recoverable scale for the D configuration, ~ 22", recovers all emission from
most of our sources. This corresponds to ~ 16 kpc at the 165 Mpc median distance
of our sample, which is much larger than the median sizes for a large sample of local
U/LIRGs (normally < 1.5 kpc) derived by Liu et al. (2015) based on 1.49 GHz radio
continuum observations and on near-IR data (normally < 2.2 kpc for well separated
pairs?) derived by Haan et al. (2011) based on HST NICMOS data.

Most of the galaxies in our sample show point-like emission in the D configuration
only observations, which have beam size ~ 2.7”. We obtained the flux densities
of these sources by fitting a Gaussian using the CASA task imfit. Other targets,
including Arp 299, II Zw 96, IRAS F17132+45313, VII Zw 031, VV 250 and VV
705, showed some extent — or more than one component — in the D configuration
maps. In these cases, we tapered the D configuration data to a lower resolution until
the morphology became a single point-like source. Then we fit a Gaussian to this
degraded image. Two cases, Arp 299 and VV250, show separated components that
could only be fit using two Gaussians, even in the tapered images; we report the sum
of the components in the integrated flux density.

The uncertainties that we report sum (in quadrature) the statistical error calcu-
lated by the imfit task with the flux density calibration uncertainty at Ka band (~
12% calculated in Barcos-Munoz et al. (2015)). For the two faintest galaxies in our

sample, UGC 04881 and IRAS 0857243015, the signal-to-noise of the D configuration

2This number decreases by a factor of 3 or more for mergers that are closer together.



o8

map was not high enough to recover their integrated flux density. For these systems,
we instead report results from the map combining data from all configurations; we
tapered this combined map until we recovered a point-like structure and then fit one,

or two, Gaussians, as with the other sources.

3.3.2 Spectral Indices Involving v = 32.5 GHz

In addition to our measured flux densities, Table 3.3 reports literature flux densities
for our sources at v = 1.49 and 5.95 GHz. We combine these with our v = 32.5 GHz
measurements to calculate galaxy-integrated spectral index between 1.49 GHz and
5.95 GHz (a15-¢) and between 5.95 GHz and 32.5 GHz (ag_33), where S, o< v®.

In Figure 3.2, we show the derived spectral indices, plotting a; 5_¢ as a function of
«_33. Here the solid line shows equal spectral indices for both pairs of bands, which
we would expect if a single spectral index holds across the entire radio regime (from
1.5 to 33 GHz). Dashed lines show o = —0.8, a typical spectral index for synchrotron
emission without any opacity effects (e.g., Condon 1992).

For the five sources without measurements at 1.49 GHz (see Section 3.2.1), we
assume g5 ¢ & 146 ~ Q143_¢- Lhis is a safe assumption considering a5 ¢ <
-1.0 for our sample (see Figure 3.2) and that we conservatively overestimated the
uncertainty in the measurement to account for the change in the SED between the

different frequencies and 1.49 GHz.
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Fig. 3.1.—: Contour maps of the 32.5 GHz continuum emission of each galaxy in our sample used to determine Asg
(area of the contour enclosing 50% of the total flux density at 32.5 GHz, Cso, shown in blue). The contours are in
factor of two steps with the outermost corresponding to 5 times the rms of the map, oa;,, where the mean value for
our sample is 33 pJy beam™!. In each map, we show the beam (black) in the bottom left corner and a scale bar of 1”/
in size (with its equivalent in parsec) in the bottom right corner. This scale bar is 0//1 in size for IRAS 15250+3608
and IRAS F233654-3604. The red crosses indicate the location of compact sources whose properties were derived from
Gaussian fits (see Section 3.3.4). Most of the emission in our sample is compact, with only a few systems showing
considerable extended emission (e.g., VV 340a) and others showing a combination of compact and extended emission
(e.g., UGC 08387).
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Fig. 3.2.—: Assessment of the nature of the energy source at 33 GHz. The systems are labeled by their Id. number
and color coded by their infrared luminosity (TopLeft) a1.49—6GHz Versus ag_33cHz values using integrated flux
density measurements at 1.49 GHz from Condon et al. (1990) and at 6 GHz from Leroy et al. (2011). The solid line
shows a linear correlation, and the dashed lines indicate a typical synchrotron emission slope of -0.8. The median
value for oy 49_gaHz is -0.62 and -0.64 for ag_33gHz. More than half of the sources show a change in slope at 6
GHz, becoming steeper at higher frequencies. This is most likely due to a change in the optical depth towards higher
frequencies, where the source becomes more optically thin. There are three sources (#9, #11 and #18) that show
instead a slightly flatter spectral index at higher frequencies. These changes in slope are most likely due to thermal
emission contribution becoming important at higher frequencies. Only one source (#10, Mrk 231) shows an inversion
in the spectral index, indicating there is a change from an optically thick to an optically thin regime between 1.5
and 33 GHz. (TopRight) Predicted thermal fraction at 33 GHz, from IR luminosity, versus integrated flux density
at 33 GHz. Most of the systems show thermal fractions of > 50%, in agreement with SED models (Condon & Yin
1990; Condon 1992). (Bottom) Half-light area as a fucntion of a1 49_gcHz- There is a tentative correlation of flatter
spectral index in the range 1.5 to 6 GHz for more compact sources. This is expected since more compact sources are
more obscured and then subject to more free-free absorption at low frequencies.
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3.3.3 Size of the Radio Emission

A main goal of our survey is to estimate the extent of the radio continuum emission
in our targets with the goal of constraining the size of the energetically dominant
region in these distant, compact, heavily obscured systems. To do this, we analyzed
the final images combining data from all the array configurations.

These high resolution images are sensitive to the brightest compact cores, but
they have lower surface brightness sensitivity than the D configuration data used
for the total flux density. Therefore, they may miss extended, low surface brightness
emission. To take this into account, we measure the size of the energetically dominant
region from the half light area (Asg). This is the area enclosed by the highest intensity
isophote that encloses half of the integrated flux density of the system (measured from
the lower resolution data above).

We require the intensity of the isophote enclosing the half-light radius, Csg, to
be at least 5 times the rms noise in the image. If C5q would be less than 50 in the
combined image, we interpret this to indicate an important component of extended,
low surface brightness emission. In order to recover this emission, we measure As, for
these systems from lower resolution versions of the data with better surface brightness
sensitivity. First, we tried using natural weighting instead of briggs (see Section
3.2). If this still did not recover half the light in a S/N> 5 contour, then we tried
images with progressively lower resolution images by u — v-tapering the data. We
stepped the size of the taper by (/2 and used briggs weighting schemes with robust
parameter 0.5. In this way, we measure Ay from the highest resolution image where
Cso can be reliably measured.

The following systems required u — v-tapering: CGCG 436-030, CGCG 448-020,
IRAS 21101+5810, IRAS F17132+5313, VV 340a and VV 705. For NGC 3690, the
natural weighting approach was enough.

Once we identified a reliable Csy value, we calculated the observed Asy by multi-
plying the number of pixels within Csy by the pixel area. Figure 3.1 shows the images
that were used to measure Ajy and the Csy contour (in blue) for each source.

This approach measures Asy for the source convolved with the telescope beam.
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Many of our sources have areas close to that of the synthesized beam. We show this
in Figure 3.3. There, we plot the observed Asj as a function of the beam area, Apcam®,
in units of arcsec? (top-left panel) and kpc? (top-right panel).

Note that the quantity of physical interest is the true size of the 32.5 GHz emission
with the beam deconvolved, Asoq. The solid line in the top panels of Figure 3.3 shows
the limit where the source shows the same area as the beam, Apeam = Asp (solid
line). A dashed line indicates where Asy = 2 X Apeam, Which we consider a practical
threshold for the emission to be resolved. We view the sources lying between the
solid and dashed lines as marginally resolved. We assumed their intrinsic shape
(deconvolved size) follows a Gaussian distribution. In these cases, the deconvolved
size of the sources is calculated by Aso(deconvolved) = Ajg(observed) — Apeam = Asod,
equivalent to deconvolving the FWHM in quadrature.

For two sources, UGC 04881 and VV250, a second, faint component could only
be recovered in the low resolution map used to assess the integrated flux density. In
both cases, the components are unresolved in this integrated map. Here, we had to
lower our conservative limit of 50 in order to recover the half-light area. In these two
systems, we measure Csy from a contour with S/N ~ 3 and treat the size estimate
as an upper limit (see Table 3.4).

In Figure 3.3, two sources lie below the solid line, indicating an observed size
smaller than the beam. These are IRAS F085724-3915 and UGC 04881NE. Although
statistical fluctuations could produce this situation, the data appear to be too high
signal-to-noise for this explanation. The most likely culprit is a calibration issue
when combining observations using the different array configurations. In order to be
conservative, we adopt an upper limit of A5gq = Apcam for these systems.

On the other hand, there are several galaxies that are heavily resolved according to
the top panel of Figure 3.3. In order to determine the best estimate of A5y for those
sources, we inspected the shape of the Csy contour (blue in Figure 3.1) to determine
if the source exhibits a Gaussian shape. If it does, then we apply the same approach

used for the marginally resolved sources. This tends to be the case when more than

3Abeam = ”‘gi‘l‘;j(g')““‘ with Omaj and Gmin the FWHM of the synthesized beam along its major and
minor axis.
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Fig. 3.3.—: Sizes of the radio emitting regions detected at 32.5 GHz from our sample. The systems are labeled
by their Id. number and color coded by their infrared luminosity (color bar), both shown in Table 3.1. (Top left)
Observed Asg (area enclosed by the blue contours shown in the maps of Figure 3.1) versus beam area (see Section 3.3.3
for details) in arcsec?. The solid line shows where Asp = Apeam, and the dashed line shows where Asg = 2Apcam. We
only consider a source to be resolved if it lies above the dashed line, and partially resolved if it lies between the dashed
and solid lines. The dotted lines show the beam size scaled by a constant starting at 1 (solid line) and incrementing
in 0.5dex. (Top right) Same as in the previous panel, but using scales from Table 3.1 to convert from arcsec? to kpc?.
(Bottom left) Observed Asg for compact sources obtained from Gaussian fitting (see Section 3.3.4), as a function of
beam area. (Bottom right) Observed Asg versus Lig. The dashed lines show an area for an equivalent radius of 100
pc and 1 kpce (see Section 3.3.3). Our survey is powerful and allow us to resolve or partially resolve all, but two of the
sources in our sample. The nuclear star forming regions in our sample, as traced by the 32.5 GHz continuum emission,
show representative radii, Rsg, that go from ~20 pc to 1.7 kpc in size, with most of the sources showing sizes that are
comparable to large giant molecular clouds (~ 100 pc). The ULIRGs in our sample all show compact emission with
equivalent radii that go from 30 to 160 pc. Combining the information from the panels in the left column we observe
that the compactness of the emission is also evident from the contribution of compact regions with sizes several times
smaller than the total Asg of the source.
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one component is present, such as VV 705 and CGCG 448-020. If Csy showed a more
complex morphology, our simple deconvolution becomes invalid. In these cases we
instead assume that the measured, not deconvolved Asy is an upper limit to the true
size. This is true for the following galaxies: TRAS 1954241110, IRAS F23365+3604,
UGC 08387, VII Zw 031, VV 250a and VV 340a.

For Arp 299 and IRAS F17132+5313, one component of the Csy contour shows a
Gaussian distribution while others show more complex morphology. In both cases, we
performed the deconvolution on the Gaussian components. Then we have a partially
deconvolved estimate, Aspq < Aso(observed), which is still an upper limit because
of the un-deconvolved more complex structure. We report values for Asyy and Cxg
in Table 3.4, along with an equivalent Rsoqy value where Asgq = WR?Od. We caution,
however, that Rsoq is only a representative number reflective of the upper limit to the
area in these cases.

In Table 3.4, we also report the degree of Gaussianity, defined as the ratio between
the flux density level of the Csy contour and the peak flux density. For a normal

Gaussian this value should be 0.5.

3.3.4 Compact Sources Decomposition

In addition to the integrated flux density and a characteristic size, we measured the
contribution of compact sources to the overall flux density of our targets. For our
purposes, compact sources are those that show distributions similar to a Gaussian
and are tractable to being fit with the CASA task imfit. As Figure 4.4 shows, these
are often, but not always, similar in size to the beam. We fit these sources and assess
their contribution to the integrated luminosity.

Among our targets, only the north-east component in IRAS F17132+5313 shows
no hint of emission distributed like a Gaussian. We do not fit a Gaussian to this
source. On our other targets, we run imfit targeting a region chosen to enclose only
the source of interest and to avoid other compact sources. We provided estimates
of the rms of the image calculated from the emission-free pixels, and we began the

fit with reasonable guesses when we needed to fit more than one Gaussian at a time
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Table 3.4. Summary of 32.5 GHz emission sizes

Galaxy Name

(1)

(3)

(4)

(5)

(6)

Oa500 X Oagom Cso (045,) Logio(Asoa) (arcsec?) Ryoq (kpc) uplim? Gaussianity factor
2

(7)

CGCG 436-030 07705 x 0573 19.9 -0.456 0.201 no 0.308
IRAS F01364-1042 07141 x 0”086 40.7 -2.533 0.029 no 0.447
III Zw 035 07145 x 07117 64.5 -2.286 0.021 no 0.502
VII Zw 031 27060 x 17415 5.7 0.922 1.739 yes 0.463
IRAS 0857243915 07254 x 07193 39.7 -1.2562 0.156 yes 0.535
UGC 04881
... NE 07253 x 07191 23.4 -1.260? 0.105 yes 0.683
... SW 57049 x 37543 3.0 1.307* 2.022 yes 0.229
UGC 05101 07291 x 0273 70.1 -1.098 0.126 no 0.255
MCG +07-23-019 07228 x 07202 25.6 -1.367 0.082 no 0.253
NGC 3690 07379 x 07327 0.779P 0.300 yes
. W ? 5.1 0.710 0.277 yes 0.024
.. E ? 20.2 -0.052 0.115 no 0.030
UGC 08058 07257 x 07227 895.8 -2.048 0.045 no 0.345
VV 250
... a (SE) 07236 x 07219 5.0 -0.180 0.285 yes 0.109
... b (NW) 10771 x 97340 3.2 2.055% 3.730 yes 0.058
UGC 08387 07098 x 07073 7.4 -0.867 0.100 yes 0.026
UGC 08696 07259 x 07240 56.6 -0.887 0.155 no 0.205
VV 340a 27983 x 2//488 5.0 1.249 1.581 yes 0.491
VV 705 07583 x 0579 5.0 0.218 0.585 no 0.071
IRAS 1525043609 07075 x 0067 52.5 -2.672 0.029 no 0.366
Arp 220 07087 x 077069 45.3 -1.057 0.062 no 0.132
IRAS 1713245313 07911 x 0”864 5.8 0.465 0.975 yes 0.259
IRAS 19542+1110 07087 x 07081 7.6 -1.410 0.142 yes 0.342
CGCG 448-020 07970 x 07841 6.9 0.207 0.500 no 0.141
IRAS 2110145810 07686 x 0”590 11.1 -0.399 0.272 no 0.293
IRAS F23365+3604 (7098 x 077091 6.8 -1.405 0.141 yes 0.259

Note. — Column 1: Name of the galaxy; Column 2: beam size at Ka band (32.5 GHz) of the image used to
obtain Asg (see Section 3.3.3); Column3: Contour level enclosing 50% of the total flux density of the system
in units of 0 4,,, the rms of the final image used to measure Asg; Column 4: Best estimate of the deconvolved
area enclosing 50% of the total emission at 32.5 GHz, Asqq (see Section 3.3.3); Column 5: Equivalent circular
radius of Aggq, i.e., assuming Asgq = WR%Od ; Column 6: If "yes”, the value in Column 4 is an upper limit
either because the emission is extended and applying a Gaussian deconvolution was not a good approximation
(see Section 3.3.3), or because is unresolved; Column 7: Ratio of the flux density of the isophote enclosing 50%
of the total flux density at 32.5 GHz to the peak flux density of the emission. For a Gaussian-like distribution

this number is 0.5.

2Asp for this galaxy is smaller than the beam size, so we adopted the beam area as the best estimate for its

size.

b Aso for this galaxy is the addition of both components.
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(e.g., Arp 299, UGC 08696, VV 705). For UGC 08387, most of the compact sources
have low signal-to-noise, so we fit each component individually, making use of one
region at a time.

For the cases of the faint components in the systems UGC 04881 and VV250, the
Gaussian fit was performed on the low resolution image that was used to obtain the
integrated flux density of the system since it was only in those maps where the faint
sources were recoverable. We report our findings in the bottom left panel of Figure

3.3 and in Figure 4.4.

3.4 Implications of the Radio Sizes

Our 33 GHz images either measure or strongly constrain the size of the energetically
dominant region in our targets. Radio observations are unique in their ability to
peer through heavy extinction while also achieving very high spatial resolution. As
a result, similar sizes are difficult to obtain at other wavelengths. Here, we assume
that the energetically dominant region traced by the radio data is the energetically
dominant region at other wavelengths. This allows the calculation of intensive (per
unit area or volume) quantities.

Our method to do this, in general, is to assume that half of the flux density at
some other wavelength of interest is enclosed in the 33 GHz half-light area, A5 4. We
then calculate the surface brightness and related parameters (surface density, volume
density) implied by this assumption. Note that in several cases, we expect optical
depth to play a key role (e.g., at 1.4 GHz or in the IR). In this case, the 7 ~ 1
photosphere may lie outside our calculated size (e.g., see Barcos-Munoz et al. 2015).
We discuss these cases in the individual sections and report the derived values in
Table 3.5.

To take advantage of our resolution, and due to the low signal to noise of their
detection, we only derive intensive quantities for the brightest components in UGC
04881 and VV 250, while for NGC 3690 we consider the system as one single source
and use the addition of Asp4 of each component as the characteristic size of the

system. Note that Lir is an integrated quantity. To account for the contribution of
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Flux density enclosed in compact sources versus Fraction of emission from compact cores versus
total flux density at 33 GHz Infrared Luminosity
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Fig. 3.4.—: Flux density contribution from compact sources. The galaxies are labeled by their Id. number and color

coded by their infrared luminosity (color bar), both shown in Table 3.1. (Top left) Percentage of total flux density at
32.5 GHz coming from compact sources as a function of the total flux density at 32.5 GHz. (Top right) Percentage of
total flux density at 32.5 GHz coming from compact sources as a function of the total infrared luminosity. (Bottom)
Same as in Top left panel, but for each individual source. This plot is especially different for galaxies like NGC 3690
(#9) and UGC 08387 (#12) where there is more than one compact source contributing to the total flux density. Most
of the 32.5 GHz emission of our sample is concentrated in compact sources instead of extended emission. The median
total compact sources contribution is 78%. The rest of the emission is coming from a more extended component. This
is especially evident for the system with the lower percentage in the Top panels, IRAS 1713245313 (#18), where a
significant fraction of the total 32.5 GHz flux density is coming from the north-east component which shows a more
extended morphology (see contour map in Figure 3.1).

the brightest sources to the integrated luminosity, we assume it is distributed in the
same way as the radio continuum emission, i.e., we use the contribution observed at
33 GHz to the integrated flux density as the contribution at infrared wavelengths.

This is a safe assumption considering the 33 GHz emission follows the IR emission
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(see Section 3.5.1 and Figure 3.6), however it fails if the system is dominated by an
AGN (which do not follow the radio-IR correlation). For example, for UGC 04881
the brightest component contributes 55% to the integrated flux density at 33 GHz,
then we assume 55% of the total Lijg is coming from the brightest component (UGC
04881NE). For VV250 this number changes to 86% for VV250a.

3.4.1 Brightness Temperatures

For a resolved or nearly resolved source, where beam filling is a small consideration,
the brightness temperature, T;, offers the prospect to constrain the emission mecha-
nism and opacity of the source (e.g., Condon et al. 1991b). At radio frequencies, the

brightness temperature, T}, follows the Rayleigh-Jeans approximation where

2

Tb:<QS” ) <. (3.1)

2
source 2k/iB v

with S, the flux density at frequency v and ... the area of the source.

We (mostly) resolve our sources, allowing us to derive the average nuclear T}, at
32.5 GHz using Qgouree = Asoq and S, = 0.5 X Ssz25 (see above for the explanation of
the aperture correction). We also calculate T}, from the point of highest intensity in
the highest resolution image for each target, peak Ty. Figure 3.5 shows histograms
of the peak and average Ty, at v = 32.5 GHz in our targets.

The average T3, for our targets is typically a few 10s to a few times 100 K, reaching
up to a few thousand in the brightest targets. In no case, do we find T}, to exceed
10* K, the expected electron temperature of ionized gas. This suggest that the v =
32.5 GHz emission is either optically thin or optically thick at scales much smaller
than the beam size. Since we begin to resolve our targets, low opacity at 32.5 GHz
appears to be the natural explanation, and is the one we adopt.

The flux densities of many of our targets have been measured at 1.4 GHz (Table
3.3), but even in its most extended configuration, the VLA reaches only ~ 1” resolu-
tion at this frequency. Assuming that our 32.5 GHz sizes also describe the true extent
of the 1.4 GHz emission, we derive average T, at 1.4 GHz that span from 103 up to
107 K. These are considerably high values and for those systems showing T}, > 10*
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Fig. 3.5.—: Histogram of average T}, within Asg, and peak T} (for details, see Section 3.4.1). The dashed vertical
line indicates the limit at which a source becomes optically thick (T} = 104K). Our results show that T} is below the
optically thick limit which indicates we are most likely in an optically thin regime and looking into the star forming
regions.

K, they imply that the emission at 1.49 GHz is optically thick. Aside from that,
using equation 9 from Condon et al. (1991b) we derive a maximum Ty, for a starburst
of 10*? K at 1.49 GHz. At least 12 sources in our sample show derived T}, > 10%*
K, which would imply they are powered by an AGN. We know one of those sources,
Mrk 231, is dominated by an AGN, which explains why it has the highest predicted
Ty, at 1.49 GHz. In fact, most of its emission is unresolved at 1.49 GHz. However,
other sources show resolved emission at 1.49 GHz and then the high predicted T},
only imply that using the 33 GHz is not appropriate since they are mostly affected by
opacity effects. This means their emission is actually coming from an optically thick
photosphere surrounding the nuclear regions (and thus are physically expanded rela-
tive to the optically-thin case). For those sources that are barely resolved even at 8.44
GHz (see maps in Condon et al. 1991b), i.e., IRAS 08572+3915, IRAS 1713245313,
IRAS 1525043609 and III Zw 035, extra information is needed to determine whether
they are powered by an AGN and/or starbursts.
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3.4.2 Star Formation Rate and IR Surface Density

Infrared luminosity, Lig[8 — 1000um], and radio emission both trace recent star for-
mation. IR luminosity reflects reprocessed light from young stars, while the 33 GHz
continuum captures a mix of synchrotron and thermal emission, both of which origi-
nate indirectly from young stars.

Considering a mix of synchrotron and thermal emission, Murphy et al. (2012)

relate the recent star formation rate to the 33 GHz luminosity, Lssqn,, via

SFR T. 0.45 v —-0.1
DT ) 2107 (218 [ o ( )
<M@ yrl) <1O4K> GHz *

v o\ L
() (e Y
) GHz ] (erg s! Hzl)

where T, is the electron temperature and ayt is the nonthermal spectral index. Mur-

(3.2)

phy et al. (2012) relate the infrared luminosity to the recent star formation rate via

SFR _44 LIR[8 — 1OOOIUHI]
<—) =3.15 x 10 ( ergs o1 . (33)

In Figure 3.6 we compare IR-based and 33 GHz based SFRs estimated for each of
our targets. Following Murphy et al. (2012), we adopt T, = 10* K and axt = 0.8 at
v = 32.5 GHz, but note both as a source of uncertainty.

Figure 3.6 shows that these two simple SFR estimates agree in our sample. The
strong outlier, source #10, is Mrk 231, a system known to be dominated by an
AGN (e.g., Ulvestad et al. 1999; Lonsdale et al. 2003) that appears to contribute
substantially to the 33 GHz emission. The other sources are consistent, at least to
first order, with a simple radio-infrared correlation with normalization consistent with
the Murphy et al. (2012) relations.

Assuming that our 33 GHz size, Ajpq, reflects the distribution of star forma-
tion, we can derive a star formation rate surface density, Yspr. As above, we take

ESFR =0.5x SFR/A507d4.

4In order to obtain values that are comparable to those in the literature, we use SFR = SFRig
to derive ESFR~
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Fig. 3.6.—: (Left) SFR calculated from the IR (see equation 3.3) versus SFR calculated from the 33 GHz luminosity
(see equation 3.6). The galaxies are labeled by their Id. number and color coded by their infrared luminosity (color
bar). There is an overall agreement of the SFR derived from 33 GHz and IR, indicating the systems follow the radio-IR
correlation. This is not completely true for source #10 (Mrk 231), which is a known AGN. (Right) Histogram of Y1y
and the corresponding ¥srRr, both calculated assuming half of the infrared luminosity is produced within Asg 4. The
dashed line indicates X1g = 103 Lgkpc~2, which correspond to the dusty Eddington limit set by radiation pressure
on dust (see Section 3.5.5). The range in ¥ spans about 4 orders of magnitude, which tells us our sample is somewhat
diverse, despite selection biases towards the most extreme systems in the local universe. Additionally, 13 out of 22
systems have Ygpr > 102'5M@yr_1kp02, which describes well the extreme nature of these systems. Those 13 systems
have 2-100 times higher ¥ compared to the Orion core.

The right panel in Figure 3.6 shows our calculated values of Xgpr. These span
from 10%6 up to 10%5 My, yr=! kpc™2 (right panel, bottom axis, in Figure 3.6). These
are high values. The low end of this range slightly overlaps the high end of Yggr found
for ~kpc-sized regions of nearby disk galaxies (Leroy et al. 2012, 2013). The high
end represents the highest Xgpr found for any galaxy in the local universe. The wide
range also indicates diverse conditions. Even though we have observed the brightest
and closest ULIRGs, these span ~ four orders of magnitude in Xgpg.

The IR surface brightness is also of interest. In local U/LIRGs, most of the
bolometric luminosity is generated in the 8—1000um range. By assuming that half of
Lig is concentrated within A, 4, we estimate Xy for this inner region. As is evident
from Equation 3.3, ¥ig is identical to Xgpr within a constant factor. Therefore we
show the g axis along the top of the right panel of Figure 3.6.

Our targets show g from 10195 to 1044 Ly kpc=2. The high end of this range is

of particular interest. The dashed vertical line in Figure 3.6 indicates Yg = 10'3 Ly, kpc™2.
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This value of ¥z has been argued to correspond to the Eddington limit set by radia-
tion pressure on dust in self-regulated, optically thick disks (Thompson et al. 2005).
Some sources in our sample show Yg > 10'% Ly kpce™2, indicating they may be max-

imal starbursts (see Section 3.5.5 for further discussion).

3.4.3 Gas Surface and Column Density

Our sample consists of gas-rich mergers. In these systems, large masses of gas are
funneled to the center, where they become mostly molecular. The surface and volume
densities of this gas relate closely to its self-gravity and ability to form stars. Again,
we assume that our 33 GHz size is characteristic of the system and by combining this
with half of the integrated CO measurements, we estimate these quantities for our
sample.

Both the assumption of the 33 GHz characteristic size and the conversion between
CO luminosity and mass introduce uncertainties into the calculation. If the densest,
most concentrated gas regions are the sites where stars form most rapidly, then the
33 GHz emission may be biased towards these regions. The mass-to-light ratio asso-
ciated with CO in starbursts has also been a topic of much research (see review in Bo-
latto et al. 2013). We adopt a standard “starburst” value, aco = 0.8 My (K km s~!pc?)~?
(this includes helium), but will explore the effects of a variable aco.

For a starburst aco and coexisting gas and radio emission, we infer values for the
molecular gas surface density, Y01, from 10%4 to 10>” Mg pc=2. Even the low end of
this range corresponds to source-averaged surface densities in excess of many Local
Group molecular clouds (e.g., Bolatto et al. 2008; Fukui & Kawamura 2010). The
high end is far in excess of the ~ g cm™2 threshold commonly invoked as an imme-
diate precondition for star formation considering dense substructure inside molecular
clouds. But here this gas column density is the average across the whole energetically
dominant area of a galaxy.

These values obviously depend on the mass-to-light ratio (“conversion factor”)
adopted to convert CO luminosity to mass. The appropriate conversion factor for

starburst galaxies has been a matter of debate, with suggestions ranging from ap-
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proximately Galactic (e.g., Papadopoulos et al. 2012; Scoville et al. 2014) to low
(e.g., Downes & Solomon 1998) and highly environment-dependent (Shetty et al.
2011) values. To see the effect of a higher, Milky Way, aco one should multiply our
nominal values by ~ 5.4.

One class of models considers the mass surface density a main driver of the conver-
sion factor, largely via its effect on the line width (e.g., Shetty et al. 2011; Narayanan
et al. 2012). The measured sizes give us the opportunity to illustrate the effect of
such a dependence on derived surface densities. To do this, we use the prescription in
Bolatto et al. (2013, their equation 31) which follows Shetty et al. (2011). Neglecting
any metallicity dependence and considering only the regime where X > 100 Mg, pc—2,

their prescription is

aco Liotal 09
— | 4P| , (3.4)
[K km 591 pc?] 100 M® be

where Yioa1 is the total mass surface density driving the potential well. We will
assume our systems to be gas-dominated and take Yiga1 ~ Ygas. The gas mass is
the addition of the atomic (HI) gas mass and the molecular gas mass (Hy). In the
central regions of U/LIRGs the HI content is often negligible, and we will consider
Ygas ~ 2mol. We calculate the conversion factor from equation 3.4 iteratively, because
Ymol changes as aco changes. Numerically iterating, we reach a value of ago that
converges to within 0.1%. We report the gas properties derived using this surface-
density dependent aco in brackets, along with aco for each source, in Table 3.5.
The effect of applying this correction is to narrow the range of derived gas surface
densities, as the high surface density systems have high aco.

The gas surface density values derived here translate to average, Hydrogen column
densities in the nuclear regions that range from 10?*® cm=2 to 10%>® ¢cm™2 when using
aco = 0.8 and 10?2 cm™2 to 10%° cm~? when using the surface-density dependent
conversion factor. Assuming a Galactic dust-to-gas ratio (Bohlin et al. 1978), which
may be roughly appropriate (Rupke et al. 2008; Iono et al. 2009), these column

densities imply line of sight extinctions of Ay ~ 17 to 3 x 10* mag, for a starburst
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conversion factor, and ~40 to 6 x 10® mag, for a surface-density dependent conversion

factor, through the systems.

3.4.4 Gas Volume Density

We can also derive properties within a volume, instead of a surface. This requires ad-
ditional assumptions for the geometry of the star formation distribution. We consider
the most basic approach and assume that our sources are three dimensional Gaus-
sians. In this case, ~ 30% of the mass exists inside the FWHM of the Gaussian®,
Rs0,4-

This geometry implies ny, from 10°° cm™3 to 105 cm™ by using a fixed conver-
sion factor of 0.8 and from 10%® cm~2 to 10*7 em™ by using the conversion factor
that varies for each source. The free fall collapse time associated with these densities

ranges from 0.1 — 30 Myr, and from 0.2 — 20 Myr.

3.5 Discussion

In Figure 3.1 we show the 33 GHz continuum contour maps from which we measured
half light areas with equivalent radii that go from ~20 pc up to ~1.7 kpc. Due to
the nature of this survey, high resolution combined with sensitivity to different spa-
tial scales, these sizes represent the best measurements to date of the energetically
dominant regions in the brightest, closest U/LIRGs from GOALS. These sizes com-
bined with the integrated flux density measurements allow us to study the physical
properties of the nuclear regions in our sample. In the following subsections we will
discuss the nature of the 33 GHz emission and implications of the derived quantities in
the previous section for star formation scaling relations, optical depth and radiation

pressure feedback.

5This is the correction to obtain the mass inside a sphere of radius Rs0,4 (see Section 3.3.3) with
a Gaussian mass distribution
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3.5.1 Nature of the 33 GHz Radio Emission

In models like those of Condon (1992) and Murphy et al. (2012), the radio SED
reflects a mixture of thermal and nonthermal emission. What powers the emission
that we observe from U/LIRGs at 33 GHz? In the Condon (1992) model for a
starburst galaxy like M82, about 50% of the total 33 GHz continuum is produced by
free-free (“thermal”) emission; for comparison, < 10% of the emission is expected to
be produced by free-free emission at 1.5 GHz.

We have several constraints on the nature of the emission mechanism in our tar-
gets: the SED shape, the brightness temperature, and the comparison with the SFR
implied by the IR. Together, these do indicate some 10s of percent contribution of
thermal emission to the 33 GHz flux density, with the balance being synchrotron.
However, a detailed understanding of the emission mechanism will need to wait for
better coverage of the radio SED in these targets.

Brightness Temperature and Optical Depth: The brightness temperature of opti-
cally thick free-free emission is expected to be ~ 10* K. If our 33 GHz T}, exceeded this
value, this would provide evidence that synchrotron dominates the emission. Figure
3.5 shows that in our data the average T}, does not exceed this limit. Either the
emission is patchy within our beam, or the emission at 33 GHz is optically thin.
Thus, the brightness temperature in our sources allows for a normal mix of emission
mechanisms and is consistent with optically thin free-free emission making up a large
part (or all) of the observed 33 GHz flux density.

If we neglect filling factor effects and assume that ~ 50% of the total T}, is due
to thermal emission, then we can estimate the optical depth of the free-free emission.
We derive Tinermal ~ Th/Te < 0.34 for all our sample. This number is still less than
1, therefore optically thin, even if we assume 100% of the 33 GHz flux density is due
to thermal emission.

Spectral Indez: For a mixture of synchrotron (“non-thermal”) emission with a
power-law spectral energy distribution and optically thin free-free emission, Condon

& Yin (1990) give the following approximation to the fraction of emission that is
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thermal,

S ( v >0.1—l-chT7 (3.5)

— ~1+10
ST + GHZ

where S is the total flux density, St is the flux density from thermal emission, and
ant is the typical non-thermal spectral index ~ -0.8.

If we use equation 3.5 and Ss.95 from Table 3.3, and knowing that St oc 7%, we
predict an integrated ag_sz3 of -0.53. This number approaches —0.8 as the thermal
fraction decreases and non-thermal emission starts to dominate. From Figure 3.2,
we observe that 17 out of the 22 systems in our sample show ag_33 < —0.53. This
implies that non-thermal emission dominates most of our targets. This is in agreement
with what we found for Arp 220 using both 6 and 33 GHz in Barcos-Munoz et al.
(2015). However, note that changing our assumed ayt could change this conclusion
and that ant over the range 6-33 GHz is not strongly constrained for our targets.
Multi-frequency observations, particularly at high frequency, suggest curvature in the
radio SED (e.g., see Clemens et al. 2008, 2010; Leroy et al. 2011; Marvil et al. 2015)
so that the power-law assumption for the non thermal emission model in Equation
3.5 represents a simplification. Observations that cover a wide band (e.g., using the
current ~ 8 GHz VLA bandwidth) will allow for a more complex treatment.

Spectral Index and Implied Opacity at Lower Frequencies: By following the same
approach, we predict an integrated a;5_g of -0.71. However, less than half of the
sample show spectral indices that agree with the predicted value. Most of the systems
show shallower spectral indices, which is most likely due to opacity affecting the low
frequency emission, especially the observations at 1.49 GHz where free-free absorption
is known to play a major role in compact starbursts (see Condon et al. 1991b). In
fact, in Figure 3.2 we also observe a change in slope as frequency increases for several
sources, from shallower to steeper in most cases (Mrk 231 even shows a change from
positive oy 5_g to a negative ag_33 indicating Tiperma; becomes one at some frequency
between 1.5 and 33 GHz®).

Several systems show the opposite trend, exhibiting steep a;.5_¢ and a shallower

ag_33. These may have a higher thermal fraction than the other targets or may

6This turnover frequency normally occurs at MHz frequencies, when present, and it increases for
high star forming, very compact systems.
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have some other source of contribution to the 33 GHz emission, e.g., anomalous dust
emission (Draine & Lazarian 1998; Ali-Haimoud et al. 2009; Murphy et al. 2010).
Again, more detailed SED coverage could confirm this interpretation. Another possi-
ble explanation includes contribution from thermal dust (normally being important
at higher frequencies ~ 100 GHz). The simplest explanation, however, remains a
higher balance of thermal relative to non-thermal emission.

In Figure 3.2, we find a tentative correlation between oy 5_¢qn, and Az q with a
shallower spectral index for more compact sources. This is the expected trend since
more compact sources are also more opaque, with 1.5 GHz emission suppressed due
to a higher opacity relative to 6 GHz.

Integrated spectral indices only give us a partial view of the processes that are
powering star formation in our sample. We require more detailed spectral index maps
to dissect the distribution of the radio emission. We will report resolved spectral index
maps between 6 and 33 GHz in a future paper (Barcos-Munoz et al. in prep).

Ezxpectations from IR-Based SFRs: The contrast of the 33 GHz flux density with
the total IR emission also sheds some light on the emission mechanism. Inasmuch
as the IR tells us about the star formation rate, it also makes a prediction for the
expected thermal emission, along with some simplifying assumptions.

We derive the expected free-free emission, St, and then thermal fraction St/S, at
33 GHz by assuming that all the IR luminosity is due to star formation and that no
ionizing photons are absorbed by dust. We use equation 3.3 and the thermal SFR
from Table 8 in Murphy et al. (2012), which relates SFR and the thermal luminosity,
LT, by the following equation,

( SFRT

F) =4.6 X 10728
oy

T, \ ", o1 LY
104K (GHz> erg s ! Hz 1/~

In this way, we predict the thermal radio emission expected given the IR luminosity.

(3.6)

Comparing it to the measured 33 GHz flux density, we derive the thermal fractions

shown in the top-right panel in Figure 3.2.
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From our analysis of the spectral index, we expect thermal fractions < 50%. Figure
3.2 shows that based on the prediction from the IR, most of our sources have thermal
fractions ~ 50-100%. We expect that this is the combination of two effects. First,
even if the IR is all powered by star formation, some of the ionizing photons produced
by young stars will be absorbed by dust and thus do not produce free-free emission.
These should not be counted in our prediction for the thermal emission, and the true
thermal fraction would be accordingly smaller. We highlighted a similar situation in
Arp 220, where the predicted thermal fraction is ~ 50% but SED analysis shows it
should be closer to 35% (see Barcos-Mutioz et al. 2015). Second, as noted above, the
SED-based estimates remain hampered by the lack of good, wide-band coverage of
the spectral energy distribution. As long as the adopted non-thermal spectral index
(or SED) remains uncertain, so do the thermal fractions estimated in this way.

Two sources, UGC 04881 and IRAS 0857243915 show thermal fractions > 100%,
meaning very high ratios of IR to radio emission (see Figures 3.6 and 3.7). This IR
excess has been reported before for IRAS 08572+3915 (see discussion in Yun et al.
2004), and this system was already noted as an interesting source in discussion of
first results from our survey (Leroy et al. 2011).

Radio-IR Correlation at 33 GHz: As a more observational restatement of the
previous result, we derive ¢33, the ratio of IR flux density to radio flux density at
33 GHz:

¢, = Log1o((Sprr/3.75 x 10" Hz)/S,) . (3.7)

Here, S, is the flux density at frequency v in units of W m~2 Hz™!, and Spig =
1.26 x 107 (2.58 Sgoum + S100um), in units of W m~2, is the far-infrared flux density,
with the flux density at 60 and 100 gm measured in Jy.

We plot our calculated ¢33 in Figure 3.7. We find a median ¢33 =~ 3.32 and a
dispersion of 0.19 dex. Our ¢33 is similar to that found by Rabidoux et al. (2014)
studying regions in local star forming galaxies, but we find a tighter correlation. Their
measured dispersion is 0.1 dex larger than ours. In fact, the 0.19 dex in dispersion

we observed for qs3 is similar to that found in Condon et al. (1991b) at 1.49 GHz.
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Fig. 38.7.—: Histogram of g3z 5qH, obtained using equation 3.7. The dashed line shows the median value for
q32.5GHz at 3.3. For comparison, we also show the median value for q; 49cH, at 2.34 from Condon et al. (1991b).
The most deviant source in the histogram is Mrk 231 (q ~ 2.37), which is a known AGN and does not follow the
radio-FIR correlation (see Figure 3.6).

3.5.2 Physical Conditions at the Heart of Local Major Merg-

ers

Our estimates for the sizes of the energetically dominant regions in our sample imply
that a large part of the star forming activity, and so presumably also the gas that
fuels it, is concentrated in areas with equivalent radii that go from 20 pc up to 1.7
kpc”. Applying these sizes to global quantities using the proper aperture corrections,
we estimate Ygpr, 2R, Nu, and ny for our targets.

The resulting values span a wide range, typically 4 dex. The high end of the
range for each property is among the highest average gas, SFR, or luminosity surface
density measured for any galaxy. The low end of the range is still high compared to
values found in “normal” disk galaxies: our lowest density systems have Yo ~ 102~

103 Mg, pe2 and Xgpgr ~ 10°-10' Mg, yr~! kpe=2. These already resemble the highest

"This is without including the upper limits obtained for the faint components in the systems
UGC 04881 and VV250, for which we did not derive the physical parameters described in section
3.4.
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kpc-resolution values (which come from active galaxy centers) found in (Leroy et al.
2013) (see bottom panel in Figure 3.7). More, the gas surface densities in our sample,
even the lowest values, resemble those found for individual molecular clouds, but here
they extend over the whole energetically dominant region of our targets. This implies
average interstellar gas pressures in our targets that match or exceed those found
inside individual clouds. Because of this high pressure, a Milky Way GMC dropped
in to any of our targets would not remain an isolated, self-gravitating object. Self-
gravitating, overpressured clouds in our targets must be more extreme and denser
than clouds in normal galaxies, a conjecture born out by observations in nearby
starburst galaxies (e.g., Keto et al. 2005; Wei et al. 2012; Leroy et al. 2015; Johnson
et al. 2015).

About half (12) of our 22 targets show galaxy-averaged Ygpr > 10%7 Moyr—tkpc?.
This corresponds to > 2 times higher than the Ygpg that would be inferred based
on the IR emission from the Orion core (Soifer et al. 2000). Several (11) sources

show Ygpr > 10° Mgoyr~tkpc=2, corresponding to Mg > 10% Lokpe=2.

This value
has been put forward as the theoretical maximum Xgpr for a radiation pressure
supported optically thick disk (Scoville 2003; Thompson et al. 2005) (see Section
3.5.5 for further discussion).

The high column densities obscure the energetically dominant regions at non-radio
wavelengths. Assuming a “starburst” conversion factor, 12 of our sources show hy-
drogen column densities consistent with being Compton-thick, Ny > 1.5 x 10**cm 2
(e.g., Comastri 2004). As mentioned above, the implied optical extinctions are ex-
treme, 17-3x10% mag for our sample for a Galactic dust-to-gas ratio. Even infrared
wavelengths, at which a normal star-forming galaxy is usually optically thin, shows
significant opacity. At 100um, for a mass absorption coefficient of x99 = 31.3 cm? g*

(Li & Draine 2001), the dust opacity of our targets is 7199 ~0.02-30, with those same
12 Compton-thick sources being optically thick at 100um, i.e., 799 > 1.
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3.5.3 The [C11] deficit

Several studies have reported a “deficit” in the [C II] 158 um-to-far infrared luminosity
ratio, Licry/Lrir, in U/LIRGs relative to lower luminosity star-forming galaxies (e.g.,
Malhotra et al. 2001; Diaz-Santos et al. 2013). The Liciy/Lgir is shown to decrease
with increasing dust temperature, mid-IR measured opacity, star formation efficiency
(Lstars/ My, ) and infrared surface density (where Spitzer and Herschel data are utilized
to measure sizes). Thus, the collisional energy required to produce [C II] is being
suppressed in the compact, dense starburst environments of U/LIRGs, and/or the
infrared luminosity is being increased. Here, we examine two aspects of the deficit
using radio measurements.

First, we make use of our radio size measurements to derive infrared surface den-
sities. In Figure 3.8 (top left panel), we plot the Licm/Lrmr as a function of the
star formation rate surface density, SFR33qn,; the plot is further confirmation that
Licy/ L decreases as a function of increasing Mspry,qy,- We also show in Figure
3.8 (top right panel) Licij/Lyr as a function of As, where there is a clear trend of
increasing compactness with decreasing Lo/ Lrr. Second, we plot Licy/Lrr as a
function of the 1.5-to—6 GHz spectral index, a1.5_¢an, (bottom panel). We find that
the spectral index flattens as a function of decreasing Ljcr/Lrr. This flattening is
due to increasing opacity (e.g., see Murphy et al. 2013) and is further confirmation
that these low Licry /Lpir U/LIRGs are among the most heavily obscured systems. Tt
is also worth noting that, with the exception of IR F08572+43915, the five U/LIRGs
(Mrk 231, IRAS 15250+3608,ITIZW035, IR F01364-1042, and Arp 220) with the flat-
test spectral index have the lowest estimated thermal fraction at 33 GHz. Thus,
these five systems have the highest opacity at radio frequencies and the lowest ther-
mal fractions at 33 GHz. These results are broadly consistent with our detailed study
of Arp 220 (Barcos-Mutioz et al. 2015), where we presented evidence of suppressed 33
GHz thermal emission and speculated that the suppression is due to the absorption
of ionizing UV photons by dust concentrated within the HII regions. Such scenario

would also explain the lack of collisional energy available for [C II] production.
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[CII]157.7;m deficit versus Ssrrygy, [C11]157.7 deficit versus sizes
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Fig. 3.8.—: (Top left) [C1|158um deficit as given by [C11]158um/FIR, where FIR is the far infrared flux density
(Dfaz-Santos et al. 2013), versus XsFR,,qy, - Lhe colors indicate the infrared luminosity of the system. We see that
the most luminous galaxies in our sample show the highest deficit (smallest ratio of [C11] flux/FIR). (T'op right) [C11]
deficit as a function of half-light area. The symbols are the same as in the left panel. We observe a higher [C11] deficit
for the more compact objects. (Bottom left) [C11] deficit as a function of a1 5_e¢cH~. The sources with the highest
deficit show the flattest spectral index between 1.5 and 6 GHz. This is consistent with the finding that the [Cl1] deficit
is inversely proportional to mid-IR opacity measurements, i.e., low [C11]158um/FIR sources are deeply buried.

3.5.4 Implications for Star Formation Scaling Relations

The observed scaling between star formation rate surface density, Xspr, and gas
surface density, Ygas, is often used as a main diagnostic of the physics of star formation
in galaxies (e.g., Kennicutt 1998). Kennicutt (1998) fit a scaling between galaxy-

averaged Xgrr and Xg,s that describes both normal disk galaxies and starbursts. The
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starbursts in Kennicutt (1998) have high Ygpr and Y., and include U/LIRGs like
those that we study here.

The contrast between the normal disks (low Xgpr, Xgas) and the starburst galaxies
(high YgpRr, Ygas) Played a main role in driving the best overall fit of Kennicutt (1998),
YSFR ~ Eé:fs. This contrast depends on the sizes adopted for the starburst galaxies.
Changing the size affects both surface densities by the same factor, but because the
overall relationship between Ygpr and ¥g,¢ is non-linear, the adopted size affects the
slope.

In Figure 3.9 we place our systems in the Xgpr-Ygas (0r Xgpr-Xmol) plane (see
Section 3.4.2 and 3.4.3 for details on the derivation of Xgpr and ,,). In the top-left
panel, we show only our targets and adopt a fixed aco = 0.8 Mg pc™2 (K km s71).

Our sources show high surface densities and an approximately linear relationship. A

non-linear least-squares fit® yields

logio(Ssrr) = (1.04 % 0.10) log1o(Smet) — (1.38 & 0.43) (3.8)

This slope is in good agreement to the results found by Liu et al. (2015) for disk
galaxies and for U/LIRGs. Daddi et al. (2010) and Genzel et al. (2010) also noted
that the internal relationship for starburst galaxies was more nearly linear than the
relationship using both types of galaxies, giving rise to the idea of “two sequences”
of star formation. With a slope close to unity, another way to express Equation
3.8 is that for a “starburst” conversion factor, we find a typical gas depletion time,
Taep = Mmo1/SFR, of Tyep ~ 20 Myr for our targets.

In addition to the size, the adopted conversion factor can have a large effect on
the results. Because we find an approximately linear relationship within our sample,
shifting from one constant aco to another will not significantly affect the slope.
For example, if we use a Galactic aco = 4.35 Mg pc™? (K km s7!) instead, the
coefficient would shift to -2.14+0.50, raising the depletion time to 74ep, = 110 Myr.
For comparison, Leroy et al. (2013) find a significantly longer time, ~ 1.6 Gyr, in the

8We used the scipy.optimize.curve fit algorithm and a function of the form
Y = slope X + coefficient to obtain the slope and coefficient, and their standard deviation errors.
We excluded sources with lower limits to their sizes.
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Fig. 3.9.—: Kennicutt-Schmidt (KS) law of star formation within Asg 4 (see Section 3.4 for details). The SFR was
calculated based on the IR luminosity and the molecular gas mass was obtained using an aco factor. (Top left) The
mass of the gas was calculated using a fixed CO-to-Ha conversion factor of 0.8 (typical for ULIRGs). The squares
represent lower limits and the solid line is the fit to the data. The dotted lines are separated by 0.3 dex from the
fit and the colors represent the infrared luminosity of each system. (T'op right) The circles show the values from the
top left panel, i.e., with the gas obtained using a fixed conversion factor of 0.8, and the solid line shows the fit. The
stars show values where the gas was obtained using a conversion factor that varied for each source (see Table 3.5) and
the dashed line is the fit to the data. (Bottom) Comparison between values from nearby disk galaxies from Leroy
et al. (2013) (green squares) and from our sample using different values of aco (other symbols). The dashed line
shows the fit to our data using a conversion factor of 0.8, and the solid line shows the fit to the binned data from
Leroy et al. (2013) (red circles). The best fit to the disk galaxies and U/LIRGs (using a Galactic conversion factor,
blue diamonds) is shown by the solid grey line (see Section 3.5.4 for more details). By using a conversion factor that
depends on the gas surface density of the source (red squares), we obtain a steeper slope (dashed grey line) compared
to that obtained using a fixed conversion factor. This indicates the crucial role that aco plays when studying the
KS law. The nuclear regions in local U/LIRGs occupy the higher end of the star formation law indicating they host
more extreme environments in comparison to disk galaxies.
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disks of nearby normal galaxies.

Several suggestions posit a continuous variation in ago that depends on surface
density (see above). Adopting such prescription affects the slope of the derived rela-
tion. If we adopt the surface density-dependent slope discussed in Section 3.4.3, the

best fit shifts to
logio(Xsrr) = (1.56 £ 0.14) log10(Xme1) — (3.17 £ 0.59) . (3.9)

The top-right panel in Figure 3.9 shows our data for two cases: a fixed “starburst”
conversion factor and the surface-density dependent value. Internal to the starburst
sample, the linearity or non-linearity of the slope depends entirely on the treatment
of the conversion factor; the apparent relationship between Yspgr and CO luminosity
surface brightness is approximately linear.

As mentioned above, the contrast between normal disk galaxies and starbursts
played a large role in determining the Kennicutt (1998) fit. The bottom panel of
Figure 3.9 explores this contrast. There, we compare our results to those found for
kpc-size regions drawn from 30 nearby disk galaxies by Leroy et al. (2013). Individual
regions appear as green squares and the median and scatter in Ygpg, in bins of fixed
Yimol, appear as red points with error bars. Note that, in contrast to Kennicutt
(1998), we consider only the molecular gas component of the ISM, and, in the normal
galaxies, we consider individual kpc-sized regions. Kennicutt (1998) include atomic
gas and consider whole-disk averages. We chose our approach to focus on star-forming
(molecular) gas in comparable sized regions in order to contrast the ability of gas to
form stars in the two types of systems.

Figure 3.9 shows a significant contrast between disks and our starburst sample,
even for matched aco (a similar contrast was seen when comparing 74e,). In that
case, aco = 4.35 Mg pc? (K km s7!) for both samples, a fit to our sample and the
Leroy et al. (2013) bins yield:

1og10(Zsrr) = (1.35 £ 0.03) 1ogio(Smer) — (3.85 +0.12) . (3.10)



87

Meanwhile, adopting the starburst aco = 0.8 Mg pc™? (K km s™') for our sample
only yields:

loglo(ZspR) = (161 + 007) logm(Emol) — (415 + 022) . (311)

In both cases, the data appear to support the “two sequences” idea, at least to some
degree, with internal relationships in the two sub-samples that are more nearly linear,
and a steep slope when contrasting both populations. This is particularly the case
when we use a starburst conversion factor for our sample.

Adopting aco o< 3.%° (see equation 3.4) we find instead

mol

logio(Ssrr) = (1.88 % 0.06) 1og10(Smet) — (4.64 & 0.19) . (3.12)

In this case we find an even steeper slope when fitting the combined data, from
our U/LIRGs and the normal spirals from Leroy et al. (2013), than when we use a
starburst conversion factor for our sample only, and even more so when we fit either
sample alone. To some degree, this reinforces the “two sequences” view and it strongly
reinforces the idea that the disk-starburst contrast is essential to probe the non-linear
nature of star formation scaling relations. We also show, following a number of others
(e.g., see Bouché et al. 2007; Ostriker & Shetty 2011) that the adopted conversion
factor, in addition to the starburst sizes, plays a large role in the results.

Efficiency per Free Fall Time: A popular class of models posits an approximately
fixed fraction of gas converts to stars per gravitational free fall time, 7%°' = /37 /(32G pimo1)
(e.g., Krumholz & McKee 2005b; Krumholz et al. 2012). If we adopt a simple, spher-
ical, with radius Rs 4, view of the geometry of our systems, we can estimate 7.
For a three dimensional Gaussian, this implies an aperture correction of ~ 1/3.4 for
the total gas mass (or SFR) within that volume.

mol

Comparing 72! to the depletion time of the molecular gas mas, Tdep s We esti-

mate the efficiency of the conversion of the gas mass into stars per free fall time, or
mol

er = /7ol We find median values for 7' of 1.2, 1.6, and 0.5 Myr for “star-

burst”, surface-density dependent, and Galactic conversion factors. These numbers
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imply median eg of 9%, 19%, and 0.7%. These numbers appear high compared to
the universal ~ 1% eg assumed in the Krumholz et al. (2012) model, and in more
agreement with a non-universal star formation efficiency (Semenov et al. 2015), but

we emphasize the uncertainty in our adopted geometry.

3.5.5 Are Local Major Mergers Maximal Starbursts?

The extreme environments present in the local U/LIRGs of our sample are undoubt-
edly subject to feedback processes that can halt the ongoing star formation. Scoville
(2003); Murray et al. (2005); Thompson et al. (2005) proposed radiation pressure on
dust as the main feedback mechanism for compact, optically thick starbursts, such as
the local starbursts we study in this paper?. The high g, or Xspr, values derived
for these systems indicate they may be close to or above the maximal starburst limit.
This limit represents the maximum brightness a source can have that can be pro-
duced only by star formation. If a source is above this limit, then an external source
of energy, such an AGN, has to be invoked in order to explain such high values.

In Figure 3.10, we explore this by comparing g of our systems to the theo-
retical values presented by Thompson et al. (2005) in their Figure 4. These limits
depend on the size, stellar velocity dispersion (o), gas fraction (f;), dust-to-gas ra-
tio, and Rosseland mean opacity (k) of the system, which imply several assumptions
when determining the true “Eddington limit”. Assuming in the center of these local
U/LIRGs f, = 1 and o ~ 200kms ™' (e.g., Genzel et al. 2001), indicated by the solid
green line, we observe in Figure 3.10 that at least 4 systems are at, or above, the Ed-
dington limit. These are Mrk 231 (#10), Arp 220 (#17), IRAS 1525043608 (#16),
and IRAS F01364-1042 (#2). Mrk 231, an optical Seyfert 1, is the one deviating the
most from the assumed Eddington limit. The other 4 sources which are close to the
limit have mid-IR evidence of energetic AGN — i.e., low PAH equivalent widths (=
0.01-0.17) and/or high 30-to-15 pm flux density ratios (= 10-33) indicative of very
warm, Seyfert-like mid-IR dust emission (Stierwalt et al. 2013). In terms of Arp 220,

there is some tension with our prior results presented in Barcos-Mufioz et al. (2015),

9 Another feedback mechanism that can be important in compact starbursts is cosmic ray pressure
(e.g., Socrates et al. 2008).
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Fig. 3.10.—: Infrared surface brightness versus radius for local U/LIRGs. Lower limits are indicated with an arrow.

This is an updated version of Figure 3 from Barcos-Munoz et al. (2015) adapted from Figure 4 in Thompson et al.
(2005). The solid lines represent the Eddington limits presented by Thompson et al. (2005) for different gas fractions
(fy) and a stellar velocity dispersion sigma = 200 km s~!. The dashed line represents the Eddington limit for fg=1
and sigma = 300 km s~!. Assuming the green solid line is the proper “Eddington limit”, one source shows clearly
super Eddington values (#10, Mrk 231). Other three sources are very close to the “Eddington limit”, including
TRAS F01364-1042, Arp 220, and IRAS 1525043608, although the value for Arp 220 is most likely inflated due to
lack of geometry corrections (see Section 3.5.5 for further discussion). The majority of the systems are not maximal
starbursts. The left panel shows the more extended systems in a zoomed out version of the plot in the right panel.

where we found that each nucleus in Arp 220 is far from the Eddington limit. One
possible explanation is related to the geometry of the source and the fact that we are
considering both nuclei as a single source. If we take these considerations into account
we would need to decrease the measured g here by at least 1/2, which would place
Arp 220 immediately below the Eddington limit (see Appendix A in Barcos-Munoz
et al. 2015, for further discussion on geometry corrections). We consider the other two
sources to be maximal starbursts. The rest of our sample is well below the Eddington
limit assumed here, although further knowledge on the proper gas fraction, opacity,
and stellar velocity of each system is needed to make a statement on the mode these

U/LIRGs are producing stars, and whether they are maximal starbursts.

3.6 Conclusions

We present a high resolution imaging survey of 33 GHz continuum emission from

local U/LIRGs. Using all four VLA configurations and a bandwidth of Av = 2 GHz,
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we achieve very high resolutions of (07070767, or 30-720 pc at the distance of our
sample while still retaining sensitivity to emission on large scales. This is the first
such survey at high frequency (for the VLA) and as a result, the resolution improves
on previous work by Condon et al. (1991b) and Condon et al. (1990). Because of the
steep spectral index of galaxies in this range, the improved sensitivity gained from

the VLA upgrade was a key element in the survey. Using these data, we find:

1. Most of the 33 GHz emission observed at low resolution arises from sources
that appear compact in our highest resolution maps. For the majority of our
targets, more than 50% of the integrated flux density at 33 GHz arises from
sources with Gaussian-like morphologies at high resolution and extent typically

a few times the size of the beam.

2. The 33 GHz emission reflects a mixture of synchrotron and free-free emission.
For different approaches we achieve slightly different results, but within the un-
certainties approximately equal fractions of thermal and nonthermal emission
could contribute at 33 GHz. To improve on this uncertain number improved
coverage of the radio SED, especially achieving reliable flux densities at many
frequencies in the range 15-50 GHz, will be extremely helpful. Unless the emis-
sion is highly clumped within our high resolution beam, brightness temperature

arguments suggest that all of our targets are optically thin at 33 GHz.

3. By making use of the 33 GHz size to indicate the active, star-forming region, we
provide estimates for the surface densities of gas, star formation, and infrared
emission. These quantities are all more extreme than those found in typical star-
forming galaxies but also vary strongly across the sample, spanning a range of
~ 4 dex. The highest values in our sample are among the highest measured for

any galaxies.

4. We also make use of the measured 33 GHz sizes of the sample to estimate
their star formation rate surface densities, Yspryyqy,- We find that Liciy/Ler
decreases with increasing Yspgr,,.y,, increasing opacity (as measured via the

flattening of the radio spectral index between 1.5 and 6 GHz), and increasing
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compactness. These measurement agree with prior studies which make use of
infrared sizes to estimate g (or Xspr), and they confirm that the [C II] ‘deficit’

is more pronounced in the most compact and obscured U/LIRGs.

. We consider the implications for star formation scaling relations from Ygpr and
Ygas derived combining our size estimates with unresolved CO and IR observa-
tions. For any single, fixed conversion factor and considering only our sample,
we find a slope near unity (&~ 1.04) relating the two. However, our targets
contrast with results for normal spiral galaxies from (Leroy et al. 2013), and
a nonlinear slope is needed to relate the two different populations (consistent

with Kennicutt 1998; Liu et al. 2015).

. The exact value of the power law index needed to fit both normal disks and
U/LIRGs depends sensitively on the sizes of the U/LIRGs (which we know)
and the prescription for the CO-to-Hy conversion factor (which we do not).
We show results for three common approaches to the conversion factor, and
the power law index relating normal disk galaxies to our U/LIRGs varies from
~ 1.3 to ~ 1.8. For any fixed conversion factor, our data do offer some support
for the idea of two sequences of star formation, though the contrast is weaker

when the conversion factor is the same for both samples.

. The high column densities that we infer imply high opacities outside the ~cm
and mm-wave regime. By adopting a “starburst” conversion factor, the average
extinction at optical wavelengths is Ay ~ 17-3x10* mag for our targets. 12
of our sources appear Compton thick, with average Ny > 1.5 x 10%® cm 2. At
IR wavelengths, the opacity is less, T99 ~ 0.02 — —30, however they are still
affected by dust with those same 12 sources being optically thick at 100 pm.
Applied to the measured 1.5 GHz flux densities, our sizes also indicate that

opacity must play a significant role at lower radio frequencies.

. Our targets show high infrared surface brightnesses, with 12 sources having
Yir > 108L, kpe™2. These values are close to the “maximal” starburst limit

set by radiation pressure on dust. However, by comparing to models from
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Thompson et al. (2005), we find most of our targets are not “maximal” star-
burst. There are three exceptions: Mrk 231 showing a super-Eddington value,

and TRAS 1525043608 and IRAS F01364-1042 that are at the Eddington limit.
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3.A Notes on the sources

CGCG 436-030: This system has too well separated components (east and west),
however we only detected the western component at 33 GHz.

CGCG 448-020: This is an interacting system showing a complex morphology. It
is still not clear whether there are two or more systems interacting. It hosts an off-
nuclear starburst (north-east component in Figure 3.1) which contributes ~ 80% of
the total infrared luminosity of the galaxy at infrared wavelengths (Stierwalt et al. in
prep). In our final map (i.e., the one with the highest resolution, not shown in this
work), this off-nuclear starburst is still only partially resolved, even at 0”08, while the
more extended component (south-west) is resolved out.

11T Zw 035: This is the galaxy showing the most compact 33 GHz continuum emis-
sion, even though it is not a U/LIRG.

IRAS 152504-3608: This systems is one of the sources emitting at, or close to,
the Eddington limit. The optical and mid-IR diagnostics classify this galaxy as a
composite source. The fact that it is close to the Eddington limit, agrees with the
potential coexistence of an AGN and a strong starburst.

IRAS 171324-5313: This system has two components. The galaxy towards the
north east is extended and resolved out in the highest resolution image (0”708 X
0707). We had to taper the map in order to recover its emission. The galaxy towards
the south west is compact and contributes ~ 40% of the integrated flux density of
the system.

NGC 3690: This is a system with clear signs of interaction showing multiple com-
ponents. Two of them are associated with the nuclei of the progenitors, NGC 3690E
(east) and NGC 3690W (west), while the others are a combination of off nuclear
starbursts and a PG QSO. The strongest nucleus (NGC 3690E) has been observed
with VLBI. At least 30 point sources have been found plus a potential AGN (e.g.,
Neff et al. 2004). Due to the proximity of this system and its spatial extent, the 33
GHz emission is resolved at the D configuration resolution (~ 2”), clearly showing 5
components (see red crosses in map from Figure 3.1). In order to measure its total

flux density, we tapered the D configuration map until the system showed 2 unre-
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solved components (east and west systems). We then proceed as explained in Section
3.3.1, by fitting a Gaussian to each one.

UGC 04881: This system has two components and its total flux density was re-
covered by adding the Gaussian fit results of each component separately. The error
of this measurement was obtained by adding in quadrature the errors associated to
each component (see Section 3.3.1). The D configuration map of this system had
low signal-to-noise and the quality was not good enough to recover the total flux
density. For this reason, we used the final image (with the different array configura-
tions combined, see Section 3.2) tapered such that we recovered a point-like structure
for each component. Even though both components contribute about the same to
the total flux density observed at 32.5 GHz, the brightest component (north-east) is
more compact. The south-west component is resolved out at the highest resolution
we can achieve. We measured the size of this component from the image we used
to obtain the total flux density (Apeam = 20.3 arcsec?) and found an upper limit of
Asg = 19.8 arcsec?, i.e., it is unresolved in this coarser map. The brightest component
is shown in Figure 3.1.

UGC 08058: This is the most powerful source in our sample. It is known to host
an AGN (e.g., Lonsdale et al. 2003; Twasawa et al. 2009) and potentially represents
the stage before becoming an elliptical galaxy according to the evolutionary model
proposed by Sanders et al. (1988b).

Arp 220: This is the closest U/LIRG in the local universe. This galaxy shows
extreme dust opacities and very compact nuclear disks. We present a detailed analysis
of the 33 and 6 GHz emission from this galaxy in Barcos-Munioz et al. (2015), where
we find that the disks are better described by exponential disks, rather than Gaussian.
The 33 GHz map reported in Barcos-Munoz et al. (2015) is slightly different to the one
presented here since the imaging procedures differ, however the flux density measured
here and the morphology are in agreement with those shown in Barcos-Munoz et al.
(2015).

VII Zw 031: At the highest resolution image (0’8 x /6, done with natural weight-
ing) the emission was completely resolved out. We had to taper the image heavily in

order to recover the emission. This is one of the most extended systems in our sample
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along with VV 340a.

V'V 250: This system has two well separated components, south-east (VV 250a) and
north-west (VV 250b). In Figure 3.1, we only show VV 250a since it concentrates
~86% of the total flux density of the system (obtained by adding the flux density
of both components). The north-west component is faint with an 110 peak detec-
tion. To recover Ay, for this faint component, we used the tapered D array map
(~ 10” resolution) since we could not recover half of the integrated flux density of
this component in higher resolution maps. Even in this low resolution map, we re-
cover Asqg for Csg = 3.20, which is lower than our conservative limit of 50, however
we inspected this contour and made sure the emission within it looked real. For the
north-west component, Asy = 64.8 arcsec? in a map with Apeam = 113.4 arcsec?, i.e.,
it is unresolved, and then Asq is only an upper limit.

VV 340a: In the final combined image, where we achieved a spatial resolution of
0”5 x (0”4 (using natural weighting), the emission from this system was completely
resolved out. To recover the extended emission, we had to taper the image heavily.
VV 340 has two components, an edge on galaxy to the north (VV 340a), shown in
Figure 3.1, and a face on galaxy to the south (VV 340b). Inconveniently, the pointing
of the VLA observation was centered on VV 340b, from which we tentatively detected
an off nuclear feature at a ~ 3¢ level in our lowest resolution image. The bright edge
on galaxy, VV 340a, is clearly detected, although it was hard to perform the Gaussian
fit since the source fell close to the edge of the primary beam.

V'V 705: This system shows two nuclei in Figure 3.1, north-west and south-east. In

the D configuration map they are indistinguishable.
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Chapter 4

ALMA View of the Arp 220 Disks
From New Extended Configuration

Observations of Dense Gas Tracers
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Abstract

We present new high-resolution continuum and line observations of the proto-
typical (and closest) ULIRG, Arp 220. Arp 220 is one of the most extreme local
star-forming systems and is often used as a template for starbursts at high redshift.
Using the most extended configuration of ALMA available at Cycle 3, we achieve
resolution of 0708 = 30 pc at Band 3, targeting the mm-wave (~ 90 GHz) continuum
and the high critical density tracers HCN (1-0), HCO™ (1-0), their isotopologues, and
the shock tracer SiO (2-1). This resolution is sufficient to resolve both disks and ideal
to compare to our 33 GHz VLA continuum images at the same resolution (Barcos-
Mufioz et al. 2015). The continuum emission at 92 GHz shows similar distribution
when compared to the 33 GHz map, indicating the 92 GHz emission in Arp 220
is optically thin and traces star formation. We also combine the two data sets to
construct resolved spectral flux density distributions maps of the two nuclear disks
hosting the energetically dominant regions of the galaxy. From their spectral flux
density distribution, the two nuclei show distinct behaviors, with the west showing
a rising spectral index through the 100 GHz regime, indicative of opaque free-free
or dust emission. The eastern nucleus shows a flatter spectrum implying thermal
emission is still an important component at this high frequencies. In fact, taking
into account that we only recover 60% of the total flux density at 92 GHz, 40% of
the emission in the western nucleus at 92 GHz is due to thermal dust, while 56%
of the emission in the eastern nucleus is due to free-free emission. Using the line
emission, which traces the high density gas pervasive in the system, we present gas
and kinematic profiles for both disks. We observe clear evidence for nuclear P-Cygni
profiles with characteristic velocities, corrected for inclination, of 170 and 80 km s+
for the east and west nucleus. These imply mass outflow rates of 3400 and 1600 M,
yr~! and mass loading factors of 35 and 18, which suggest an AGN is helping boost
these outflow rates, however these numbers are strongly dependent on the HCN-to-
gas mass conversion factor, and should be only used as upper limits. We also observe
the dense gas is rotating in both nuclei, with the west nucleus also showing rotation

signatures from a potential outer gas envelope. Absorption features are strongest in
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the western nucleus and affect more the HCO™ emission.

4.1 Introduction

At a luminosity distance of 77 Mpc and Lig[8 — 1000um] ~ 101221, Arp 220 is the
closest ultraluminous infrared galaxy (ULIRG: Lig[8 — 1000um] > 10'*Lg) and one
of the most extreme local star-forming system (e.g., as the prototype for “maximal”
starbursts). Due to its high infrared luminosity, extreme physical conditions, and
proximity, it has been well studied at many wavelengths. It is considered a prototype
to understand more distant ULIRGs and is frequently used as a template for starbursts
at high redshift.

Despite decades of study, Arp 220’s extreme opacity and compactness mean that
it is still mysterious in many ways. The system is a late-stage merger that hosts
two extremely compact nuclei each with less than 1”7 of angular diameter and only
separated by ~ 1” =~ 369 pc (e.g., Sakamoto et al. 1999; Barcos-Munoz et al. 2015).
Each nucleus harbors gas and dust comparable to the entire content of some galaxies
(~ 10% My,), rendering them optically thick even at mid-IR wavelengths (e.g., Armus
et al. 2007). Opacity is even present at radio wavelengths, with free-free absorption
playing an important role at ~GHz frequencies.

These characteristics conspire to set a very limited range of frequencies where Arp
220 is optically thin (from about 5 to 350 GHz, see Barcos-Munoz et al. 2015). This
makes observations of the innermost regions of this key system very challenging and
explains why major uncertainties still surround even the basic structure of the nuclei.
For example, we have little idea of how the dominant radio emission mechanism varies
across the inner disks, what the vertical velocity dispersion of either disk is (a key
measure of disk structure), and even what the inner portion of the rotation curve
looks like in each nucleus. These factors bear directly on whether Arp 220 is actually
a “maximal” starburst limited by feedback processes, and/or if supermassive black
holes contribute significantly to the mass and luminosity of the system.

The nuclei of Arp 220 have been observed multiple times in the cm-mm regime,

but mostly with resolution comparable to the size of the nuclei (e.g., Norris 1988;



100

Condon et al. 1991b; Downes & Solomon 1998; Sakamoto et al. 2008; Wilson et al.
2014). Similarly, efforts to observe the kinematics of molecular and ionized gas have
either lacked angular resolution (e.g., Imanishi et al. 2007; Sakamoto et al. 2008;
Greve et al. 2009; Tunnard et al. 2015; Scoville et al. 2015) and/or targeted regimes
with optically thick continuum (e.g., Rangwala et al. 2015). Before this year, the
highest resolution published kinematic studies at an optically thin regime (to our
knowledge) remain Sakamoto et al. (2008, 2009) and the recently published results
by Scoville et al. (2015) with ~ 0.5”. In these cases, continuum emission of the nuclei
is distinguishable, but the kinematic information is not good enough to measure inner
rotation curves for the individual disks.

As part of its first “extended configuration” campaign, ALMA observed Arp 220
at v ~ 100 GHz with ~ 071 as part of two projects. Scoville et al. (2016) recently
published observations targeting the CO(1-0) emission, tracing the whole gas distri-
bution. Here, we present the first highly resolve maps of HCN and HCO™ emission in
Arp 220 (PI: Barcos-Mutioz, Project Code 2015.1.00702.S). These were designed to
trace the motions of dense gas in the immediate vicinity of the two nuclei, yielding,
where possible, dynamical constraints on the distribution of mass, as well as evidence
of feedback. At the same time, we aimed to image the continuum emission to compare
with our 33 GHz data and to constrain the emission mechanisms within the nuclei.

This paper is structured as follows: we present the observations and explain data
reduction process in Section 2.2. In Section 4.3, we analyze the continuum emission.
In Section 4.4, we measure the line emission, comparing the spectra of the two nuclei,
showing signatures of outflowing material, and constraining the rotation and disper-
sion of the two disks. We conclude in Section 4.5 and note future directions in Section
4.6.

Throughout this paper, we adopt Hy = 73 km s™' Mpc™!, Quacuum = 0.73 and
Quatter = 0.27, with velocities corrected to the cosmic microwave background frame.

The scale at Hubble flow distance is 369 pc/”.
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4.2 ALMA Observations of Arp 220

We observed Arp 220 in three different sessions between 2015 October 15 and 2015
October 29. The observations were targeted on the high critical density transitions
HCN (1-0) and HCO™ (1-0), their optically thin isotopologues H**CN and H*CO™,
and the shock tracer SiO (2-1).

We used J1550+0527 as the flux density calibrator, and J1532+2344 and J1537+2300
as phase calibrators. The total integration time on source was 2 hours, and 50 an-
tennas were used. All of these observations occurred when ALMA was in the most
extended configuration available in Cycle 3, C36-8. This configuration has a maxi-
mum baseline of &~ 10 km. The largest recoverable angular scale is 1.1”.

We configured the correlator to process four spectral windows (SPWs), each 1.875
MHz wide. Two of these were in the lower sideband (LSB) and the other two were
in the upper sideband (USB). The central rest frequency, vyes, of the four spectral
windows were 86.75, 88.75, 99.022 and 101 GHz. This placed our main lines of interest
in the lower sideband spectral windows, while the two higher frequency windows
targeted lines of opportunity and the mm-wave continuum. After on-line smoothing,
the spectral resolution near our lines of interest was 13.6 km s~ *.

The data reduction, imaging and analysis of the data were carried out using the
Common Astronomy Software Application package (CASA; McMullin et al. 2007).
We calibrated the raw data by running the observatory-provided reduction script. We
then separate the calibrated observations of Arp 220 from the calibration data. We
examined the full, calibrated data set using to identify the channels that contained
only continuum emission without contamination by spectral lines.

Using this information, we produced continuum images of Arp 220. To do this,
we first flagged the channels with line emission, so that we work with only continuum
emission. Then, to increase the processing speed, binned the data in frequency by
a factor of 40 channels. We imaged the binned data set using the task clean in its
multifrequency synthesis (mfs) mode (Sault & Wieringa 1994) with nterms=2. We
used the Cotton-Schwabb algorithm (imagermode csclean) with a Briggs weighting

scheme, setting the robust parameter to 0.5, and using a pixel size of (/01.
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Our first continuum image had rms noise of 17 pJybeam™! and a peak signal-to-
noise ratio (SNR) of 482. This high SNR was enough that we could perform self-
calibration in order to attempt to solve for short-timescale variations in the phase
and amplitude response of the telescopes. We were able to perform three phase
self-calibrations and two amplitude self-calibrations. After self-calibration, the final
continuum image had an rms noise of 14.3 pJybeam™! and a peak SNR of 638, so
that self-calibration improved the peak SNR by ~ 30%. The fiducial frequency of the
final multifrequency synthesis image was v = 92.2 GHz with a restoring beam size
of 0709 x 0707.The total integrated intensity of Arp 220 at 92.2 GHz is 32 mJy. In
Figure 4.1 we show the 92 GHz continuum map and compare its morphology to that

of the 33 GHz continuum map from Barcos-Mufoz et al. (2015).
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Fig. 4.1.—: (Left) A 92.2 GHz continuum image of Arp 220 with its contours overlaid. The contours are in steps

of 2" x 30 with n=0,1,2,... and o = 14.4uJy beam—!. The FWHM of the restoring beam is 0709 x 0707, p.a.~-13°
and it is shown in the bottom left corner in red. (Right) Same as left panel, but with white contours from the 33 GHz
continuum emission overlaid from Barcos-Muiioz et al. (2015). The contours at 33 GHz are in steps of 2" x 3¢ with
n=0,1,2,... and o = 23uJy beam~'. The FWHM of the restoring beam is 0708 x 0706, p.a.~65° and it is shown to
the left of the 92 GHz beam, in grey. We re-grid the 33 GHz using a cubic interpolation in order to match the pixel
sizes.

The multifrequency synthesis produces spectral index maps, but to analyze the
spectral flux density distribution in more depth, we also produced a separate contin-

uum image using the line-free portion of each SPW (fiducial frequencies v = 85.2,
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87.2, 97.3, and 99.2 GHz), and one for the whole lower and upper sideband (v = 86
and 98 GHz). The total integrated intensity of Arp 220 at 97.3 GHz is 37.9 mJy.
This indicates we recover only 60% of the total continuum measured at 97.2 GHz by
Anantharamaiah et al. (2000) based on line measurements of H40a. Most likely that
40% missing is extended emission with sizes larger than 17 (the largest recoverable
scale of our observations) that we are not able to detect due to spatial filtering. In
Table 4.1 we report the beam size of each image, the integrated flux densities of each
nucleus and the entire system and the peak intensity of each nucleus. We also include

literature data of such measurements.

To image the line emission, we returned to the original data before flagging and
binning. We applied the self-calibration that we derived for the continuum to these
line data. On this calibrated measurement set, we carried out a v — v continuum
subtraction using the task uvcontsub, fitting the continuum with a polynomial of
order 1. We excluded the previously identified line channels from the fit, so that the
subtraction fit and subtracted only the continuum.

We imaged the continuum-subtracted visibility data for each whole SPW in to a
single large datacube. To do this, we used clean with mode=’velocity’ and a Briggs
weighting scheme with the robust parameter set to 1.0. We binned the final cube to
a spectral resolution of 54.4 km s~!, coarser than the native 13.6 km s~!. Thanks to
the very wide lines in the Arp 220 nuclei, this resolution is still sufficient to resolve
the lines, and the averaging involved increases the SNR by a factor of = 2.

Figures 4.2 and 4.3 show the continuum-subtracted spectra. The first shows spec-
tra integrated over an aperture enclosing the 3o continuum intensity contour for each
nucleus (see Figure 4.1). The second shows spectra from an individual beam at the
peak of the continuum emission of each nucleus. In each figure, we label notable lines,

which we list in Table 4.2.
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Table 4.1.  Flux densities at different frequencies for Arp 220
Frequency Beam Total East West Reference
Integrated Peak Integrated Peak
(GHz) ("x"  (mJy) (mJy) (mJybeam~!) (mJy) (mJy beam~1!)
4.7 0.60 x 0.43 222.0 92.4 61.8 114.6 89.5 Barcos-Mufoz et al. (2015)
5.95 0.38 x 0.28 197.6 81.4 49.0 94.3 73.3 Barcos-Muioz et al. (2015)
7.2 0.38 x 0.28 1714 73.2 36.0 89.5 60.4 Barcos-Munoz et al. (2015)
32.5 0.081 x 0.063 61.8 30.1 4.1 33.4 6.5 Barcos-Muifioz et al. (2015)
85.2 0.098 x 0.074 34.67 12.78 2.58 21.23 9.01 This work
86.2 0.095 x 0.070 36.16 13.40 2.46 22.27 8.94 This work
87.15  0.095 x 0.069 36.25 13.26 2.43 22.27 9.06 This work
92.2 0.087 x 0.066 36.92 13.10 2.28 23.50 9.11 This work
97.26  0.085 x 0.064 37.90 13.06 2.24 24.36 9.49 This work
98.23  0.095 x 0.070 37.56 12.60 2.44 24.65 10.3 This work
99.20 0.084 x 0.064 36.49 11.49 2.23 24.03 9.81 This work
112.3 0.10 x 0.08 16.1 3.1 29.0 13.1 Scoville et al. (2016)
230.6 0.56 x 0.51 208 66 142 Sakamoto et al. (1999)
341.8 0.55 x 0.40 157 111 328 261 Scoville et al. (2015)
344.6 0.51 x 0.48 780 200 180 380 350 Sakamoto et al. (2008)
691 0.36 x 0.20 4370 1510 1810 Wilson et al. (2014)
Table 4.2. Summary of the lines detected by ALMA

Line vrest (GHz)
HC'™N (1-0) 86.054
HI3CN (1-0) 86.34016
H3CO* (1-0) 86.75429
SiO (2-1;v=0) 86.84696

CoH (N=1-0;J=3/2-1/2)  87.31690

CoH (1-0;1/2-1/2) 87.40199
HNCO (40,4-30,3) 87.92524
HCN (1-0) 88.63160
HCO™ (1-0) 89.18852
HC3N (11-10) 100.0764
HC3N (11-10; v7=1;1=1e¢) 100.32242
HC3N (11-10;v7=1;1=1f) 100.46622
NH,CNP 100.6295

Note. — Values of the rest frequencies of

the lines are from Meier et al. (2015) unless

otherwise indicated.

2Rest frequencies from Splatalogue.

bPossible ID.
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Fig. 4.2.—: Continuum subtracted integrated spectra of the west (blue) and east (red) nucleus per SPW. We mark
the location of lines with dashed grey lines. The spectral resolution is 54.4 km s~1, which is 4 times the original
No spectral lines were evidently detected in SPW 2, however we mark the location of a line that is
tentatively present in the W nucleus.

resolution.
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SPW 0 central beam spectrum from nuclei of Arp 220
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Continuum subtracted spectra from a beam-sized region centered in the western (red) and eastern

nucleus (blue). No spectral lines were evidently detected in SPW 2, however we mark the location of a line that is

tentatively present in the W nucleus from the integrated spectra shown in Figure 4.2.

4.3.

Fig.
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For each line detected in the whole-SPW data cubes, we extracted an individual
subcube containing only that line using the CASA task imsubimage. For each of
these, we references velocities in the new cube to the rest frequency of the line, using
the list reported in Meier et al. (2015) and Splatalogue! as references. We used the
CASA routine imreframe, these rest frequencies, a Barycentric reference frame, and
the default velocity radio convention for the Doppler shift. After this, each cube was
primary beam corrected and smoothed to have a single resolution, which was set by

the largest beam present in the original cube.

4.3 Continuum and Spectral Flux Density Distri-

bution

In Figure 4.1 we show the high resolution, primary beam corrected, continuum im-
age of Arp 220 at 92 GHz (3.3 mm). The eastern (E) and western (W) nucleus are
well resolved and the morphology of the emission follows closely that of the 33 GHz
emission (see right panel in Figure 4.1). The 30 contour at 33 GHz is slightly more
extended than the 30 contour at 92 GHz. A plausible explanation is that the ex-
tended emission at 33 GHz could be produced mostly by synchrotron radiation which
becomes less important at higher frequencies, where cosmic ray (CR) electrons die
faster and thus do not propagate as far as the 33 GHz CR e~. For higher signal-
to-noise emission (inner contours), the maps look practically the same however a
straightforward explanation for this is not evident. The radio/sub-mm spectrum is
a complex mixture of synchrotron from cosmic ray electrons (S, oc v=08), free-free

~0-1) "and thermal dust emission (Sgus; o< 7 with 7 in the range

(ionized gas, Sg o v
1-4), and at ~ 90 GHz all three contribute to the spectrum (see Figure 4.4). From a
general perspective, the similarity between the 33 GHz map and the one at 92 GHz
indicates the latter is optically thin and traces star formation.

Flux density at cm-mm wavelengths is proportional to the frequency to the minus

spectral index power, i.e., S, x v~®. Since the 33 GHz and the 92 GHz continuum

thttp:/ /www.cv.nrao.edu/php/splat/
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maps have the same resolution, we calculate the spectral index map in this frequency
range. This map will help us unveil the nature of the emission in the nuclei of Arp 220.
In the top left panel of Figure 4.4 we show such map. We only used the area covered
by the 5o contour of the 92 GHz continuum map. From this map we see the nature of
the emission is quite different in both nuclei. The most noticeable feature is present
in the W nucleus where we observe a positive spectral index at a position angle (PA)
of ~-10°. A positive spectral index in this range of frequencies indicates either dust
emission contribution or opaque free free emission due to dense ionizing material.
The stripe-like morphology of this feature is rather puzzling. A plausible explanation
could be the presence of outflowing, highly ionized, warm material, maybe the first
direct evidence of an AGN-jet? There is also evidence of OH maser emission along this
North-South direction (Rovilos et al. 2003), which could be generated by either young
starbursts or emission from an AGN. We will perform further analysis of this feature
in a future work. For the E nucleus the spectral index is mostly flat suggesting thermal
emission may dominate in those regions, a likely signature of recent star formation.
To further investigate the emission in the nuclei of Arp 220, we constructed a spectral
flux density distribution plot at the frequencies covered by the ALMA observations
presented in this work. We measured the flux densities of each nuclei and of the
whole system, using the images at each SPW, at each sideband, and at 92.2 GHz (see
Table 4.1 for the values of integrated flux densities and Section 4.2 for more details
on how we obtained these images). The flux densities were obtained by adding pixels
with signal greater or equal to 30 within boxes enclosing each component exclusively.
We show the final internal-to-Band-3 spectrum in the middle left panel in Figure
4.4. The uncertainties were calculated based on the thermal noise associated to an
extended source, and correspond to ~8% of the measured flux density. From this
internal spectrum, we observe the W nucleus shows a rising behavior, while the E
shows a flatter profile. This is consistent with the spectral index map between 33 and
92 GHz. From this internal spectrum we also observe that the shape of the curve
for the whole system is controlled by the W nucleus. This is expected since the W
nucleus is brighter than the E with a ratio of integrated flux densities of 2:1. These

spectra do not reach a minimum, which is expected around these range of frequencies
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(see below). They do show a negative spectral index towards the higher frequency
end. This could be due to lower signal-to-noise in the maps and should not be given
too much importance. The numbers that can be trusted more are those from the

lower and upper sidebands.
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Fig. 4.4.—: (Top Left) Spectral index map between 33 and 92 GHz. The contours are those of the 92 GHz
continuum map shown in Figure 3.1. (Top Right) Internal Band 3 spectral index map between lower and upper
basebands, i.e., between 86.2 and 98.2 GHz. The contours in black are the same as the contours in the left panel.
(Middle Left) Internal to Band 3 spectral flux density distribution for the entire system (red), western (green) and
eastern nucleus (blue). The uncertainties are conservatively assumed to be 8% of the integrated flux density value.
(Middle Right) Spectral flux density distribution of Arp 220 using integrated flux densities from Table 2.2, and only
the 92.2 GHz data point from this work. The solid lines (red for dust component, and blue for thermal+non-thermal
emission) show the best fit to the data without including the 92.2 GHz data point (star). The blue dashed line is
the thermal component and the dotted-dashed blue line is the non thermal component. The black dashed line shows
all three components together. The open star symbol is the 92 GHz flux density corrected for the 40% emission that
is potentially missing (see Section 2.2). (Bottom Left) Same as in the previous panel, but for the East component.
(Bottom Right) Same as in the previous panel, but for the West component. For details on the model of the spectral
flux density distribution see section 4.3.
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In fact, to study the emission within the ALMA Band 3 range we also calculated
a spectral index map between the lower and upper side bands, i.e., between 86.2 and
98.2 GHz (see top left panel in Figure 4.4). From this map, we still see clear differences
in the nature of the emission between the two nuclei. The W nucleus still shows the
positive spectral index feature, however the spectral index is now steeper, while the
E now shows steep positive spectral indices in one locations and very steep negative
spectral indices in other. Overall, the E nucleus shows more negative spectral indices,
suggesting more synchrotron dominated emission in those regions. On the opposite,
the W nucleus shows more positive spectral indices.

Finally, we complement our ALMA data with data from the literature (see Table
4.1). We produced a full spectral flux density distribution from the cm wavelength
regime up to sub-mm regime?. In the middle-right panel and bottom panels of Figure
4.4, we show the spectra for the entire system and each nuclei. In each case we also
show the best fit to the data, excluding the values at 92.2 GHz, using a thermal plus a
non thermal component, i.e., S, = Sg + Sy = A X v %1 + B x v7%8 for v <92 GHz
and S, = C x v? for v >92 GHz. We found the best fit for the entire source, for
E and W implied thermal fractions of 35%, 50% and 40%, respectively, at 33 GHz.
The thermal fraction at 33 GHz of 35% found for the entire system is consistent
with that found by Anantharamaiah et al. (2000) based on radio recombination lines
observations. Based on these models, we also found a thermal fraction of ~13% for
the entire system at 6 GHz, which is also in agreement with Anantharamaiah et al.
(2000). For the dust emission, we found values of « of 2.5, 3.0 and 2.3 for the whole
system, the E and W nucleus, respectively. These values are consistent with the
profile of dust emission.

Note that the modeled spectrum (dashed black line), from the addition of the
different components, i.e., Sg+Sni+Squst, over predicts the observed flux densities at
92.2 GHz (solid star symbol) for the east®, west, and total cases. This is expected
since we only recover 60% of the total flux density at 92 GHz (see Section 2.2).

2We only include the values of the integrated flux densities at 92.2 GHz which has the highest
signal-to-noise. In a future work, we will also include the lower and upper sideband values.

3Note that the value at 112 GHz from Scoville et al. (2016) does not match either the predicted
total values, and extended emission is most likely missing due to filtering of large scale emission.
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The open star symbol indicates the corrected flux density value accounting for the
missing extended emission. In all three cases the corrected value matches well, within
the uncertainties, the predicted total flux density at 92 GHz indicated by the black
dashed line. The contribution of thermal, non thermal, and dust emission at 92 GHz
is 30%, 29%, and 41% for the whole system, 32%, 24%, and 44% for the W nucleus,
and 56%, 30% and 14% for the E nucleus. The main difference between the nuclei
is that the emission in the E nucleus is mostly thermal at 92 GHz, while for the W
nucleus is thermal dust.

Overall, a typical spectral flux density distribution constructed with optically thin
free-free, synchrotron and dust emission describes well the flux density observed at

92 GHz after correcting for missing extended emission.

4.4 Line Emission

The spectra in Figure 4.2 show that we detect our target lines and several others in
both nuclei. For most of these, the W nucleus is stronger than the E. We observe a
mixture of strong emission and absorption from transitions of HCN, HCO™, SiO, and
CqH, along with transitions of several rarer isotopologues, Hi3CN and HN;3C. We
also appear to detect HC3N at the low end of SPW 3, though the whole line is not
covered. Several weaker transitions are also evident, these include a firm detection of
HNCO, though the line wings may be incompletely covered by SPW 1. In general,
less lines are evident and the absorption appears stronger in the central beam, where
we integrate over less gas and the continuum is brightest.

The brightest transitions that we observe are HCN and HCO™ (1-0). These com-
paratively high dipole moment molecules have correspondingly high critical densities
(before accounting for line trapping), ~ 10* cm™2 for HCO™ and ~ 105 cm ™3 for HCN.
In observations of more quiescent galaxies, both lines are often used to trace dense
gas, in contrast to the CO lines, which trace molecular gas at all densities (e.g., Gao
& Solomon 2004b). Simple arguments suggest that the average density in the Arp
220 nuclei is sufficient to excite emission from both of these lines (e.g, Barcos-Munoz

et al. 2015), and optical depth should be appreciable, lowering the effective density
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needed to excite the lines (e.g., Scoville et al. 2015). As a result, we expect these lines
to effectively trace most of the nuclear gas, but to potentially be less contaminated
and suffer less opacity from any low density, extended envelope of gas surrounding
the nuclei. The rarer isotopologues Hi3CN and HN;3C have lower abundance but
otherwise similar structure to HCN and HNC; thus, we expect them to offer an op-
tically thinner tracer of the gas, with a consequently higher effective critical density.
Though isotopic abundances in such an extreme environment are quite uncertain, the
contrast between HCN and H*¥CN or HC'N also offers the prospect to estimate the
optical depth of all three lines.

The weaker lines also offer potentially powerful physical diagnostics. SiO is ex-
pected to be abundant, and so bright, only when appreciable amounts of silicon have
been released from dust grains by strong shocks. HNCO is often taken as a tracer
of weaker shocks, ~ 10-20 km s™! (Meier et al. 2015). CyH emission traces photon-
dominated regions (PDRs) and cold, dense gas (e.g., Miettinen 2014). For the most
part, we defer analysis of these lines to future work, focusing here on the kinematics

observed using the bright lines.

4.4.1 Absorption and P-Cygni Profiles: Dense Gas Outflow-
ing From the Nuclear Disks

One of the most striking features in the spectra (Figure 4.2 and 4.3) is the prevalence
of absorption in many lines across both nuclei.This absorption has been seen in other
molecules at high angular resolution (e.g., Sakamoto et al. 2009; Aalto et al. 2015;
Rangwala et al. 2015; Scoville et al. 2016). It can be understood as lower tempera-
ture gas lying between us and the bright continuum that is absorbing a portion of
the continuum emission. The gas has a lower temperature (and so a fainter source
function) than the brightness temperature of the continuum, leading to absorption.
These features are more prominent in the single-beam nuclear spectra, where the
continuum reaches its maximum. These absorption features are strongest in HCN
and HCO™, but also visible in SiO, (in E) H"*CN.

In the eastern nucleus, the lines share a common shape. The line is absorbed
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at velocities lower (“blue”) than systemic, and the line shows emission at velocities
higher (“red”) than systemic. This shape resembles the classic “P-Cygni” profile
generated by an expanding shell of gas around a bright central continuum source.
In the P-Cygni profile, red-shifted emission comes from gas that is expanding away
from the observer, on the far side of the source. The blue-shifted absorption of the
profile comes from the part of the shell between us and the central bright source.
This intervening material is expanding away from the source, coming towards us, and
is thus blue-shifted. This feature appears in absorption because it lies between us
and the background continuum source, and because the gas in the shell has a lower
brightness temperature than the central continuum source, as we mentioned above.
The P-Cygni profile is clearest in the spectra of the central beam (see Figure
4.3), and in the E most of the strong spectral lines show this profile in the nuclear

spectrum. We compile these profiles into a single plot for each nucleus in Figure 4.5.
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Fig. 4.5.—: P-Cygni profiles from the central beam of the East (Left) and West (Right) nucleus of Arp 220. The
spectral resolution of these profiles is 13.6 km s~!. For the east nucleus, the P-Cygni profile is evident for HCOt
(green), H!3CN (blue), HCN (black) and SiO (red) molecular lines, while for the west nucleus is evident only for HCN
and SiO. The solid grey band shows the systemic velocity for each nucleus. The dashed grey line shows a characteristic
blue shifted velocity for the absorption feature in the P-Cygni profile, which is ~70 km s™! from v,y (E) in the eastern
nucleus and ~140 km s~ from Vsys (W) in the western nucleus.

The West shows a slightly more complex pattern. There is blue-shifted absorption

but emission re-emerges at very low (blue) velocities, and the lines show distinct
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profiles. There are several possible explanations here. Perhaps the spectrum is a
mixed of inflow and outflow features, so that some blue-shifted emission comes from
behind the source. Alternatively, the continuum source may be confined within the
beam, so that the extended emission corresponds to rotating gas, with only a subset
of the gas, including some outflowing material, between us and the source. There
appears likely to be some outflow in the W, because strong absorption is seen blue-
shifted without a corresponding red-shifted absorption component. Perhaps most
striking in the W profile, SiO appears to produce a cleaner P-Cygni profile than HCN
or HCO™. HCO™ goes almost totally into absorption at a range of velocities, as one
might expect for a rotating disk partially in front of a continuum source. Perhaps the
SiO emission highlights shocked, outflowing gas while the more general gas tracers
also capture a large rotating component. Another explanation for the HCO' may be
self-absorption by foreground HCO™ emission as proposed by Aalto et al. (2015).
We use the profiles to estimate outflow velocities and mass outflow rates, which
are more uncertain in the W due to the ambiguous nature of the line profile. We begin
by assuming a shell-like geometry. In this case, the blue-shifted feature corresponds
to gas coming directly towards us, and the maximum expansion velocity of the shell
can be directly measured from the minimum of the absorption feature. The strongest
absorption is displaced 70 km s~! from systemic in E and 140 km s~! from systemic
in W. We highlight these velocities with dashed lines in Figure 4.5. For the simplest
possible geometry, these would be the outflow velocity of the shells. These velocities

are in good agreement with the 100 km s*

outflow velocities found by Sakamoto
et al. (2009) based on P-Cygni profiles seen from CO (3-2) spectra that marginally
resolved each nuclei.

These velocities are pure line-of-sight velocities and assume a symmetric spherical
expansion. They will underestimate the true outflow velocity if the outflow is not
a sphere but instead an inclined cone or jet, which would still show blue-shifted
absorption against a moderately extended background continuum source. In this
case, if the outflow has an inclination ¢ with respect to the line of sight, then the

velocity of the outflow would be higher by a factor of 1/cos(i). Galactic winds are

often launched perpendicular to the disk (e.g., see Veilleux et al. 2005), so that the
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inclination of the outflow will be offset by 90° from that of the galaxy. If we make
this assumption then for our adopted disk geometries (following the model in Barcos-
Munoz et al. (2015)), the outflow would have i ~ 32° for E and 36 for W, implying
correction factors by up to 1.18 and 1.24 if the outflow emerges perpendicular to
the apparent disks. In this case, the true outflow velocities would be ~ 80 (E) and
170 km s~1.

Combining this outflow velocity with an amount of mass participating in the
outflow and a size scale, we can estimate a mass outflow rate. All of these are
uncertain, of course, but attempting this calculation yields an idea of the importance
of the outflow to the fate of the nuclear starbursts. We can, in principle, estimate
the mass of outflowing material in two ways: we could measure the optical depth
of absorption, translate it to a column density of molecules, and convert this to a
molecular gas mass using an assumed abundance. Alternatively, we can assume that
the red-shifted emission is all participating in the outflow and combine this emission
with an assumed mass-to-light ratio. In either case, we would assume symmetry
and double the resulting estimate. Here, we adopt the latter approach, integrating
the red side of the spectrum and applying an HCN-to-dense-gas conversion factor
ancn ~ 10 Mg (K km s™! pe?)™ (Gao & Solomon 2004a). This adopted mass to light
ratio is very uncertain, as it combines an adopted abundance, density distribution,
opacity, and physical conditions. Still, the calculation should yield a useful indication
of the outflow rate.

We adopt a filled cone geometry, which is commonly used in studies of molecular

outflows (e.g., Cicone et al. 2014). In this case
Mor

Mop = 3v , 4.1
OF Ror (4.1)

where v is the outflow velocity, Mor is the mass participating in the outflow, and
Ror is the extent of the outflow. Lacking a clean constraint on Rop, we adopt the
size of our beam (45 pc) as the characteristic scale for measurements from the nuclear
spectrum.

Using HCN, we estimate masses associated with the outflow of ~ 3 x 108 M, for
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both nuclei, this value is uncertain by at least a factor of a few. Including the incli-
nation correction for v, these imply mass outflow rates of 1600 (E) and 3400 M yr—*
(W). These mass outflow rates are 18 and 35 times higher than the star formation
rate of each nucleus, ~ 90 (E) ~ 100(1W) Mg, yr~! (based on 33 GHz emission from
Barcos-Muiioz et al. 2015). Such high mass loading factors (Mop/SFR) have been
seen mostly in systems hosting AGN, suggesting their presence helps boost the out-
flow rate (Cicone et al. 2014). The fact that the dense molecular gas is being removed
at a higher rate than the formation of stars suggest star formation feedback and po-
tential future quenching of the system. There is a strong caveat regarding these high
mass outflow rates and that is they strongly depend on the conversion factor. These

numbers should only be taken as conservative upper limits.

4.4.2 Kinematics From HCN and HCO' Emission

A main motivation for our observations was to use the kinematics and distribution of
the gas to model the mass and structure of the two nuclear disks. HCN and HCO™
are two of the most well studied molecules in extragalactic sources. Eventually, we
plan to carry out such modeling combining both optically thin (fainter) lines and the
bright HCN and HCO™ lines. For this first analysis, we focus on only the two bright
transitions.

Figure 4.6 and 4.7 show the integrated intensity, mean velocity, and second mo-
ment (velocity dispersion) of HCN and HCO*. We resolve both disks in both lines.
HCN emission appears slightly more extended than the continuum emission and cov-
ers the entire extent of both nuclei. HCO™ emission also extends across both disks,
but is more patchy, at least in part due to the presence of more absorption in both
nuclei. Overall HCO™ emission is weaker than HCN, perhaps due to opacity effects

or perhaps simply due to a lower abundance of the HCO™' molecule.
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Fig. 4.6.—: HCN (1-0) moment maps of Arp 220 with the 92 GHz continuum contours from Figure 4.1 overlaid.
The beam size of the HCN cube (0”15 x 07/10) and the continuum emission are shown in the bottom left corner of each
panel in black and red. Integrated intensity map or zeroth moment map (Top — Left), mean velocity or first moment
map (Top — right), and velocity dispersion map or second moment (Bottom) of Arp 220. In each map, the beam is
shown in black in the bottom left corner. The zeroth moment map was masked at 3o, with 0=0.2 mJy beam~! km
s~1. The other two maps were masked at 50.
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Fig. 4.7.—: HCO™ (1-0) moment maps of Arp 220 with the 92 GHz continuum contours from Figure 4.1 overlaid.
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For the W nucleus, the location of the peak of the HCN emission do not coincide
with that of the HCO™. For the E nucleus, the peaks of both tracers are closer, but
do not match. The differences in the morphology and peaks of both tracers indicates
the ISM conditions are different in each nucleus. These could be due to the different
optical depths, different densities of the gas each molecule is tracing, the abundance
of each molecule and radiative ionization effects.

From the moment 1 maps, we clearly observe the gas is rotating. In the W nucleus,
the dense gas is rotating such that the east side of the disk is blue-shifted (coming
towards us) and the west side is red-shifted (going away from us). This pattern
indicates the kinematic axis around which the gas is moving is along the north-south
direction, almost perpendicular to its major axis. For the E nucleus, the south west
part of the disk is blue-shifted, while the north east part of the disk is red-shifted.
The kinematic axis is then perpendicular to the major axis of the disk (PA ~ 56°).
This is consistent with what Sakamoto et al. (1999) derived for the Arp 220 nuclei
using the CO(2-1) line emission, and it is shown in their schematic illustration in
their Figure 5.

Rotation is also evident from the position-velocity (P-V) diagrams shown in Figure
4.8. We created P-V diagrams along the major axis of each nucleus for the HCN and
HCO™ emission. The position angles we used, 56° and 80° for E and W, were those
derived from the 33 GHz continuum maps (see Barcos-Munoz et al. 2015, for further

details).
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Fig. 4.8.—: Position velocity (P-V) diagrams for E (left panels) and W (right panels) nuclei for the HCN (1-0) (top
panels) and HCO™ (1-0) (bottom panels) line emission. These diagrams were obtained from a slice along the major
axis of each nucleus, at a position angle of 56° and 80° for E and W, respectively. The width of the slice is 1"/ so we
obtain high signal-to-noise. The contours are in steps of +1.50,4+30,+4.50,..., where ¢ = 0.2 mJy beam ! km s—!
and negative contours are dashed. At the distance of Arp 220, 1”/=369 pc. The beam size is 07’15 x 0”1.
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From these P-V diagrams we observed that for HCN and HCO™, the E nucleus
shows components moving as fast as 235 km s~! at 0”3 from the center of the eastern
nucleus. If we assume the mass is distributed in a spherical geometry and is following a
circular motion, we can estimate the dynamical mass enclosed within a certain radius
(M(< R) = R V?/G, where R is the radius at which the dynamical mass is calculated,
V the velocity at that radius and G is the gravitational constant). We estimate the
dynamical mass within the central 110 pc of the E nucleus is ~ 1.42 x 10° M.

For the W nucleus, we find components moving as fast as 305 km s~! at 0707 from
the center of the western nucleus. We estimate the dynamical mass within the central

26 pc of the W nucleus is ~ 5.6 x 108 M.

4.5 Conclusions

We make use of continuum and line emission at ~0”1 spatial resolution to address
the nature of the energy source at 3.3 mm, as well as the gas kinematics and gas mass
radial profiles of the nuclei of Arp 220.

From the continuum emission we find that the western nucleus contributes 2/3
of the total flux density of the system at 92 GHz and it dominates the spectral flux
density distribution shape of the whole system. We also find that within the range of
frequencies covered by our observations, both nuclei show different behaviors with the
western nucleus showing a rising spectral index through the high frequency end. This
indicates contribution from opaque free-free or dust emission. The eastern nucleus
shows a flatter spectrum implying free-free emission is still an important component at
this high frequencies. In fact, when we combine the flux density measured at 92 GHz
with data at other frequencies from the literature, we find the continuum emission is
well described by a combination of optically thin free-free, synchrotron and thermal
dust emission. The western nucleus is dominated by thermal dust emission (44%) at
92 GHz, while the eastern nucleus is dominated by free-free emission (56%).

From the line emission, we detect several dense gas tracers including HCN, HCO™,
and their isotopologues. We also detect SiO, CoH and H3CN. From the central beam

spectra we observe P-Cygni profiles in both nuclei indicating the presence of outflows.
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The eastern profiles show clear red-shifted emission and blue-shifted absorption, while
the western nucleus shows deep and complex absorption features, and blue-shifted
emission. From these P-Cygni features we derived maximum outflow velocities, cor-
rected for inclination, of 170 (W) and 80 km s~ (E). The derived mass outflow rates
are 18 and 35 times larger than the SFR of each nuclei. Such high mass loading fac-
tors has been mostly detected in sources hosting AGN which helps boost the outflow
rate. This suggests the potential presence of AGN in the nuclei of Arp 220.

We also study the kinematics of the dense gas as traced by HCN and HCO™.
From the moment 0 maps we find HCN is slightly more extended than the continuum
emission at 92 GHz, while HCO™ is less abundant indicating a difference in the
gas traced by either line. These differences may be due to abundance, chemistry,
UV-radiation, etc. We also find that the dense gas in both nuclei is rotating. The
derived dynamical masses are 1.42 x 10° Mg, within 110 pc for the eastern nucleus,

and 5.6 x 108 My, within 26 pc for the western nucleus.

4.6 Future Work

There is still further analysis to be done to take full advantage of this rich data set. To
study potential extended emission around the nuclei we intend to image and analyze
the emission at different scales. Note that the maximum recoverable scale is 171, so
features bigger than this will be resolved out.

From the continuum point of view, we still have not included low frequency infor-
mation (e.g., Varenius et al. 2016, for high resolution observations at 150 MHz) that
will help us constrain how much free-free absorption is present in each nucleus. In
addition, lower resolution observations at 92 GHz will help us determine exactly how
much extended emission is missing and the nature of such emission.

Regarding the kinematics of the system, we will model the emission line cubes
(together and separately) to fit the velocity dispersion and rotation velocity as a
function of radius in each disk, which has been attempted in slightly resolved velocity
fields but with limited success (Scoville et al. 2015). These detailed kinematics will

yield improved dynamical masses and mass profiles compared to (Engel et al. 2011)
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or the sub-mm studies mentioned in the introduction. Ideally, we aim to obtain the
mass decomposition for each nucleus, i.e., to calculate the gas, dynamical, black hole
and stellar masses for each disk. From the velocity dispersion profiles we will be
able to estimate diskiness and scale heights of the two nuclei and so work towards a
much-needed three dimensional picture of the two nuclei. This is essential to compare
Arp 220, a key test case, for models considering star formation in extreme disks and
different modes of feedback (Thompson et al. 2005; Ostriker & Shetty 2011).
Methodologically, in addition to the basic moment analysis shown here, we have
experience testing models of disk structure (in Arp 220, Barcos-Munioz et al. 2015) and
directly modeling the 3-D emission in a cube taking into account finite resolution and
a model intensity distribution (see Leroy et al. 2015, applied to NGC 253 following the
methodology of Davis et al. (2013)). This Davis et al. methodology was developed to
constrain black hole masses in marginally resolved mm emission line cubes and will
be ideal to jointly model the gas distribution plus kinematics in Arp 220. The result
should be a substantially tightened dynamical constraint on the role of a black hole
in the western nucleus, where a potentially Compton thick active galactic nucleus
(AGN) has long been argued (e.g., Downes & Eckart 2007). For our 30 pc resolution

1

and assuming a velocity dispersion of 200 km s, we would be able to probe the

sphere of influence for a Black hole mass of 3x10% M.
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Chapter 5

Summary and Future Work

5.1 Summary

This thesis focuses on the study of star formation in local U/LIRGs from a high
resolution radio continuum perspective. In Chapter 2, 6 and 33 GHz high spatial
resolution continuum emission from the closest, prototypical ULIRG, Arp 220, are
analyzed. The 33 GHz thermal emission is lower than expected based on infrared
observations, which indicates there is a potential suppression of free-free electrons
by surrounding dust. The two nuclei in Arp 220 are well resolved at 33 GHz, with
measured half-life radii of 51 (eastern nucleus) and 35 (western nucleus) pc. Further,
the estimated SFR and gas surface densities of the nuclei place them among the most
extreme star-forming regions ever observed for any galaxy. However, both nuclei lie
well below the Eddington-limit of “maximal starburst”. Future studies of the gas
conditions is necessary to determine the true Eddington limit of each nucleus.

In Chapter 3, the radio data analysis is expanded to all 22 U/LIRGs in the sam-
ple, with a focus on the high resolution (i.e., 33 GHz) part of this radio survey. From
these observations, it is observed that the deconvolved half-light sizes of the energet-
ically dominant regions in the sample range from 20 to 1.7 kpc. The emission at 33
GHz is mostly an equal mixture of free-free and synchrotron emission, making the
sizes measured suitable to describe the extent of star forming and/or AGN dominant

regions. The SFR and gas densities derived using these measured sizes place these
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systems among the most extreme extragalactic environments ever studied. The star
formation-gas scaling relation is used to compare the U/LIRGs with regions within
normal spiral galaxies. The presence of two modes of star formation is inferred in the
comparison, although this result is extremely dependent on the CO-to-Hy conversion
factor. From the values of the star formation rate surface densities, the [CII] deficit
increases with increasing Yspgr, increasing opacity and decreasing size. This agrees
with previous findings of [CII] deficit being more pronounced in the most compact
and obscured U/LIRGs. Even though these systems show one of the highest infrared
surface densities ever measured, most of the targets are not producing stars at the
maximum limit set by radiation pressure on dust.

Finally, in Chapter 4, ALMA observations of dense molecular gas tracers and
3.3 mm continuum emission from Arp 220 are presented. The level of the 92 GHz
continuum emission is well described by a combination of optically thin free-free,
synchrotron and thermal dust emission. At 3.3 mm the western nucleus is dominated
by thermal dust emission while the eastern nucleus is dominated by free-free emission.
Several dense gas tracers including HCN, HCO™ and their isotopologues, as well as the
shock tracer SiO, are detected. The gas is shown to be rotating and well distributed
between the two nuclei. The HCO™ emission is weaker than HCN in part due to
opacity effects, but also potentially due to abundance differences. HCOT™ is also
subject to stronger absorption towards the center of each nucleus. Further, there is
evidence of outflows in both nuclei, with derived mass loading factors of 18 and 35 for
the eastern and western nuclei, respectively. This suggests an AGN may be boosting
the observed mass outflow rates, however these numbers are highly uncertain due to

the assumed HCN-to-gas mass conversion factor.

5.2 Future Work

5.2.1 Detail spectral index maps

All of the radio galaxy data obtained with the VLA survey were not presented in this
thesis. A dataset comparable to that presented for Arp 220 in Chapter 2 exists for the
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contours are in steps of 2" x30, with n=1,2,3,... and ¢ = 25 uJy beam™!. Signal to noise of ~ 2680 in 5 minutes of
integration time.

entire sample of 22 U/LIRGs. Thus, a future project is the analysis and publication
of the low frequency (6 GHz) part of the radio survey. I will obtain detailed spectral
index maps between 6 and 33 GHz for the whole sample. In addition, preliminary
work on this data show extended synchrotron emission in some galaxies (see Figure
5.1 for an example on extended emission in UGC 08696). I will report these findings
and if possible compare this extended emission to observations at other wavelengths

in order to understand the potential origin of such features.
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5.2.2 Radio Recombination Lines in Arp 220

Radio recombination lines (RRLs) provide a powerful tool for extracting crucial infor-
mation of the physical conditions of the thermal gas, including its kinematics, electron
temperature, electron density and the geometry of ionized gas distribution. I have
led a successful VLA proposal (20 hours of awarded time, priority B) to study the
kinematic properties of the disks of Arp 220, through the use of Radio Recombination
Lines (RRLs). The plan will be to complement results and data from Chapters 2 and
4 with these observations to get a full picture of the gas kinematics and star formation

distribution in the nuclei of Arp 220.

5.2.3 Probing Radio Physics in Detail

I have also led a successful proposal (5 hours of VLA time) to observe the local merger
IT Zw 096 at different frequency bands covering the range 1 to 50 GHz available at
the VLA. This galaxy shows a variety of environments within its extent, including a
spiral galaxy, an off-nuclear compact starburst, and more diffuse star-forming region.
For each region, I will measure the synchrotron slope, the thermal fraction, and high
frequency breaks or low frequency signatures of opacity in many resolution elements.
The quantities will be derived as a function of the location within the merger (e.g.,
distance from the nearest star-forming region or nucleus,) which will aid in constrain-
ing the origin of the emission. From the thermal emission, I will measure the true
distribution of star formation, and calibrate the use of monochromatic radio emission
as a star formation indicator. Finally, via comparisons to in-hand ALMA (Stierwalt
et al. in prep) CO mapping, I will measure the (heavily) resolved star formation-gas
relation in these merging systems. The VLA provides the opportunity to disentangle
this complexity due to its ability to rapidly observe RC from systems across decades
in frequencies and out to high redshift. I am also involved on a Very Long Baseline
Interferometry (VLBI) project (PI: Stierwalt) to observe continuum emission from
the off-nuclear starburst in II Zw 096 mentioned above. The goal of the project is to
determine whether this off-nuclear source is really a starburst (a group of SNR, like

those seen in Arp 220), and/or a powerful AGN.
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5.2.4 Gas content and kinematics in local U/LIRGs

Measuring the detailed structure, inner dynamics and gas content of these local
U/LIRGs is crucial to understanding the underlying physics of the extreme regime
of star and galaxy formation. These types of measurements have been very difficult
to make — local U/LIRGs are rare, compact and relatively far away — until now. In
the future, I will concentrate my efforts on using the high spatial resolution and sen-
sitivity of ALMA, the VLA, and VLBI to observe the gas content and continuum
emission of local U/LIRGs in unprecedented detail. I will use these observations to:
1) determine whether these systems are “maximum-rate starbursts” (limit set by ra-
diation pressure on dust as the main feedback mechanism), 2) better constrain the
CO-to-H, conversion factor for starbursts, 3) study the star formation law for extreme
starburst at few ~10 pc scales, 4) study molecular outflows properties, if present, 5)
constrain the masses, and existence, of the supermassive black holes in the nuclei of
these systems, and 6) determine the true star formation extent.

These topics of feedback, measuring the properties of the molecular gas, and
studying the modes of star formation have a wide relevance to star and galaxy for-
mation at low and high redshift. In all cases, the key to understanding the physics
governing these extreme environments is resolving the structure of the inner disks of
these deeply embedded, compact galaxies. The outstanding sensitivity and resolu-
tion power of ALMA, combined with the high spatial resolution and frequency range
covered by the Jansky VLA, allow for the measurement of resolved kinematics and

the gas structure of these systems with a detail never achieved before.
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