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ABSTRACT

HOW DO GALAXIES FORM THEIR STARS
OVER COSMIC TIME?

SEPTEMBER 2022

JED H. MCKINNEY

B.S., TUFTS UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Alexandra Pope

Galaxies in the past were forming more stars than those today, but the driving
force behind this increase in activity remains uncertain. In this thesis I explore the
origin of high star-formation rates today and in the past by studying the properties of
gas and dust in the cold interstellar medium (ISM) of dusty galaxies over cosmic time.
Critically, we do not yet understand how these galaxies could form so many stars. This
work began with my discovery of unusual infrared (IR) emission line ratios in the class
of dusty galaxies where most of the Universe’s stars were formed. To fully understand
the source of these unusual emission line ratios, I turn to local analogs of the distant
galaxies I study at high-redshift to investigate in detail the ratio of far-IR fine-
structure line emission to mid-IR Polycylic Aromatic Hydrocarbons (PAHs). I find
that gas within young star-forming regions heats and cools differently when it is
compressed to high star-formation rate surface densities. I use radio spectroscopy of
CO(1-0) and sub-millimeter dust continuum measurements to test how changes in
heating and cooling impact the total gas reservoir, and find more efficient star-

formation in compact galaxies at all redshifts. The high star-formation rates of distant

viil



galaxies may be sustained by this more efficient mode. With spatially resolved studies,
I find the IR properties of star-forming, dusty galaxies to be comparable for fixed IR
surface density at low- and high-redshift. Finally, to match the formation of stars with
the synchronous growth of supermassive black holes I analyze numerical simulations
of galaxy formation to study the radiative feedback of active galactic nuclei on dust.
Rapidly accreting supermassive black holes can heat the dust in their host galaxies,
powering a significant fraction of the cold dust luminosity and biasing IR-derived
star-formation rates if left unaccounted for. With the recent launch of the James
Webb Space Telescope, the future of extragalactic infrared observations is wide open
and this research provides motivation for the continued study of the cold gas and

dust conditions from which new stars form.
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CHAPTER 1
INTRODUCTION

The science of extragalactic astronomy seeks to explain the objects we see in the
dark sky that exist outside of our home galaxy, the Milky Way. In 1912 Henrietta
Swan Leavitt published a relationship between the luminosity and period of Cepheid
variable stars which would go on to provide conclusive evidence that the spiral nebulae
of the Great Debate were indeed galaxies exterior to the Milky Way (Leavitt &
Pickering, 1912; Hubble, 1926). The Universe was much larger, and more interesting,
than previously thought, and Astronomers have worked to find more distant galaxies
ever since.

The images in Figure 1.1 capture one such pivotal effort where, by pointing
space telescopes (The Hubble Space Telescope, Fig. 1.1 Left) and ground observa-
tories (James Clerk Maxwell Telescope, Fig. 1.1 Right) at a small and dark patch of
sky for over 50 hours revealed thousands of galaxies, some dating back to the dawn
of our Universe. Efforts to understand how these galaxies came to be have progressed
rapidly in recent years, and while major paradigms within extragalactic astrophysics
and its subfield “galaxy evolution” are coalescing, the answers to many fundamental
questions remain obscure. Over the course of my thesis research, I have worked to
study the origins of stars in galaxies both today and in the distant past to shed light
on a fundamental story about the past history of our Universe:

Ten billion years ago, well before Earth had coalesced from the rubble around our
sun, galaxies were forming more stars than ever before. In fact, the average galaxy

was about thirty times more active back then compared to today (e.g., Lilly et al.,



1996; Madau et al., 1996; Chary & Elbaz, 2001; Madau & Dickinson, 2014; Speagle
et al., 2014). For its first two to three billion years, when the Universe was young,
galaxies were becoming progressively more active (e.g., Finkelstein et al., 2015; Zavala
et al., 2021). After a moment in time about eight to ten billion years ago this growth
spurt faded and galaxies have formed fewer and fewer stars ever since. The volume-
averaged history of star-formation in galaxies over time is commonly referred to as the
“star-formation rate density” and is sketched in Figure 1.2 as a function of redshift
(z). Within the context of studying distant galaxies, a galaxy’s redshift refers to
the doppler shifting of its light from shorter to longer wavelengths. The Universe is
expanding, causing more distant galaxies to have higher redshift. Therefore, redshift
is also a measure of distance to a galaxy. Portions of my research focus on galaxies
in the local Universe (z ~ 0) with distances below ~ 250 Mpc, equivalent to ~ 800
million light years. I also study the properties of galaxies at z ~ 1 — 3 which are
approximately 15,000 Mpc or ~ 50 billion light years away. The light from these
distant “high-redshift” galaxies has travelled ~ 10 billion years before reaching Earth,
which allows astronomers to effectively look back in time to study the history of the
Universe.

The rise and fall of the star-formation rate density is a fundamental paradigm in
galaxy evolution: it contextualizes galaxies at all epochs, and is an essential record of
the Universe’s growth from infancy into its present state. Nevertheless, a number of
fundamental aspects remain the subject of debate and many open questions remain.
What physical mechanisms govern changes in the star-formation rates of galaxies?
In other words, why do we see the historical record of star-formation as-is? What is
the link between the growth of stars and galaxies and the assembly of their central
supermassive black holes, both today and in the past? Do we have a complete census
of the star-formation rate density, or are we critically limited by the wavelengths

at which the history of the Universe can be measured at? For instance, the two



images taken at short and long wavelengths shown in Figure 1.1 reveal vastly different
galaxy populations. The path forwards towards answering these questions is long and
often splits. In this thesis I present my journey along one such winding way, using
telescope observations and computer simulations to better understand the history of
star-formation over cosmic time.

This dissertation focuses on the question: Why are the star-formation rates of
galazies in the past greater than those today? We know from cosmological computer
simulations that around the peak of the star-formation rate density gas accretion rates
from the intergalactic medium onto galaxies are at their highest (Keres et al., 2005).
Galaxies were able to feed off the gas in their surrounding environments. This provides
the fuel for galaxies to form new stars, and subsequent decline in star-formation
up to the present day may reflect the consumption of gas as re-supply from the
intergalactic medium diminishes (e.g., Walter et al., 2020); however, when measuring
the gas budget of galaxies up to high-redshift, many empirical studies cannot account
for the amount of star-formation with accretion alone (Scoville et al., 2017b; Liu
et al., 2019; Tacconi et al., 2018). These works must invoke evolution in the efficiency
of star-formation to reconcile the gas budget with the star-formation rate density.
The star-formation efficiency (SFE= SFR/Mg,s) is the observed ratio of a galaxy’s
star-formation rate to its gas mass, and is sensitive to physics on different spatial
scales ranging from interactions between gas and photons within individual clouds
(~ 10 — 100 pc) to gas accretion from the environment (~ 1 Mpc). These processes
also play out on different timescales over the lifetime of giant molecular clouds (~ 10
Myr) and accretion from the intergalactic medium (~ 100 Myr —1 Gyr), which further
complicates the assignment of efficient star-formation averaged over the star-forming
burst of a galaxy to any single mechanism. Nevertheless, a higher efficiency yields
more stars for fixed input gas mass. As is shown in 1.2 (Right), different works come

to disparate conclusions as to how much evolution in the efficiency of star-formation



is needed to reconcile the gas budget in galaxies with the amount of star-formation.
This reflects a massive gap in our knowledge about how most of the stars in the
Universe were formed. Evolution over time in the efficiency of star-formation could
be a critical factor driving the high star-formation rates of galaxies (Scoville et al.,
2017b; Liu et al., 2019), or not (Walter et al., 2020). In either case, galaxies with
unusually high star-formation rates do exhibit high efficiencies up toup to z ~ 2.5
(Genzel et al., 2015). My dissertation research focuses on the conditions of gas from
which new stars form to better understand the mechanisms regulating star-formation

on scales of individual star-forming regions and molecular clouds.

1.1 Luminous infrared galaxies

The first steps towards measuring the star-formation rate density were made at
optical /near-IR wavelengths (Lilly et al., 1996; Madau et al., 1996), and were shortly
followed by observations in the sub-millimeter (Hughes et al., 1998). Figure 1.1
shows deep fields in both wavelength regimes that were state-of-the-art as of 1998.
Near-IR observations trace the rest-frame optical emission dominated by hot, young
stars, while far-IR /sub-mm observations are sensitive to cold dust emission heated by
young stars embedded within clouds of gas and dust that have yet to shed their natal
envelopes. The study of galaxies was historically focused on shorter wavelengths owing
to superior spatial resolution of cutting edge facilities like the Hubble Space Telescope
in operation; however, the sky-averaged energy (“background”) in the IR is equal
to that of the optical/near-IR (e.g., Franceschini et al., 2008) meaning that both
perspectives are equally important for studying the energetics of galaxies. Moreover,
the inferred IR star-formation rate density is a factor of ~ 6 times greater than
its counterpart in the optical/near-IR between z ~ 0 — 3 as shown in Fig. 1.2 Left
(Madau & Dickinson, 2014). When corrected for dust attenuation, the UV /optical

and IR star-formation rate density agree (Madau & Dickinson, 2014).



We know from observations that most of the dust-obscured star-formation happens
preferentially within galaxies with IR luminosities integrated between 8 — 1000 um
(Lir) exceeding 100 billion times the energy output of the sun (Murphy et al., 2011;
Zavala et al., 2021) (Fig. 1.2 Left bottom panel). Because the dust-obscured star-
formation rate density is dominant between z ~ 0 — 3, approximately ~ 85% of
the lifetime of the Universe, these massive and IR-luminous star-factories must be
well-characterized if the history of star-formation for most of cosmic time is to be
understood. This concept is foundational for the scope of my dissertation research,

which focuses on such dusty galaxies.

Figure 1.1 Images of the same extragalactic deep field observed at near-IR (Left) and
sub-mm (Right) wavelengths. The different wavelength perspectives paint distinct
pictures of the galaxies in each field. Data from the Hubble Space Telescope / WFPC2
(courtesy of STScl and NASA) and the James Clerk Maxwell Telescope/SCUBA

respectively (Hughes et al., 1998).

Luminous IR galaxies (LIRGs) are by definition bright at IR wavelengths, tend
to be massive galaxies with high star-formation rates, and commonly host active
supermassive black-holes (Casey et al., 2014). At low-redshift, LIRGs represent a
rare population of galaxies with excessively high star-formation rates relative to more

typical galaxies of equal stellar mass and contribute little to the total star-formation



budget (Armus et al., 2009; Murphy et al., 2011). The number of LIRGs grows with
increasing redshift (e.g., Chapin et al., 2009; Yun et al., 2012; Smolci¢ et al., 2012),
and LIRGs eventually dominate the star-formation rate density by z ~ 0.5 (Murphy
et al., 2011; Zavala et al., 2021). Therefore, high-redshift LIRGs represent an excellent
galaxy population in which to study star-formation. Moreover, it remains an open
question whether or not the LIRGs we find nearby are the same as LIRGs observed
at earlier times, or if they form stars in fundamentally different ways as might be
the case if the star-formation efficiency evolves strongly with redshift. 1 address this
question in my work through the multi-wavelength analysis of LIRGs at low- and

high-redshift.
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Figure 1.2 Major paradigms in galaxy evolution. (Left) Redshift evolution in the
volume-averaged star-formation rate density (SFRD) as measured at IR (orange) and
UV /optical /near-IR (blue) wavelengths tracing respectively dust-obscured and unob-
scured stars. The shaded grey region highlights the peak epoch for star-formation,
“cosmic noon”, between z ~ 1 — 3. The bottom panel corresponds to the frac-
tion of dust-obscured star-formation attributed to galaxies within bins of increasing
IR luminosity (Lig). At cosmic noon, most of stars form within galaxies exceeding
log Lir /Le> 11. Figure adapted from Zavala et al. (2021). (Right) Evolution relative
to today (z = 0) in the SFRD out to ~ 12.4 Gyr in the past (z ~ 4.5). The SFRD
parametrization shown in purple is from Walter et al. (2020). Blue lines correspond
to different estimates in the star-formation efficiency (SFE) required to reconcile the
SFRD with the gas budget within galaxies (Scoville et al., 2017b; Tacconi et al., 2018;
Liu et al., 2019; Walter et al., 2020). Whether or not galaxies formed their stars sys-
tematically more efficiently in the past remains the subject of debate.



1.2 Background on the gas and dust physics behind star-

formation

The study of gas and star-formation in distant galaxies is anchored by observations
of objects within the Milky Way and in very nearby galaxies. From the rich literature
on local star-formation, the dynamic structure of the gas in galaxies - the interstellar
medium - is well understood. Cold molecular gas clouds collapse, while stellar ultra-
violet (UV) photons create hot, ionized bubbles. Photo-dissociation regions (PDRs)
bridge these extremes by shielding protostellar environments from ionizing photons
as sketched schematically in the top panel of Figure 1.3. PDRs represent a transi-
tional phase in the life-cycle of gas and appear around sights of recent star-formation
(Tielens & Hollenbach, 1985b; Wolfire et al., 1990). Therefore, the interplay between
gas heating and cooling within PDRs has strong implications for future generations
of new stars that will form once the gas has sufficiently cooled.

The gas around star-forming regions emits strongly in low energy atomic and
molecular transitions that are bright at IR and radio wavelengths. Studies with the
Infrared Space Observatory (ISO) were key in unveiling the 5 — 200 ym regime of the
electro-magnetic spectrum of galaxies, and identified atomic fine-structure emission
lines containing as much as 1% of the total IR emission, namely [C II] 157.7 pm and [O
I] 63 pm emission from singly ionized carbon and neutral oxygen respectively which
collectively account for most of the gas cooling budget in PDRs (Malhotra et al., 1997,
2001). The Herschel Space Telescope was used to significantly increase the number of
galaxies detected in these lines (Kennicutt et al., 2011; Diaz-Santos et al., 2013), and
radio observations of CO rotational lines help constrain the molecular gas content
of galaxies. The total dust content can be measured using sub-mm observations
(Scoville et al., 2017b), and studies with The Spitzer Space Telescope have folded in
complimentary mid-IR measurements of the smallest dust grains: Polycyclic Aromatic

Hydrocarbons (PAHSs).



Containing ~ 100 carbon atoms or less, PAHs play a critical role in heating inter-
stellar gas (Wolfire et al., 1990). PAHs are toxic and produced on Earth by cigarettes
and auto exhaust (Rosen & Novakov, 1978; Wingen et al., 1998). They are also
well-studied in laboratories where they have been tested under various radiation and
density conditions (e.g., Oomens et al., 2003; Tielens, 2008). These studies on Earth
have helped contextualize the role played by PAHs in space. Photoelectrons from
PAHs are one of the dominant mechanisms by which the dense gas phase of the ISM
is heated, albeit inefficiently, around sites of active and recent star-formation (Gerola
& Schwartz, 1976; de Jong, 1977). Following the absorption of UV photons emit-
ted by hot, young stars, PAH grains release a photoelectron with energy equal to
the difference between the absorbed photon energy and the grain’s work function.
Afterwards, the PAH relaxes and emits broad vibrational features at mid-IR wave-
lengths. The photo-electron goes on to share its energy with atomic and molecular
Hydrogen, which collisionally excite atomic fine-structure lines like [C II], [O 1], and
[Si II], thereby removing energy from the gas. In summary, the cycle of gas cooling
and heating in PDRs can be traced by observations of PAH and IR emission lines,
which collectively make for a powerful diagnostic of the ISM in extragalactic sources.
Examples of such observations from my work are shown in the middle panel of Figure
1.3.

From a simple Jeans Mass perspective, star-formation can be made more effi-
cient (or equivalently, the timescale for gravitational collapse shortens) if the external
pressure impinging upon a molecular cloud increases. Theoretical models explore
this alongside turbulent support, magnetic fields, and other dynamic phenomenon,
but often gloss over the radiative properties of the gas itself. This may be appropriate
for normal star-forming regions like those in the Milky Way, but cannot accurately
describe the extreme conditions of starburst galaxies and PDRs (e.g., Sarmento &

Scannapieco, 2022). As high—z star-formation is preferentially obscured, character-



izing the cold gas conditions of LIRGs at all epochs is critical for understanding the
physics driving efficient star-formation. Using multi-wavelength spectroscopy, my dis-
sertation research tests the radiative coupling efficiency of gas in star-forming galaxies.
I perform similar analyses for nearby and distant luminous IR galaxies to study how
such changes fit within the overarching evolution in the star-formation rate density

with cosmic time.

1.3 Guide to this thesis

Chapters 2 through 4 of this thesis are structured chronologically to capture the
natural flow of my empirical research using telescope observations of IR galaxies.
Chapter 2 presents my published work from McKinney et al. (2020) on far-infrared
observations of [CII] and dust emission in a sample of galaxies at z ~ 2. During this
project I developed methodology for analyzing mid- and far-IR spectroscopy which I
have included in this thesis as Appendices. The results of my first paper motivated
a careful study of [CII] and PAH emission in nearby luminous IR galaxies, presented
in Chapter 3 as written in McKinney et al. (2021a) during my time at Caltech/IPAC
as a visiting research fellow. Chapter 4 details work soon to be submitted for publi-
cation that brings together these low- and high-redshift studies by controlling for the
spatial extent of dust-obscured star-formation out to z ~ 3. In Chapter 5, I present
recent work combining multiple spectral line diagnostics to unpack the physical ISM
conditions in a unique z = 2 galaxy, including new CO(1-0) observations using the
Very Large Array. Chapter 6 documents my foray into numerical simulations where
I use synthetic observations of a simulated galaxy to test the heating of dust by ac-
tive supermassive black holes, a key step towards expanding the empirical analysis
presented in earlier chapters to such galaxies. This simulation-based project is pub-

lished in McKinney et al. (2021b). I summarize the work presented in this thesis in
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Figure 1.3 Observing the ISM at IR and radio wavelengths. (7Top) Schematic of a
star-forming region hosting young, massive stars and a cold molecular cloud, with
a PDR between shielding the proto-stellar nursery from harsh radiative feedback.
Emission from atomic and molecular emission lines as well as dust continuum play
a key role in allowing gas to cool to the cold cloud stage. PAH grains absorb UV
photons, releasing photo-electrons that heat the gas. IR and radio spectroscopy
from ground- and space-based facilities provide observational handles on this cycle
of heating and cooling. This figure is adapted from Hollenbach & Tielens (1999)
and is not to-scale. (Middle) Spectral lines and continuum emission measured in
distant galaxies, demonstrating the empirical tracers of gas in star-forming regions.
(Bottom) Summary list of ground- and space-based facilities capable of measuring
the corresponding diagnostic.

Chapter 7, and discuss next steps in the short term as well as the future prospect of

IR extragalactic astronomy.
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CHAPTER 2

MEASURING THE HEATING AND COOLING OF THE
INTERSTELLAR MEDIUM AT HIGH REDSHIFT: PAH
AND [C II] OBSERVATIONS OF THE SAME STAR
FORMING GALAXIES AT Z=2

This chapter is adapted from McKinney et al. (2020) originally published in the Astro-

physical Journal.

Star formation depends critically on cooling mechanisms in the interstellar medium
(ISM); however, thermal properties of gas in galaxies at the peak epoch of star for-
mation (z ~ 2) remain poorly understood. A limiting factor in understanding the
multiphase ISM is the lack of multiple tracers detected in the same galaxies, such as
Polycyclic Aromatic Hydrocarbon (PAH) emission, a tracer of a critical photoelectric
heating mechanism in interstellar gas, and [CII] 158um fine-structure emission, a
principal coolant. In this chapter, I present ALMA Band 9 observations targeting the
[C1I] far-IR fine-structure line in six z ~ 2 star-forming galaxies with strong Spitzer
IRS detections of PAH emission. All six galaxies are detected in dust continuum
and marginally resolved. I compare the properties of PAH and [CII] emission, and
constrain their relationship as a function of total infrared luminosity (Lig) and IR
surface density. [CII] emission is detected in one galaxy at high signal-to-noise (340),
and I place a secure upper limit on a second source. The rest of our sample are
not detected in [CII] likely due to redshift uncertainties and narrow ALMA band-
pass windows. Our results are consistent with the deficit in [CII]/Lig and PAH/Lg

observed in the literature. However, the ratio of [CII] to PAH emission at z ~ 2
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is possibly much lower than what is observed in nearby dusty star-forming galaxies.
This could be the result of enhanced cooling via [OI] at high—z, hotter gas and dust
temperatures, and/or a reduction in the photoelectric efficiency, in which the coupling

between interstellar radiation and gas heating is diminished.

2.1 Introduction

Ten billion years ago (z ~ 2), the star-formation rate density of the Universe
peaked and individual galaxies were forming more stars than at any other time in
cosmic history (e.g., Lilly et al., 1996; Madau et al., 1996; Chary & Elbaz, 2001; Madau
& Dickinson, 2014). Enhanced star-formation was promoted by gas resupply through
cold mode accretion onto galaxies (e.g., Keres et al., 2005, 2009; Genzel et al., 2008;
Tacconi et al., 2010), accompanied by a change in the efficiency of star-formation
(e.g., Tacconi et al., 2010, 2013, 2018; Genzel et al., 2015; Scoville et al., 2017b; Liu
et al., 2019)), which suggests evolution in the heating and cooling mechanisms of
interstellar gas.

The internal transfer of thermal energy is critical for any physical system. Pho-
toelectrons ejected from polycyclic aromatic hydrocarbons (PAHs) are thought to
be the most important, albeit inefficient, mechanism for converting stellar radiation
to thermal energy in and around sites of active star-formation (Watson & Salpeter,
1972; Bakes & Tielens, 1994; Helou et al., 2001). PAH molecules are complex grains
comprised mostly of C and H, and are common in photodissociation regions (PDRs)

3 are illuminated by far-UV stellar radiation

where gas densities of n ~ 10% —10% cm™
fields (Tielens & Hollenbach, 1985a). Once excited by stellar photons, PAHs emit
vibrational lines between 5 — 15 um that can contain as much as ~ 20% of total IR
emission (Lig, 8 — 1000 pm) (Smith et al., 2007; Sajina et al., 2007; Pope et al., 2008;
Dale et al., 2009). Therefore, mid-IR PAH features are direct probes of photoelectric

heating in dense PDRs and a key diagnostic of the interstellar medium (ISM).
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Table 2.1. Sample Summary

Target R.A. Dec. 2IRS Lir L6.2um L11.3um M., ? SFRIR L faan®
[32000] [32000] Lol Lol Lol Me]  [Mg yr™7]
GS IRS20  03:32:47.58  -27:44:52.0 192370080 1306 +0.12 9997012 1011%010  10.98 717 0.2
GS IRS46  03:32:42.71  -27:39:27.0  1.85079-91% 12634029  9.901V-15 - -d 376 0.0
0.011 0.15
GSIRS50  03:32:31.52  -27:48:53.0 1.900700%  1246+0.15 10177005 9.661033  11.03 184 0.0
GS IRS52  03:32:12.52  -27:43:06.0 1.8247001%  1253+020 0017012 10101013 10.64 232 0.0
GS IRS58  03:32:40.24  -27:49:49.0  1.89070 017  12.52+0.17 9917010 9.967822  11.07 207 0.0
GS IRS61  03:32:43.45  -27:49:01.0 1.75970016 1246+ 0.13 10187001 9751010 10.90 243 0.0
Note. — When calculating M, and SFRyR, I assume a Salpeter IMF and SFRyg ~ 1.8 x 1079 Lig (Kennicutt, 1998a). We assume

a systematic error of 10% for Lig and include this in the quoted 1o uncertainty, all calculations, and on all figures. Appendix Section A
describes our procedure for calculating PAH line luminosities and ziRrg.

2See Kirkpatrick et al. (2012) for details on stellar mass calculations.

bThe integrated AGN power-law emission divided by the total mid-IR IRS flux, and is calculated using the mid-IR decomposition
technique of Pope et al. (2008) and Kirkpatrick et al. (2015). We re-fit this template-based model using MCMC and and calculate
fAGN,MIR at each step in the Markov chain. Tabulated values for fAogNn,MIR correspond to the mean of this distribution. Given the data
in hand, faAgN,MIR can be measured with an accuracy of 0.1 (e.g., Pope et al. 2008; Kirkpatrick et al. 2015).

“The 11.3 pm PAH feature is redshifted out of GS IRS46’s IRS spectrum.

4GS IRS46 is outside of GOODS-S and CANDELS, preventing the calculation of a stellar mass with comparable methods to the rest of
the sample for which deeper data is available.

The energy injected into the ISM by photoelectrons is radiated away in the infrared
(IR). Far-IR fine-structure emission lines such as [CII] at 158 pm and [O1] at 63 um
can contain 0.1 — 1% of Lig (Tielens & Hollenbach, 1985a; Stacey et al., 2010; Diaz-
Santos et al., 2013; Brisbin et al., 2015; Ibar et al., 2015). [CII] in particular is
emerging as a powerful, but complicated diagnostic of the ISM because it comes from
different regions in a galaxy. With a critical density of ngi ~ 3 x 10> — 6 x 103 cm ™3
at ~ 100 K, [CII] is collisionally excited by H and Hy in PDRs, as well as by warm
electrons at 8,000 K (Goldsmith et al., 2012). Ancillary observations of [N II] 205 ym
emission constrain the fraction of [CII] emission originating from PDRs (e.g., Croxall
et al., 2012), which is greater for lower metallcities (Croxall et al., 2017; Cormier
et al., 2019), and approaches unity in warm and compact, dusty, star forming regions
(Sutter et al., 2019). Thus, [CII] can be used to trace PDR cooling in warm, compact
environments, a critical physical process in atomic gas for star-formation to occur.

PDR densities are much greater than the critical density of [CII] with its primary
collisional partners H and Hy (neie, n = 3000 cm™3, nege, g, = 6100 cm™2), both of

which are heated by photoelectrons from PAH grains (Tielens & Hollenbach, 1985a;
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Wolfire et al., 1990; Kaufman et al., 1999; Malhotra et al., 2001; Goldsmith et al.,
2012). Thus, a correlation between [CII] and PAH emission is likely if both lines orig-
inate from the same PDR regions. Indeed, Helou et al. (2001) found the ratio of [C1]]
emission over integrated 5 — 10 pm flux in star-forming galaxies to be independent of
far-IR color, which strongly favors a co-spatial origin.

Pope et al. (2013) report a deficit of 6.2 um PAH emission at higher Lig in
(ultra) luminous IR galaxies (LIRGs: log Lig/Leo= 11 — 12, ULIRGs: log Lig/Le>
12) and sub-millimeter (mm) galaxies, a feature also observed for [CII] emission in
similar galaxy populations. Indeed, the luminosity ratio of [CII] to Lig decreases
at higher Lig in local and high-z galaxies.! In low-z (U)LIRGs, Diaz-Santos et al.
(2013, 2017) find Lic 117/Lir empirically anti-correlates with average dust temperatures
and IR luminosity surface densities, suggesting that either harder and more intense
radiation fields lower the Ljc 1y /Ligr ratio, or larger dust grains out-compete PAHs for
ionizing photons, starving the gas. Smith et al. (2017) find the star-formation rate
surface density to be a primary factor driving the [CII]-deficit, reconciling nearby
resolved measurements and high—z galaxies with a relation that spans over six orders
of magnitude. At z ~ 3, Rybak et al. (2019) find evidence for thermal saturation of
C™ as the primary driver of the deficit (see also Mufnioz & Oh 2016). Other potential
contributors to the [CII]-deficit include positive PAH grain charging where fewer
photoelectrons are available to collisionally excite [CII] (e.g., Helou et al. 2001),
density effects (e.g., Smith et al. 2017), and/or [CII] self-absorption, although the
latter scenario requires unusually large gas column densities in PDRs and is unlikely

(Luhman et al., 1998; Malhotra et al., 2001).

'E.g., Malhotra et al. 1997, 2001; Luhman et al. 1998, 2003; Helou et al. 2001; Diaz-Santos et al.
2013, 2014, 2017; Stacey et al. 2010; Magdis et al. 2014; Rigopoulou et al. 2014; Brisbin et al. 2015;
Ibar et al. 2015; Zanella et al. 2018; Rybak et al. 2019.
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Regardless of its origin, the [CII]-deficit implies that one of the most important
cooling lines for star-formation falls off in luminosity at higher Lig, or equivalently,
higher star-formation rate (SFR, Kennicutt 1998a). This implies a change in one or
all of the following: the photoelectric heating efficiency of the ISM, far-UV radiation
field strength and hardness, gas density and PDR geometry (Smith et al., 2017).
Furthermore, galaxies have higher SFR per unit stellar mass at earlier times than they
do locally (e.g., Madau & Dickinson 2014), suggesting that ISM conditions evolve as
a function of redshift and SFR (Scoville et al., 2017b; Tacconi et al., 2018; Liu et al.,
2019). Indeed, Stacey et al. (2010) found that the [CII]-deficit is pushed to higher
Lir at higher redshifts; however, Zanella et al. (2018) did not observe this offset in a
sample of main-sequence galaxies at z ~ 2. In either case, all galaxies may follow the
same Lic 1 /Lir trend as a function of Lig normalized by molecular gas mass (Stacey
et al., 2010; Gracié-Carpio et al., 2011). Thus, the gas cooling properties and stellar
radiation field strengths in local and z > 1 star-forming galaxies could be comparable
for a given star-formation efficiency (SFE=SFR /My,). If this is the case, high—z
star-formation could be a scaled up version of star-formation today with comparable
ISM conditions, and therefore, similar mid- and far-IR PDR line ratios.

In this paper, we combine new observations using the Atacama Large Millime-
ter /submillimeter Array (ALMA) to investigate the properties of ISM heating and
cooling in z ~ 2 star-forming galaxies through combined observations of [CII] and
PAH emission. With archival Spitzer Infrared Spectrograph (IRS) spectra, we can
identify pure star-forming galaxies to study the properties of z ~ 2 PDRs and star-
formation without concern for feedback from an active galactic nucleus (AGN). Using
ratios of [CII] to PAH emission, we investigate the photoelectric efficiency in PDRs
near the peak in the Universe’s star-formation rate density, a critical epoch for galaxy
evolution during which most of the stellar mass in the present day Universe was as-

sembled (e.g., Madau & Dickinson 2014). We investigate the evolution in [CII]/PAH
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Figure 2.1 The z ~ 2 star-forming main-sequence of Speagle et al. (2014) (dashed
black line) assuming the same (Salpeter) IMF used in our calculations. We shade 1, 2,
and 3o intrinsic scatter about the main-sequence in gray. Galaxies from our sample
are shown in red, excluding GS TRS46 which does not have a robust stellar mass
estimate and is not detected in [CII] with ALMA. We only detect [CII] emission in
GS IRS20 (red square), the starburst galaxy located > 50 above the main sequence.

emission with redshift, and comment on the technical aspects of synergistic surveys
combining ALMA and mid-IR spectrographs, with applications to the James Webb
Space Telescope Mid-Infrared Instrument (JWST /MIRI).

The chapter is organized as follows: In Section 2.2 we present the galaxy sample,
selection criterion, and observations including novel and archival data. Our analysis
techniques and emission line measurements are described in Section 2.3. We present
our results in Section 2.4 and discuss their implications in Section 2.5. Section 2.6
summarizes our conclusions. Throughout this work we assume a Salpeter IMF and

adopt a ACDM cosmology with Q,, = 0.3, Q4 = 0.7, and Hy = 70 km s~! Mpc~.
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Figure 2.2 Spitzer IRS spectra for 6 targets observed with ALMA. The IRS spectra
are shown in black, with uncertainties shaded in gray. The red solid line corresponds
to best-fit empirical M82 templates on top of a power-law continuum component (red
dotted line). The simple fit is used too quantify the AGN fraction in the mid-IR
and we employ a more sophisticated model to measure individual line luminosities
and redshifts (see Appendix A). Horizontal cyan lines show the regions where we fit
Lorentzian profiles to the 6.2 um and 11.3 um PAH features.
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2.2 Sample and Observations
2.2.1 Sample Selection

We have assembled a sample of six IR-luminous galaxies (logLir/Lso> 12) at
z = 1.7 — 2 with extensive coverage from restframe ultraviolet to sub-mm wave-
lengths, selected primarily by the presence of luminous PAH features in the mid-IR
and little to no underlying power-law continuum. These systems are dominated by
star-formation: an AGN would heat dust to high temperatures and emits warm black-
body emission at mid-IR wavelengths which we do not detect (e.g., Laurent et al. 2000;
Sturm et al. 2000; Tran et al. 2001; Sajina et al. 2007). Our sample comes from a
larger multiwavelength parent catalog described in Kirkpatrick et al. (2015). To sum-
marize, multiwavelength data was collected for 343 (U)LIRGs between z = 0.3 — 2.8
in the Great Observatories Origins Deep Survey North/South (GOODS-N/S), Ex-
tended Chandra Deep Field Survey (ECDFS), and the Spitzer Extragalactic First
Look Survey fields. The primary target selection criterion was the presence of mid-
IR spectroscopy from Spitzer IRS. For more details on the parent sample selection
method, we refer readers to Section 2.1 of Kirkpatrick et al. (2015).

With our ALMA cycle 5 program targeting [CII] emission at z ~ 2, we observed
six star-forming galaxies between z = 1.7 — 1.9 from the Kirkpatrick et al. (2015)
sample with Lpame2/Lir> 0.004 and log Lig /Le> 12. These galaxies all have little
to no evidence of AGN contamination to the mid-IR spectrum (fagnmir), based
on IRS spectral decomposition, and as evidenced by their 6.2um PAH equivalent
widths EWg5> 0.5 um, which is the threshold established in nearby (U)LIRGs for
star-formation dominated systems (Stierwalt et al., 2014). The selection of sources
based on strong PAH features in high IR-luminosity galaxies has been shown in the
literature to be a robust way for selecting galaxies with minimal AGN contamination

(e.g., Houck et al. 2005; Yan et al. 2005; Brandl et al. 2006; Sajina et al. 2007; Smith
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et al. 2007; Armus et al. 2007; Pope et al. 2008; Veilleux et al. 2009; Kirkpatrick et al.
2012).

Configuring the ALMA Band 9 Local Oscillator to efficiently target [CII] over the
redshift range spanned by our sample was a challenging factor in the design of our
experiment. Efficient programs capable of observing multiple targets with minimal
baseband tunings are optimal for taking advantage of limited high-frequency ALMA
observing time. To maximize sample size while minimizing overhead, we manually
configured each spectral window within the Band 9 constraints to cover [CII] in
multiple galaxies in a given ALMA Science Goal.

Most of the galaxies in our sample have robust stellar masses constrained by deep
HST and Spitzer photometry. Galaxies in our sample are high mass, LogM, /Mg =
10.6 — 11, and dusty, as evidenced by Spitzer and Hershel photometry. Figure 2.1
shows the star-forming main-sequence (MS) of galaxies at z ~ 2 taken from Speagle
et al. (2014). Our sample lies above the z ~ 2 SFMS, with log ASFMS (the observed
SFR over the MS SFR for the same stellar mass) between 0.6 —1 dex for most galaxies
in our sample and as high as ~ 1.2 dex in GS IRS20, well within the starburst domain.

Table 2.1 summarizes global properties for galaxies in our sample.

2.2.2 Multiwavelength Observations

Our sources are in ECDFS and were selected to have mid-IR spectroscopy from
the Spitzer IRS (Fadda et al., 2010; Kirkpatrick et al., 2012, 2015). A full description
of IRS observations, data reduction, and sample-selection can be found in Pope et al.
(2008) and Kirkpatrick et al. (2012). The extracted spectra are shown in Figure 2.2
with simple fits to the mid-IR emission that we use to calculate fagn mir; more sophis-
ticated model fits are employed to measure PAH line luminosities (see Appendix A).

In addition to Spitzer IRS spectra, photometry from Herschel (PACS and SPIRE),
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Figure 2.3 Postage stamp images for each of the targeted galaxies. HST /WFC3 H 149
imaging is shown in the background when available, and ALMA dust continuum
contours are overplotted in red. For GS IRS46, we show HST /ACS F850lp (z-band)
maps in the background (Giavalisco et al., 2004). In the case of GS IRS20, we also
show integrated [C1I] emission contours in blue. The ALMA beam is represented by
a gray ellipse in all images.

and Spitzer (IRAC and MIPS) is available for all targets (see Kirkpatrick et al. 2015
for details).

ECDFEFS includes the GOODS-S field, which was covered by the Cosmic Assembly
Near-IR Deep Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011; Koeke-
moer et al. 2011), providing deep WFC3/IR imaging for five out of six galaxies in our
sample. We downloaded the Higp and Zss, field maps, and correct for the known
systematic astrometric offset of 0.08” in RA and 0.26” in DEC relative to ALMA’s
astrometry in GOODS-S (Elbaz et al., 2018). Thumbnail images for our sample are
shown in Figure 2.3. We also matched our galaxies to visual morphological classifi-

cations presented in Kartaltepe et al. (2015) to assess the incidence of mergers in the

sample.
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2.2.3 ALMA Observations and Data Processing

We carried out ALMA Band 9 observations of our targets during Cycle 5 (PI A.
Pope, Project ID: 2017.1.01347.S) targeting [CII] emission at restframe 157.74 pm.
For the range of redshifts in our sample, [CII] is redshifted to an observed frequency
of 653.36 —686.38 GHz. We estimated integration times necessary to detect the [CII]
line at 100 for galaxies in our sample by assuming a conservative Lc ij/Lir ratio of
0.002 and [CII] line width of 300 km s™!, characteristic of existing [CII] detections
z ~ 2 galaxies prior to our observations (Stacey et al., 2010). The minimum predicted
[CTI] flux for all galaxies in the sample was 15 Jy km s™!, which we used to set
the integration time for each observation by requiring a > 10c line detection, or
equivalently, a sensitivity of 5 mJy over 300 km s~! bandwidth.

To avoid resolving out [CII] emission at z ~ 2, we requested an angular resolution
of ~ 0.5”. The observations took place in July 2018 in ALMA configuration C43-1
which has an angular resolution of 0.52” at 650 GHz and maximum recoverable scale
of 4.4” corresponding to 36.5 kpc at z = 2. The expected radii of sub-mm and
HST H g emission in z ~ 2 star-forming galaxies is < 8 kpc (e.g., Fig. 2.3, Zanella
et al. 2018; Calistro Rivera et al. 2018; Lang et al. 2019), so it is unlikely that our
observations are missing flux on large scales due to interferometric spatial filtering.
Six galaxies in our proposal were observed for ~ 18 minutes on-source, achieving the
target sensitivity of 5 mJy over 300 km s™! bandwidth at a native resolution of 31.250
MHz (13.6 km s™') which was later re-binned to lower spectral resolutions.

The data were reduced using the standard ALMA pipeline in CASA v5.1.1-5
(McMullin et al., 2007). We first imaged the data using tclean with Briggs weighting
in continuum-mode, iteratively adjusting the robust parameter R to maximize the
ratio of peak continuum emission to map RMS. We extracted peak and integrated
continuum flux densities through elliptical apertures which were set by fitting a 2D

Gaussian function to the bright continuum emission in each observation. We detect
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Table 2.2. ALMA Cycle 5 Band 9 Observations: Continuum Imaging and Spectral
Line Data

Continuum Maps

Target Beam FWHM A ps® rms Speak Sint Rerr  p(1]2)P From©
[arcsec] [pm] [mJy/beam] [mJy/beam] [mJy/beam] [kpc] [mJy]
GS IRS20 0.51 x 0.37 466.60 0.87 14.38 £+ 0.87 173+ 1.1 1.81 0.68 331.59 + 9.66
GS IRS46 0.74 x 0.66 456.95 0.54 6.55 4+ 0.60 9.3+ 1.0 2.63 0.56 (< 10.5)
GS IRS50 0.78 x 0.67 465.07 0.41 4.82 4+ 0.67 7.1+1.2 2.72 0.29 (< 14.0)
GS IRS52 0.63 x 0.51 444.77 0.10 5.21 + 0.51 8.64 + 0.92 2.15 0.01 (<4.3)
GS IRS58 0.93 x 0.86 456.95 0.13 5.49 4+ 0.70 10.5 + 2.4 3.36 0.22 (< 5.3)
GS IRS61 0.70 x 0.54 441.62 0.95 3.70 £ 0.35 4.22 + 0.64 2.34 0.93 < 4.6

2 Effective wavelength of collapsed ALMA Band 9 cube.

b The probability of observing the target’s redshifted [CII] line given all redshift uncertainty and the ALMA Band
9 spectral window configuration. See Equation B.1 in Section 3.3.

¢ [CII] line flux. Upper limits are 30 and given for each galaxy, although values in parenthesis are considered
unreliable given the low probability of having observed the line.

continuum emission at representative frequencies of 652 — 699 GHz in all of our
targets at signal-to-noise (SNR) between 7.5 — 17.8. After verifying the presence of
underlying continuum, we created a linear continuum model in the uv-plane, taking
care to mask out high-amplitude visibilities that could correspond to potential line
emission. Next, we continuum-subtracted the ALMA cubes in the uwv-plane and
imaged the spectral windows with tclean and Briggs weighting using £ = 0.5. Final
continuum measurements, ALMA beam characteristics, and spectral line statistics

are given in Table 2.2.

2.3 Analysis
2.3.1 [CII] Detection in GS TRS20

Whereas the dust continuum is clearly detected with ALMA for all 6 galaxies (red
contours in Fig. 2.3), [CII] 158um emission is clearly detected in one of six galaxies in
the sample, GS TRS20, at an observed frequency of 650.2505 GHz. This corresponds
to a redshift of zic 9= 1.9239 £ 0.0002, in excellent agreement with the PAH-derived
redshift: zic 21— #pan= 0.001.

We imaged the cube in 30 km s~! bins, and extracted a spectrum through an

elliptical aperture with FWHM and centroid taken from a 2D Gaussian fit to con-

22



tinuum emission. Figure 2.4 shows the detection of [C II] in GS IRS20’s ALMA
Band 9 spectrum. Gaps in spectral coverage are the result of limitations when
configuring ALMA’s spectral windows. We integrated the line over the frequency
range where emission rose above the continuum level and measured a flux density of
SiemAv = 9.95 4+ 0.07 Jy km s at a SNR of 34.3 and line velocity width of ~ 330
km s~ Next, we calculated the [CII] line luminosity Lic 1y in solar units following

Carilli & Walter (2013):

Line = 1.04 x 1072 x (S,Av) D vgps [Lo)] (2.1)

where Dy is the luminosity distance in Mpc, and v, is the observed frequency of the
line in GHz. From the Band 9 spectrum, we calculate log Lic H]/L@ =9.169 £+ 0.003
in GS IRS20, the highest SNR detection of [CII] emission in a z ~ 2 galaxy to date.
From a collapsed ALMA data cube containing only line emission, we find that [CII]
in GS IRS20 is marginally resolved with a spatial FWHM of 0.56”, corresponding to
~ 4.7 kpc at z = 1.9239.

2.3.2 [C II] Line Searches and Upper Limits

No [C II} emission lines were obvious in the ALMA cubes of GS IRS46, GS IRS50,
GS IRS52, GS TRS58, and GS IRS61. To search for marginally detected emission lines,
we used a circular aperture with radius 0.5” to extract a 50 km s~! spectrum cen-
tered on the source’s dust continuum position. Next, we extracted additional spectra
through the same circular apertures offset by 0.5” from the source’s center at various
angles, as optical light, dust continuum and [C II] emission can be spatially offset from
one another in high redshift ULIRGs (e.g., Zanella et al. 2018; Calistro Rivera et al.
2018). From the set of extracted spectra, we searched each spectral window for the
presence of three channels greater than 2x the local rms. No marginally-significant

line emission was discovered in this manner, or in stacks of the extracted spectra.
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Given that 83% of our observations yielded non-detections, and no data was dis-
carded because of poor atmospheric transmission, two explanations are possible. Ei-
ther the observations were not deep enough to detect [CII] and an upper limit may
be placed on Licy; or, the line was missed by our ALMA bandpass tunings. To
determine which observations can yield a secure upper limit on Licy, we calculate
p(l|/ALMA, Az): the probability our ALMA tunings covered the [CII] line given all
redshift uncertainties and the comparatively narrow bandpass widths. The technique
adopted for calculating p(Il|/ALMA, Az) is described in detail in Appendix Section
B. In summary, we integrate redshift probability distribution functions in spectral
domains with ALMA coverage. We found this detailed analysis to be crucial for
interpreting the data. Table 2.2 includes values of p([|ALMA, Az) for all targets.

Amongst the non-detections, only GS IRS61 has p({|[ALMA, Az) > 90%. For this

galaxy, we first calculate the rms over a spectrum at 50 km s~!

resolution (rmssg),
extracted from an aperture centered on the dust continuum. Then, we calculate the 30
upper limit on the line luminosity using Equation 2.1 with SjcAv = 3Av(v/6 rmss),
assuming Av = 300 km s~! as is observed in GS IRS20. Our upper limits for GS
IRS61 on Lic are summarized in Table 2.2, and could be a factor 1.8 (0.25 dex)

larger than what is reported if we assume a more extreme Av = 600 km s~*

, greater
than the noise-weighted average of ~ 430 km s™' as observed in [C II]-emitters at

z ~ 2 —3 (e.g., the sample of Gullberg et al. 2015).

2.3.3 Morphology

In all of our observations, dust continuum emission is marginally resolved: the
major and minor axes of 2D Gaussian fits to dust emission are equal to 0.5 — 2",
slightly greater than the ALMA beam in all cases. We use these size measurements
to calculate Reg 69, the radius containing 50% of the total continuum flux at the

effective rest-frame wavelengths (approximately 160um) of our observations. Table
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2.2 includes values of Ref 149, which we use to calculate IR surface densities. Given
that the extent of dust continuum is marginally greater than the ALMA beam in all
cases, our measurements of R4 may be thought of as upper limits.

Our ability to distinguish substructure in the ALMA maps is limited; however,
extended Higyp emission in the HST thumbnails of GS IRS20, GS IRS50 and GS
IRS58 suggests disturbed, perhaps merger-driven, morphologies in some cases. We
matched our sources to the morphological classification catalog of Kartaltepe et al.
(2015) to determine the incidence of mergers in our sample. Each of our targets had
the maximum 68 classifications per galaxy. GS IRS20 is considered to be a merger
by 80% of classifiers, and irregular by 100%, consistent with its position > 50 above
the z = 2 galaxy main sequence (Fig. 2.1), and the presence of faint extended H g
emission to the North-East, reminiscent of a tidally disrupted stellar population. Dust
continuum and [CII] emission in GS IRS20 are co-spatial and coincide with the H g9
maximum.

The rest of the sample was not classified as mergers, and GS IRS61 is classified
as a spheroid by the full set of classifiers. The spatial extent of Hig9-band and dust
continuum in GS IRS61 is ~ 5 kpc (FWHM), making this galaxy extremely compact.
GS TRS46 is offset from the HST /ACS z-band map by 0.70” after correcting for the
astrometry offset between HST and ALMA (see Section 2.2.2). This corresponds to
~ 6 kpc physical offset between the detected stellar light and dust continuum emission
in this galaxy. Given the uncertainty introduced by this offset, we do not report a

stellar mass or show optical data points for this dusty galaxy.

2.3.4 Comparison Samples
Since we have selected our z ~ 2 sample to include only star-formation domi-
nated systems, we emphasize literature comparison samples with comparable selec-

tions (EWe 2,m > 0.5 pm, Stierwalt et al. 2014). For comparison with local (U)LIRGs,
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Figure 2.4 a
t z = 1.924, binned to 30 km s™! resolution.]GS TRS20’s ALMA Band 9
continuum-subtracted spectrum showing the robust detection of [C II] at z = 1.924,
binned to 30 km s~! resolution. The top axis shows relative velocities in km s~*
from the line’s centroid. The horizontal dotted lines correspond to 410 noise, and
the shaded blue region indicates where line emission was integrated: the peak is
detected at an SNR of 19.10 and the integrated emission at an SNR of 34.30. Gaps
in the spectra are due to the observation’s spectral window configuration.
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Figure 2.5 Multiwavelength photometry and spectra for each ALMA target. Shaded
gray SEDs correspond to the best-fit z ~ 2 template SED from the empirical li-
brary presented in Kirkpatrick et al. (2015). The solid black line corresponds to a
two-temperature modified blackbody 4 near-IR power-law fit, which we integrate to
estimate Lir for each target. The dot-dashed blue line is the cold dust component
from this fit which we integrate to calculate L.,q. Photometry in red correspond to
Spitzer and Hershel observations. ALMA dust continuum is shown in green, and
Spitzer IRS spectra are over-plotted in black. We do not fit the blackbody + power-
law models to GS TRS46 and GS IRS52 because these galaxies lack observations

between rest-frame 30 — 70 pym.
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we use mid- and far-IR spectral line measurements from Diaz-Santos et al. (2013,
2014, 2017) and Stierwalt et al. (2014) for galaxies in the Great Observatories All
Sky LIRG Survey (GOALS; Armus et al. 2009). To contextualize PAH and [CII] line
luminosities at lower Lig, we also compare our data to the intermediate—z 5 mJy Un-
biased Spitzer Extragalactic Survey (5BMUSES; Wu et al. 2010), nearby galaxies from
Sargsyan et al. (2014), Magdis et al. (2014), and Ibar et al. (2015). To characterize
the landscape of [CII] observations at z ~ 2, we also compare our [C II] measurements
to z ~ 2 — 3 galaxies with data from ALMA, APEX, or Herschel FTS (Ivison et al.,
2010; Valtchanov et al., 2011; Schaerer et al., 2015; Gullberg et al., 2015; Zanella
et al., 2018; Hashimoto et al., 2018; Rybak et al., 2019). Prior observations of both
PAH and [C II] in the same galaxy at z ~ 2 are limited to a handful of systems
observed with Spitzer and the Redshift (z) and Early Universe Spectrometer (ZEUS)
on the Caltech Submillimeter Observatory (CSO) (Stacey et al., 2010; Brisbin et al.,
2015).

For GOALS, 5SMUSES and the ZEUS/CSO [CII] sample, 6.2um luminosities were
derived using PAHFIT (Smith et al., 2007) or CAFE (Marshall et al., 2007). It
has been shown that PAHFIT-derived PAH line luminosities are greater than the
those produced via continuum fitting methods by a factor of ~ 1.6 — 1.9 for L oum
and Lijsum (e.g., Sajina et al. 2007; Smith et al. 2007; Pope et al. 2008). This
is because PAHFIT is able to measure line emission in extended Lorentzian wings
whereas continuum fitting methods do not. The z ~ 2 Spitzer IRS spectra do not
have sufficient SNRs to use PAHFIT reliably, so we instead measure PAH lines using
a continuum fitting technique described in Appendix Section A. In summary, we
fit a continuum + line model to isolated 6.2 ym and 11.3 um regimes allowing the
line strength, and galaxy redshift to vary. We also re-measure PAH luminosities

in GOALS star-forming galaxies using our method, and divide PAHFIT values by a
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Figure 2.6 The ratio of cold dust emission, Leoq, to Lig as a function of fagn mir, the
AGN contribution to emission at mid-IR wavelengths. L.,q comes from integrating
the cold dust component in our two-temperature SED fits shown in Figure 2.5. Our
data is shown in red. The solid black line indicates the best-fit trend for 343 (U)LIRGs
between z = 0.3 — 2.8 from Kirkpatrick et al. (2015), with the 1o uncertainty shaded
in gray.

statistical conversion factor of 1.6 and 2.3 for Lg o,m and Liq 3,m respectively to match
our quantities derived at higher redshift.

The GOALS sample is nearby and resolved by the Spitzer IRS slit, which is
centered on the nuclear region of each galaxy and will not capture the total mid-
IR continuum and PAH flux (Armus et al., 2009; Stierwalt et al., 2013). For fair
comparison with high-z galaxies that are completely covered by the IRS slit, we
correct the PAH line fluxes of GOALS using slit-corrections in Stierwalt et al. (2014)
determined from the ratio of total Spitzer IRAC 8 pm flux to total IRS 8 pum flux.

These corrections have a median value of 1.14 and a negligible impact on the average

value of GOALS galaxies in the diagnostic plots.
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Figure 2.7 The ratio of [CII] luminosity to Lig in low- and z ~ 2 — 3 star-forming
galaxies and AGN. We show local star-forming galaxies as black open symbols and
low—z AGN as gray symbols. At z = 2 — 3, we show both star-forming and AGN
systems with colored symbols: ALMA-derived [CII] luminosities are shown in red
(this work) and magenta. Blue symbols indicate [CII] observations from ZEUS/CSO,
which we re-calculate as described in Section 2.4.1. Green symbols correspond to
galaxies targeted using APEX and Herschel, including the lensed SPT DSFG sample
of Gullberg et al. (2015), which we de-magnify using their average magnification
factor of 14.1. We include AGN in this figure to demonstrate the spread in Lc 1 /Lir
observed in all galaxies; however, we emphasize that this work focuses on the range
of star-formation properties in galaxies without AGN.

2.3.5 SED Fits to near-IR through sub-mmm Photometry

Near-IR through sub-mm photometry are shown in Figure 2.5. For comparison,
we overplot the average SED of z ~ 2 log Lig /Ly = 12.5 star-forming galaxies from
Kirkpatrick et al. (2015), scaled to best match the observations. The excellent agree-
ment at 5 — 15um is due to the fact that our galaxies are part of the sample used
in generating the Kirkpatrick et al. (2015) templates, which were normalized in the
mid-IR.

To calculate total 8 — 1000 pm IR luminosities, we fit a two-temperature modified

blackbody + power-law model between the IRS spectra at rest wavelengths above
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9 pum out to the far-IR photometry, motivated by Kirkpatrick et al. (2015) who find
that a two-temperature model yields good fits to the far-IR SEDs of z = 0.3 — 2.8
(U)LIRGs. For all fits we keep the dust emissivity § fixed to a value of 1.5, and the
temperature of the cold dust component fixed at T,y = 26.1 K corresponding to the
average value of galaxies in the Kirkpatrick et al. (2015) sample with fagn v < 0.3.
From the fits, we measure Ligr and the fraction of IR emission originating from the
cold dust component (Lcoq/Lig). Table 2.3 reports best-fit values for T qmm, the
modified-Blackbody temperature of the warm dust component, and L¢,q with their
associated 1o uncertainties for GS TRS20 and GS IRS61. GS IRS46 and GS IRS52
do not have rest-frame photometry between 30 — 70 um, so we determine a best-
fit template from the Kirkpatrick et al. (2015) library by matching to the available
observations above rest-frame 9 ym. The scale-factors for each template are 11.7 and
2.6 in GS IRS46 and GS TRS52 respectively. We then integrate the scaled Kirkpatrick
et al. (2015) template to calculate Lig in these two galaxies.

Models fits are shown in Figure 2.5 as dashed black lines. Kirkpatrick et al. (2015)
find that Leoa/Lir = 0.5 on average for z = 0.3 — 2.8 (U)LIRGs with 0 < fagn g <
0.6. In GS TRS20, the one galaxy where [CII] was detected at high significance, and
GS IRS61, the target with a secure [CII] upper limit, we measure L¢yq/Lir = 0.28
and 0.07 respectively, at the extreme lower end of the distribution for galaxies of
similar fagn v and Lig (Figure XX). GS IRS20 and GS IRS61 deviate from the
mean of the Kirkpatrick et al. (2015) sample by & 2.50 and &~ 120 respectively. Both
systems have T4, comparable to stacked templates of similar fagn mir (Table 2.3),
indicating that low Leyq/Lir is driven by an increase in the warm dust content of

these two galaxies, and not a rise in the warm dust temperature.
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Figure 2.8 (Left) The ratio of Lgoum to Lig in low- and high-redshift IR-luminous
galaxies as a function of Lig. Local galaxies are taken from 5MUSES (Wu et al.,
2010) and the GOALS sample (Diaz-Santos et al., 2013, 2014, 2017; Stierwalt et al.,
2014) and follow the color scheme of previous figures. High redshift galaxies are
represented with colored symbols: red corresponds to our sample, and blue indicates
galaxies from Brisbin et al. (2015). (U)LIRGs shown in purple are tabulated in Pope
et al. (2013). (Right) The ratio of Lggum to Lig vs. IR surface density. Upper limits
on X for GOALS galaxies smaller than the Herschel beam are shown in gray. The
offset between low- and high-redshift galaxies observed in the Left panel is removed

when normalizing Lig by the cold dust surface density traced by rest-frame 160um
emission with ALMA and Herschel.

2.4 Results
2.4.1 [CII] Line Luminosities

Of six galaxies targeted with ALMA, we only detect the 158um [C 2] fine-structure
line in one galaxy, GS IRS20, the most IR-luminous source in our sample. For one
other galaxy in our sample, GS IRS61, the [CII| line was reliably covered by our
ALMA observations (p(I|ALMA, Az) = 93%). For the other targets, our ALMA ob-
servations have a probability > 40% that we missed the redshifted [CII] line given
prior redshift uncertainties and the sparse frequency coverage of ALMA spectral win-
dows in Band 9. For the remainder of the paper we only include GS TRS20 and GS
IRS61 in any analysis that involves [CII].

Figure 2.7 shows the [CII] deficit for low-redshift (U)LIRGs and star-forming

galaxies at z ~ 2 — 3 from this sample and the literature. We note that the number
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of IR-luminous galaxies at z > 4 with [CII] detections is growing?; however, we
restrict our current analysis of the high—z landscape to z ~ 2 — 3 to focus on galaxy
properties near the cosmic star-formation rate density peak. The ratio of Licy to
Lig in GS IRS20 is comparable to other z ~ 3 ALMA [CII] detections from Rybak
et al. (2019) and possibly consistent with the extrapolation of the low—z [CII]-deficit
to log Ligr/Le > 12.5. GS IRS61 is ~ 2 dex below GOALS star-forming galaxies of
log Lig /Le =~ 12.

There is a significant offset on the order of 0.5 — 1.5 dex between Lic 11j/Lir at
z = 2 — 3 found with ALMA and those reported by Stacey et al. (2010) and Brisbin
et al. (2015) using ZEUS/CSO (blue in Fig. 2.7). The spectral resolution of ZEUS
is 150 — 300 km s™', comparable to the expected line-width of [CII] emission in
some cases, making the flux measurements sensitive to the number of spectral pixels

included when integrating a low SNR line. We re-calculate all ZEUS/CSO [CII]
luminosities using only the peak pixel flux assuming a line-width of 150 —300 km s~1.
After these corrections, the 0.5—1.5 dex offset between ALMA and ZEUS observations
in z ~ 2 SFGs persists. There are multiple factors that could contribute to this offset,
including physical variations in [CII]/Lig with star-formation rate surface density
(e.g., Smith et al. 2017; Diaz-Santos et al. 2017), or observational limitations such as

large beam sizes, lower spectral resolution, and flux calibration uncertainties on the

order of 30% (Brisbin et al., 2015).

2.4.2 PAH Properties
The relationship between PAH emission and dust emission evolves with redshift

and is likely related to a number of factors, including fagn mir, SFR, and the number

2E.g., Gallerani, S. et al. 2012; Walter et al. 2012; Riechers et al. 2013; Bussmann et al. 2013;
Rawle et al. 2014; De Breuck et al. 2014; Maiolino et al. 2015; Capak et al. 2015; Oteo et al. 2016;
Pentericci et al. 2016; Carniani et al. 2017; Jones et al. 2017; Matthee et al. 2017; Smit et al. 2018;
Carniani et al. 2018; Gullberg et al. 2018; Decarli et al. 2018; Hashimoto et al. 2018; Le Fevre et al.
2019; Tadaki et al. 2019; Hashimoto et al. 2019
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Table 2.3. Derived Parameters from IR-SED Fits

Target Teotd K] Twarm K] Leod/Lir

GS IRS20 26.1 (fixed)* 57+1 0.284+0.10
GS IRS61 26.1 (fixed)* 59+2  0.07+0.04

MIR0.0P  25.740.6 66 +2 0.51+0.04
MIR0.2"  24.64+1.3 62+1 0.44+£0.06

8T o1q Wwas fixed in the SED fits of both GS
IRS20 and GS IRS61 to the average of galax-
ies in the Kirkpatrick et al. (2015) sample with

faaNnMIR< 0.3

PEmpirical templates from Kirkpatrick et al.
(2015) of comparable fagn,mir to GS IRS20 and
GS IRS61. MIRO0.0 and MIRO0.2 correspond to
fAGN,MIR = 0.0 and fAGN,MIR = 0.2 respectively.

of PDRs per unit molecular gas mass (Smith et al., 2007; Pope et al., 2013). Star-
forming galaxies in our sample at z ~ 2 have 6.2 ym PAH luminosities 0.3 dex
brighter than local (U)LIRGs of comparable Lig after accounting for the differences
in Lgo,m measurement techniques (see Section 2.3.4), but follow a deficit in PAH
emission towards higher Lig whose magnitude of decline is equal to or greater than
the deficit between other far-IR fine-structure lines and Lig (Pope et al., 2008, 2013;
Sajina et al., 2008; Gracia-Carpio et al., 2011; Stierwalt et al., 2014; Shipley et al.,
2016; Cortzen et al., 2019). In addition to being a function of Lig, Lg.aum/Lir also
changes with z (e.g. Pope et al. 2013), as demonstrated in Figure 2.8 (Left) which
shows the ratio of Lgoum to Lig for low- and high-z star-forming galaxies. Galaxies
at z ~ 2 in our sample are brighter in Lig by a factor of 2 0.5 dex compared to low-z
(U)LIRGs of comparable Lg 2,m/Lir; changes in either/both of Lg2,m and Lig could
drive the difference between low-redshift and z ~ 2 galaxies in Fig. 2.8. In any case,

this trend persists if we instead use the ratio of 11.3 yum PAH luminosity to Lir as
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well as values for Lg o;m in GOALS measured using our method described in Section
A.

Diaz-Santos et al. (2017) show that the IR surface density is a good predictor of
physical PDR conditions such as gas density and incident radiation field strength.
Furthermore, spatially resolved studies of nearby and z ~ 3 star-forming galaxies
have shown the star-formation rate surface density (Xspgr) to be a major driver of
the [CII]-deficit (Diaz-Santos et al., 2014; Smith et al., 2017; Rybak et al., 2019). In
light of these results, and without spatial information at shorter wavelengths more
aptly suited for tracing Ygpr, we calculate Yir = (Lir/2)/ mRZ; 169, the effective TR
surface density using R 149 as measured with ALMA for our sample and Herschel
PACS in GOALS. Figure 2.8 (Right) demonstrates that the offset between high- and

low-z galaxies in Lgo,m/Lir disappears when plotted against ¥g.

2.4.3 The Ratio of [CII] to PAH Luminosity

Figure 2.9 shows Lic /Le2um as a function of ¥jg for our sample, and local
(U)LIRGs. GOALS star-forming galaxies (EWg 9m > 0.5 pm) have a tight ratio of
Lic 117/ Lg.2um With a dispersion of 0.18 dex, less than the ~ 0.3 dex dispersion observed
in both Ljcj/Lir and Lgoym/Lir. We fit a linear relation to star-forming GOALS
galaxies on Figure 2.9, and find that Lic /Le.2um and Xig anti-correlate with a slope
of —0.23 +0.08 and zero-point 2.2 +0.9. Although high-redshift observations remain
limited by small sample statistics, the spread in Lic 1y /L6.2um between GS IRS20 and
GS TRS61 at z ~ 2 is 0.98 dex, five times greater than the dispersion of local star-
forming (U)LIRGs, an observation that holds regardless of how the PAH luminosities
are measured in GOALS (see Section 2.3.4).

GS IRS20 and GS TRS61 are ~ 0.67 and > 1.65 dex respectively below the mean
of Lic H]/ L6 2um observed in GOALS star-forming galaxies, after accounting for the

differences in how the PAHs were measured. GS IRS20 is possibly consistent with
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Figure 2.9 The ratio of [CII] luminosity to 6.2um PAH luminosity in low-redshift
and z ~ 2 IR-luminous star-forming galaxies as a function of IR surface density. The
effective radius for all sources shown is calculated at rest-frame 160 ym continuum.
The gray shaded regions contain the 1o, 20, and 30 dispersions around the mean of
Lic 17/Lg.2um in star-forming GOALS galaxies. The dotted black line corresponds to
the best-fit trend in GOALS, and has a slope of —0.23 4+ 0.08 and zero-point equal
to 2.2+ 0.9. The dearth of high—z points on this Figure demonstrates the need for
more observations of [CII], PAH, and IR size measurements in the same galaxies.

the extrapolation of the low—z negative trend between Ljc 1y /Lé.2um and Xg beyond
the most compact GOALS star-forming galaxy; however, this cannot explain the
extremely low ratio observed in GS IRS61. GS IRS61 shows no indication of a deeply
buried AGN (Figure 2.2), and there is a low probability that we missed the redshifted
[CII] line (see Section 2.3.2). The dust continuum is marginally more extended than
the ALMA beam and would have to be extraordinarily compact (Xr would have to
increase by > 2 orders of magnitude) to be consistent with the extrapolated low—z
trend. For these reasons, GS IRS61 is likely a highly unusual source when compared

to low—z star-forming galaxies of comparable >iy.
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Figure 2.10 The ratio of Lgoum to Liisum vs. effective IR surface density calculated
at rest-frame 160 pm. The color scheme follows previous figures. Lg 2,m/L11.3m does
not change drastically with g in star-forming GOALS galaxies, with minimal 1o
scatter ~ (.06 dex shaded in gray about an average value of 0.08.

If we assume that the relevant physical parameters of the z ~ 2 galaxies are drawn
from the same distribution that is observed in GOALS, then GS IRS20 and GS IRS61
would be ~ 30 and 2 60 below the low—z mean. The likelihood of observing two
galaxies at 30 and 6o from the norm is &~ 107!, Therefore, the offset in Lic 11)/Le.2m

between low-z (U)LIRGs and what we measure in our sample may relate to changes

in the physical ISM conditions.

2.5 Discussion
2.5.1 PAH Heating vs. Far-IR Cooling

We find a difference in the ratio of [CII] to PAH emission between local ULIRGs
and observations of two z ~ 2 dusty star-forming galaxies including one upper limit
(Fig. 2.9), which could be due to changes in heating and cooling mechanisms. As

opposed to being scaled up versions of nearby star-forming galaxies, starbursts at
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earlier times may exhibit evolution in their ISM conditions. While the behavior of
both PAH and [CII] changes at a low metallicity (Shivaei et al., 2017; Croxall et al.,
2017), we do not expect this to affect our massive (log M,/Mg ~ 11) z ~ 2 galaxies
given the z ~ 2 mass-metallicity relation (Sanders et al., 2015).

PAHs and other small grains are important sources of photoelectrons in PDRs
(e.g., Bakes & Tielens 1994), and the ratio of far-IR line to PAH emission is sensitive
to the photoelectric heating efficiency (epg) of the PDR gas. As noted by Helou et al.
(2001), Lpan (or Lg2um) may be more appropriate normalization factors for Ljc

than Lig given the direct relationship with epg:

Licm + Lo L.
T Lo (Mc 1 + Mo 1) ere = de%s (2.2)

where following Croxall et al. (2012), 7, iy and 7o ; represent the relative contribution
of the two principal cooling channels to the total gas cooling. I'® _is the total gas

gas

heating via photoelectrons, and I'"*"* the total dust heating accounted for by PAHs.

dust

Cooling from other far-IR such as [C 1] and [Si2] are assumed to be negligible (i.e.,
Mem + Moy ~ 1)

Assuming that the 6.2um PAH feature linearly scales with total PAH luminosity
(e.g., Smith et al. 2007), and the fraction of [CII] emission originating from PDRs is
roughly constant, then the ratio Lic j/Le.2um probes the difference of photoelectric
efficiency and normalized cooling via [O 1]. Knowing that the ratio of [O 1] emission
to [C1I] emission of PDR origin varies by an order of magnitude in nearby (U)LIRGs
(Diaz-Santos et al., 2017), the location of GS IRS20 and GS IRS61 on Fig. 2.9 could
be interpreted as evidence for enhanced [O 1] cooling in these galaxies if the total epg
is constant. Diaz-Santos et al. (2017) demonstrate that [OI]/[CII] correlates with
gas and dust temperature within PDRs, and [O1]/[CII] > 1 where dust temperatures
exceed ~ 35 K. Indeed, warm-dust blackbodies (Tyqerm ~ 60 K) dominate the IR
SEDs of both GS TRS20 and GS IRS61 (Leoq/Lig < 0.3, Table 2.3), consistent with

38



enhanced PDR cooling through [O1] emission. Moreover, our z ~ 2 sample has
high ¥jg compared to the average of GOALS (Fig. 2.8 Right), implying more star-
formation in smaller volumes. In such physical conditions, PDR densities are expected
to be higher and exposed to more intense radiation fields where [O I] naturally arises as
the dominant cooling channel (Diaz-Santos et al., 2017). If the positions of GS IRS20
and GS IRS61 on Fig. 2.9 are solely due to enhanced [OI] cooling (epg = constant),
then we calculate Lioy= 7 x 10° Ly and Loy 2 10" Lg for these two galaxies
respectively in order to bring both in line with the GOALS sample. In this scenario,
Lio1/Lic 1y ~ 5 in GS IRS20 and [OI] dominates far-IR line cooling in both galaxies.

Alternatively, low Lic 1/Le.2um could indicate a low epg by Equation 2.2 if [O]1]
emission is not significantly enhanced in GS IRS20 and/or GS IRS61. We speculate
that a decrease in the photoelectric efficiency in high-z dusty star-forming galaxies
could play a role in enhancing star-formation rates compared to the galaxy main-
sequence by reducing the coupling efficiency between interstellar radiation fields and
gas heating. In other words, the colder ISM phases become less susceptible to temper-
ature increases via stellar feedback as the reservoir of electrons in PAHs is diminished.
Consequently, galaxies above the main-sequence would not exhibit strong far-IR line
cooling at higher star-formation rates, as has been observed locally and tentatively
at high—z (Diaz-Santos et al., 2017; Zanella et al., 2018). A comprehensive study of
far-IR fine-structure emission lines combined with mid-IR PAH spectra is needed to
test this hypothesis, and the nature of gas heating and cooling at z ~ 2 will be a
function of epg, Ny, and 1 . Systematically low epg in dusty star-forming galaxies
at z ~ 2 would be associated with [O1]/[CII]~ 1 in a statistical sample controlled
for faenmir, whereas [OI]/[CII] > 1 would favor higher density PDRs with more
[OT] cooling. These far-IR cooling line ratios will be key for accessing the physical

conditions in which most of the Universe’s stellar mass was formed.
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2.5.2 Differences between GS IRS20 and GS IRS61

The data in hand portrays an interesting dichotomy of ISM conditions between
GS IRS20 and GS IRS61. A 1 dex difference in Lic 11/Lg.2um exists between the two
galaxies, and is likely a function of PAH ionization state and therefore epg. Whereas
the 6.2 um feature traces ionized PAHs, the 11.3 pym complex arises from neutral
PAHs yet to lose their surface electrons (Tielens, 2008). As a result, the ratio of
L6.2m/Li11.3um 1s sensitive to the PAH ionization fraction in a galaxy, and also changes
in the grain size distribution as observed near the nuclei of AGN (Smith et al., 2007;
Tielens, 2008). Figure 2.10 shows this ratio as a function of ¥z for GOALS and our
sample at z ~ 2. GS IRS20 has a PAH line ratio near the local average, as may
be expected if star-formation in this merging galaxy is proceeding in a comparable
manner to what is found in GOALS, which are mostly mergers themselves. On the
other hand, GS IRS61 has the highest ratio of Lg 2,m/L11.3,m amongst galaxies at low-
and high-redshift. This is consistent with the location of GS IRS61 in Fig. 2.9: an
increase in PAH ionization would lower epg, decoupling PAH and [CII] emission to
produce the extreme deficit in Loy /L6.2,m observed.

The only low-z galaxies within 1o of GS IRS61 on Fig. 2.10 are a handful of
GOALS AGN, and the ratio of L 2,m/L11.3,m appears larger than most star-forming
GOALS galaxies, even after correcting for PAH extinction (see Fig. 2 of Stierwalt
et al. 2014). Whether or not this is common at high-redshift remains to be explored;
however, the scatter in Lg 2,m/L11.3,m We measure at z ~ 2 is nearly three times larger
than what is seen in the GOALS star-forming sample, although we note that error bars
at higher z are large. While both GS IRS20 and GS IRS61 have comparable far-IR
colors, GS IRS61 has a lower Leoq/Lir (Fig. XX), indicating warmer dust conditions
dominating the galaxy, consistent with low epg as larger dust grains absorb more of
the incident radiation field in PDRs. The parameter space of PAH line ratios at cosmic

noon has yet to be statistically explored, and may prove key for our understanding of
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dust properties and the link between stellar radiation fields and the ISM at the peak

epoch of galaxy evolution.

2.5.3 Future Outlook

Testing the nature of gas heating and cooling in the ISM of high-redshift galaxies
will be possible with future ALMA observations targeting [CII] in IRS sources. Mid-
IR spectra are crucial for constraining fagn wmir, from which the properties of star-
formation at high—z can be reliably characterized in the absence of or presence of an
AGN. Spitzer’s cryogenic lifetime has ended, so the number of galaxies with available
mid-IR spectra is currently limited. Future surveys with JWST /MIRI will re-open
the mid-IR Universe at high spectral sensitivity.

Pending the launch of JWST, ALMA can continue targeting IRS galaxies to ex-
plore the relationship between [CII] and PAH emission as a function of Ljg and
facnvir. Understanding the intrinsic scatter in these relations will be crucial when
designing efficient surveys that maximize the science potential of JWST, and key for
understanding the physics of gas heating and cooling in the early Universe, which
observations with future facilities like Origins Space Telescope?® or SPICA* will revo-

lutionize.

2.6 Summary and Conclusions

We have observed [CII] emission in a sample of z ~ 2 star-forming galaxies with
existing detections of PAH dust emission in order to explain the balance of heating
and cooling in the ISM and how it may be different from 2 ~ 0. Our main conclusions

are as follows :

3https://origins.ipac.caltech.edu/

‘https://spica-mission.org/
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1. We detect the dust continuum near the peak of the IR SED (Apest ~ 160 pm)
in all six targets. After correcting for known astrometry offsets between ALMA
and HST, the position of the dust continuum emission coincides with the rest-
frame optical light in all but GS IRS46. Our most luminous target GS IRS20 is
classified as a merger and is a clear starburst on the main-sequence diagnostic

diagram.

2. We detect [CII] in one target, GS IRS 20 at high SNR of 34. The bright
[C1I] emission and interesting optical morphology makes this an excellent target
for follow-up ALMA observations to study its gas dynamics at higher spatial
resolution. We place a deep upper limit on Licyy in one other galaxy, GS
IRS61, after calculating the probability the redshifted [CII] line fell into our
ALMA bandpass tuning. For other targets in our sample, our observations
likely missed the galaxy’s [CII] line. Our z ~ 2 galaxies follow the [CII]-deficit
relation observed for nearby (U)LIRGs, as found by several other z ~ 2 — 3

studies.

3. As found in previous studies, our z ~ 2 galaxies and other high-z samples show
decreasing Lg oym/Lig with Lig. Star-forming galaxies at z ~ 2 have more PAH
emission per unit Lig compared to low—z star-forming galaxies of comparable
Lir; however, this offset disappears when comparing Lg o,m/Lir in all galaxies

as a function of IR surface density.

4. We explore the balance of heating and cooling in the ISM by looking at the ratio
of [CII] to PAH luminosity. For nearby (U)LIRGs, this ratio is relatively tight
as a function of Lig. Our z ~ 2 galaxies are low relative to this relation. This
may be because of warmer environments, suppressed photoelectric efficiencies in

PDR gas, and/or the importance of cooling from other far-IR lines such as [O]]
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Table 2.4. Existing Spitzer and Herschel Photometry

Target 3.6pum 4.5pm 5.8um 8um 16pm 24pm 70pm
(1dy] [1dy] (1dy] (1dy] [1dy] (1dy] [1dy]
GS IRS20 16.91+0.05 19.894+0.07 21.59+£0.32 13.42+0.35 - 275.0 £ 6.0 3170.0 + 590.5
GS IRS46 68.87 +0.06 51.16 4 0.08 42.72+0.47 25.45+0.45 - 378.0 + 6.6 -
GS IRS50 14.9+0.03 16.7+£0.04. 15.88+0.22 10.49+0.23 55.6+6.6 227.0+8.1 -
GS IRS52 9.93+0.05 13.474+0.06 13.154+0.33 10.7+0.33 60.94+8.1 240.0 +8.6 -
GS IRS58 18.45+0.04 21.48+0.06 18.9240.27 12.82+0.31 - 243.0 + 8.7 -
GS IRS61 16.21+0.04 18.73+0.05 17.05+0.25 13.37+£0.27 59.6+5.0 245.0+8.7 -
Table 2.5. Existing Spitzer and Herschel Photometry (continued)
Target 100pm 160pm 250pm & 350pm?® 500pm?®
[mJy] [mJy] [mJy] [mJy] [mJy]

GS IRS20 8.3240.56 20.15+1.6 24.78+2.3 23.82+3.08 12.49+5.08

GS IRS46 - - 13.054+2.8 1511447 13.0+£2.0

GSIRS50 1.1240.13 3.62+1.05 5.83+284 6.06+244 4.03+3.44

GS IRS52 - - 10.06 £3.26 9.05+4.4  6.86 4 3.66

GSIRS58 1.2740.14 3.51+0.99 8854228 11.15+2.14 5.73+2.88

GSIRS61 3.2140.16 556+ 1.08 5.76+22 344+258 4.96+2.38

2Confusion noise for 250 y,, 350 pm and 500 pm is ~ 5 mJy (see Nguyen et al.
2010 for exact values) and has been included in all SED fits.

at z ~ 2. GS IRS61, the galaxy with the lowest [CII]/PAH, shows evidence for

high PAH ionization, consistent with inefficient gas heating in PDR regions.

We caution that our study shows that [CII] and PAH emission may not have
a simple relation to Lir, and therefore SFR, in 2z ~ 2 dusty star-forming galaxies.
Further observations are needed to validate our results and test the ideas of warmer
dust environments and additional cooling channels. These can be obtained by getting
more [CII] detections of galaxies with existing PAH measurements from Spitzer/IRS

or from future programs tracing the mid-IR and far-IR lines with JWST and ALMA.
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CHAPTER 3

REGULATING STAR FORMATION IN NEARBY DUSTY
GALAXIES: LOW PHOTOELECTRIC EFFICIENCIES IN
THE MOST COMPACT SYSTEMS

This chapter is adapted from McKinney et al. (2021a) originally published in the As-

trophysical Journal.

Star formation in galaxies is regulated by the heating and cooling in the interstellar
medium. In particular, the processing of molecular gas into stars will depend strongly
on the ratio of gas heating to gas cooling in the neutral gas around sites of recent
star-formation. In this chapter, we combine mid-infrared (mid-IR) observations of
Polycyclic Aromatic Hydrocarbons (PAHs), the dominant heating mechanism of gas
in the interstellar medium (ISM), with [CII], [O 1], and [Sill] fine-structure emission,
the strongest cooling channels in dense, neutral gas. The ratio of IR cooling line
emission to PAH emission measures the photoelectric efficiency, a property of the ISM
which dictates how much energy carried by ultraviolet photons gets transferred into
the gas. We find that star-forming, IR luminous galaxies in the Great Observatories
All-Sky LIRG Survey (GOALS) with high IR surface densities have low photoelectric
efficiencies. These systems also have, on average, higher ratios of radiation field
strength to gas densities, and larger average dust grain size distributions. The data
support a scenario in which the most compact galaxies have more young star-forming
regions per unit area, which exhibit less efficient gas heating. These conditions may
be more common at high—z, and may help explain the higher star-formation rates at

cosmic noon. We make predictions on how this can be investigated with JWST.
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3.1 Introduction

Star-formation in a galaxy is dependent on processes which remove energy allowing
gas to cool. Only the coldest phases will collapse under self-gravity to form stars,
and so characterizing the mechanisms by which gas heats and cools is critical to our
understanding of star-formation, and galaxy evolution. The cold gas associated with
star-formation emits strongly in low energy atomic and molecular transitions, bright
at infrared (IR) wavelengths.

Studies with the Infrared Space Observatory (ISO) were key in unveiling the 5 —
200um wavelength regime of the electro-magnetic spectrum of galaxies, which is rich
in strong atomic and molecular emission lines that trace the ISM (Malhotra et al.,
1997, 2001; Dale et al., 2000). Amongst the brightest of these features are [O I] 63 um,
and [C1I] 157.7 ypm which can contain 0.1—1% of total infrared luminosities (Malhotra
et al., 2001; Stacey et al., 2010; Diaz-Santos et al., 2013; Brisbin et al., 2015; Ibar et al.,
2015). The Herschel Space Telescope was used to significantly increase the number
of galaxies detected in the far-IR lines (e.g., Sturm et al. 2000; van der Wel et al.
2014; Diaz-Santos et al. 2011), and studies with the Spitzer Space Telescope added
other prominent cooling lines such as [SiII] 34.8 um, as well as Polycyclic Aromatic
Hydrocarbon (PAH) vibrational lines between 3 — 17 um that trace photoelectric
heating.

[CII], [O1], and [Sill] are well-established as strong coolants in Milky Way pho-
todissociation regions (PDRs), the transition zones between H 2 regions and the cold-
neutral-medium (e.g., Wolfire et al. 1990, 2003). As the boundary layer between
warm and cold gas, PDRs are an excellent place to study the processes of heating
and cooling, as the relative balance of energy gains and losses can impact future
star-formation. Emission from small grains, PAHs, provide an excellent tracer of the
photoelectric heating of gas in PDRs (Galliano et al., 2008; Tielens, 2008). Pho-

toelectrons ejected from PAH grains share energy with H and H,, which go on to
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collisionally excite fine-structure transitions of C*, O, and Si*. Although [CII] and
[O 1] emission are the dominant cooling channels in more normal PDRs (e.g., Tielens
& Hollenbach 1985b; Kaufman et al. 1999), [Sill] can also act as a significant coolant
at high interstellar radiation field densities (Kaufman et al., 2006). Thus, the cycle of
gas heating and cooling in PDRs is traced by [CII], [O1], [SiII], and PAH emission,
which collectively make for a powerful diagnostic of the ISM in extragalactic sources
(e.g., Malhotra et al. 2001; Helou et al. 2001; Croxall et al. 2012; Beirao et al. 2012;
Sutter et al. 2019.

The deficit of [CII] emission per unit Lig in warmer (higher dust temperatures;
Taust), and more compact Luminous IR Galaxies (LIRGs: logLig/Les= 11 — 12,
ULIRGs: logLir/Ls > 12) as compared to less extreme galaxies is a well-studied
phenomenon (e.g., Malhotra et al. 1997, 2001; Luhman et al. 1998, 2003; Stacey et al.
2010; Herrera-Camus et al. 2015; Diaz-Santos et al. 2013, 2014, 2017; Ibar et al. 2015;
Smith et al. 2017). Moreover, PAH emission and other far-IR fine-structure lines
key to PDR heating and cooling show similar deficits (e.g., Brauher et al. 2008; Wu
et al. 2010; Gracia-Carpio et al. 2011; Pope et al. 2013; Stierwalt et al. 2014; De
Looze et al. 2014; Cormier et al. 2015; Diaz-Santos et al. 2017). The IR emission
line deficits can be due to changes in ISM densities and the strength of the radiation
field impinging upon PDR surfaces (e.g., Diaz-Santos et al. 2017), and/or opacity
effects, thermal line saturation, and evolution in dust grain properties (Luhman et al.,
1998; Malhotra et al., 2001; Helou et al., 2001; Munoz & Oh, 2016; Smith et al.,
2017); however, the deficits largely disappear in normal star-forming galaxies when
the line emission is normalized by total PAH emission (Helou et al., 2001; Croxall
et al., 2012; Sutter et al., 2019). This reinforces the link between the ejection of
photoelectrons from PAH grains and the collisional excitation of [CII] and other fine-
structure lines, and suggests that the heating and cooling processes within PDRs

behave similarly for normal star-forming conditions over a range of Tg. and Lig.
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Interestingly, McKinney et al. (2020) found lower [CII]/PAH emission at z ~ 2 than
z ~ 0, suggesting evolution in the heating and cooling balance with redshift. However,
the cooling/heating ratio has yet to be fully characterized in z ~ 0 starbursts, which
represents a key step for future studies of the early Universe.

In this work, we explore the range of the ratio between fine-structure line cooling
to photoelectric heating in local dusty, star-forming galaxies by comparing [CII], [O 1],
and [SiII] emission to PAH emission in the Great Observatories All Sky LIRG Survey
(GOALS; Armus et al. 2009). GOALS is comprised of 244 galaxy nuclei within 202
LIRGs and ULIRGs spanning a range in merger stage and morphology. The range in
IR luminosities and stellar masses of galaxies in GOALS makes the sample a bridge
between normal star-forming galaxies and the most extreme, compact starbursts that
host atypical PDR conditions exposed to stronger radiation fields (Diaz-Santos et al.,
2017). Whether or not the gas cooling/heating properties are fundamentally different
in such extreme environments remains an open question which this work aims to
address.

GOALS has been the subject of extensive study with observations spanning the

! including mid- and far-IR measurements of PDR cool-

electromagnetic spectrum
ing lines and PAHs, the ratio of which is an empirical measure of the photoelectric
efficiency, epg: the fraction of energy, in UV photons, emitted by hot stars that is
absorbed by small dust grains and transferred into the neutral PDR gas via the pho-
toelectric effect (e.g., Gerola & Schwartz 1976; de Jong 1977). There is evidence that
epg 18 a constant amongst normal star-forming galaxies (Helou et al., 2001; Sutter

et al., 2019); however, this has yet to be tested in the starburst regime typical in

luminous and ultra-luminous infrared galaxies powered by star formation..

'For a complete list, visit http://goals.ipac.caltech.edu/publications.html.
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The chapter is organized as follows: We review the multi-wavelength observations
in Section 3.2, and discuss the sample selection. Section 3.3 summarizes important
derived quantities of GOALS galaxies presented in other works, as well as key analysis
steps we take to appropriately combine the multi-wavelength data. Our results are
presented in Section 3.4, which we discuss in Section 3.5 in the context of local star-

formation and trends in galaxy evolution. Section 3.6 summarizes the chapter.

3.2 Sample Selection and Data

This work focuses on data from Spitzer /IRS (Diaz-Santos et al., 2010, 2011; Petric
et al., 2011; Stierwalt et al., 2013, 2014; Inami et al., 2013), Spitzer /IRAC (Mazzarella
et al. 2020, in prep.), Herschel PACS and SPIRE (Zhao et al., 2013; Diaz-Santos et al.,
2013, 2014, 2017), and AKARI/IRC (Inami et al., 2018).

To measure the ratio of cooling and heating in star-forming gas, we select from
the 244 galaxies in GOALS all sources with [Ne5]143,m / [Ne2]12.8um < 0.5 and/or
(O 4)25.9um / [Ne2]128um < 1 in oder to exclude from the sample those galaxies with
significant heating from a central AGN (Inami et al., 2013; Petric et al., 2011). Sources
with low PAH equivalent widths (EW) but no high-ionization emission lines are not
removed from the sample to avoid biasing the results concerning grain properties
such as size and ionization. As a result, 16 strong AGN systems are removed from
consideration. Heavily dust obscured AGN could still be lurking in the sample, and we
use mid-IR AGN fractions (fagnr) derived in Diaz-Santos et al. (2017) to identify
sources with excess warm dust in the remaining sample, which we show in Figures to
concentrate on the star-forming properties of the sample galaxies.

To fully explore the properties of interstellar PAH grains, we use AKARI 2.5—5 um
spectra of 145 GOALS (U)LIRGs presented in Inami et al. (2018), in which the 3.3 um

PAH feature was detected for 133 targets. This sub-sample spans the full range of
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Lir and luminosity distance, and is representative of the range in star-formation

properties of GOALS.

3.3 Analysis

In addition to measured line fluxes, this work makes use of a number of quantities
from Herschel /PACS observations derived in Diaz-Santos et al. (2017): We subtract
out the ionized component of [CII] emission using the neutral [CII] PDR fractions
(fppRr), estimated with [N 2]155 and [N 2]505 available for 54% of the sample, and far-
IR colors S, 63um/Sv158um Otherwise, as described in Diaz-Santos et al. (2017). We
use IR surface densities from Diaz-Santos et al. (2017) which are calculated from the
effective area measured at 70 um, and total IR luminosities from Armus et al. (2009).
We also use measurements of the average intensity of the UV interstellar radiation
field impinging onto the surface of PDRs, G, measured in local units (Gg= 1.6 x 1073
erg s7' cm™2, Habing 1968), and neutral gas volume densities, ny, derived using the
Kaufman et al. (1999, 2006) PDR models through PDR TOOLKIT (PDRT; Pound &
Wolfire 2008) which depend principally on the galaxy-integrated [CII] and [O]] line

fluxes, as well as Lig.

3.3.1 PAH Properties

The PAH line fluxes used in our analysis are reported in Stierwalt et al. (2013,
2014), and Inami et al. (2018). We take the PAH luminosity, Lpap, to be the sum of
features measured between ~ 5—18 um by Spitzer IRS. Specifically, Lpay includes the
6.2, 7.7, 8.6, 11.3, and 17 um PAH lines and all sub-features therein, as measured by
CAFE which fits the line fluxes, continuum and the extinction simultaneously (Marshall
et al., 2007). On average, these five PAH lines account for 76% +9% of the total PAH
luminosity measured by both the Short-Low (SL, 5.5 — 14.5 um) and Long-Low (LL,
14 — 38 um) slits in GOALS galaxies (Stierwalt et al. 2014). Because the SL and LL
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Figure 3.1 The ratio of [CII] emission to the sum of 6.2, 7.7, 8.6, 11.3 and 17 um PAH
emission in the nuclear regions of GOALS star-forming galaxies as a function of total
IR luminosity. The ionized gas contribution to Lic 1 has not been subtracted out.
Each data point is colored by the far-IR color measured with the ratio of continuum
at 63 um and 158 um. Black contours contain 33%, 66%, and 95% of normal star-
forming galaxies measured by ISO (Helou et al., 2001; Malhotra et al., 2001; Dale
et al., 2000). Note that we have scaled the ISOCAM PAH measurements by a factor
of 42% to estimate Lpay from the 6.75 um broadband photometry, correcting for
the underlying continuum and longer wavelength features. The correlation between
[CII]/PAH and Ly in local LIRGs and ULIRGs is weak, with a great deal of scatter,
but warmer objects tend to have lower [CII]/PAH ratios compared to normal star-
forming galaxies and cooler LIRGs.
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slits have different widths, tied to the changing PSF with wavelength, some highly
resolved galaxies show a small jump between their SL and LL IRS spectra. This is
discussed fully in Stierwalt et al. (2013), and we combine the SL and LL data using
their scale factors derived from the wavelength overlap between the two slits. Lpapn
is normalized to the SL slit. The 3.3 um PAH luminosities (L3 3) are also matched to
the aperture extraction of IRS/SL data (see Inami et al. 2018 Section 3); however,
L33 represents a small component of Lpag (5% £ 1.5%), and is therefore only used
to investigate the properties of PAH line ratios. In general, the fraction of total PAH
power measured through the SL slit compared to the LL slit does not correlate with
galaxy distance, or other quantities we compare against in this work, namely Yg.
The sum of PAH features between 6 and 18 um traces the bulk of the total power of
PAH emission in GOALS.

From the sub-sample of GOALS galaxies with AKARI observations, 50 objects
were selected as test-cases for CAFE-NG (Advanced CAFE; Bonfini et. al., in prep.,
Marshall et al. 2007), which simultaneously fits continuum and spectral features in the
0.6 — 35 um range. These galaxies have full spectral model fits to the AKARI+Spitzer
data, which explicitly includes silicate absorption and 3.05 um ice feature absorption
which are fit independently. Joint fits to IR continuum and line measurements are
important to get accurate line fluxes e.g., Smith et al. 2007; Lai et al. 2020), and
we use these new CAFE fits to estimate extinction-corrected 3.3 um luminosities, Ls 3,
for the full AKARI sample. In general, the measured PAH intensity depends on
how the local continuum is estimated. Inami et al. (2018) adopt a spline technique
(L33 spiine), which is known to under-estimate the extinction-corrected flux of PAH
features between 6 — 17 um by 30 — 60% (Smith et al., 2007). From careful fits to the
full PAH features (Bonfini et al., in prep.) we find that Lj 3 spline/Ls.s = 0.29 & 0.07.
For the sample here we use this conversion and the results from Inami et al. (2018)

to estimate Ls 3 for each source before comparing to the other PAH features.
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3.3.2 Aperture Matching

Galaxies in GOALS vary from extended sources spatially resolved by Spitzer to
unresolved point-like sources, which motivates a careful approach to aperture match-
ing when comparing Sptizer and Herschel measurements. The effective area of the
Spitzer /IRS SL slit is 3”.7 x 9”.5 (Stierwalt et al., 2013). To best match this area,
we begin by using [CII] and [O1] line fluxes measured through the central spaxel of
the PACS/IFU with dimensions of ~ 9”.4 x 9”.4 (See Sect. 3.2 in Diaz-Santos et al.
2017). Next, we project the effective SL slit and PACS central-spaxel aperture onto
the Spitzer /IRAC 8 um images, assuming that it traces the co-spatial PAH and far-IR
line emission from star-forming regions in LIRGs, which is reasonable for the 2 — 7
kpc-scale observations in this work (Peeters et al., 2004; Alonso-Herrero et al., 2010;
Pereira-Santaella et al., 2010; Salgado et al., 2016; Hughes et al., 2016). Smith et al.
(2007) show the fractional power of PAHs to the IRAC 8 um band to have a median
value of 70% in normal star-forming galaxies, which increases only marginally when a
more careful subtraction of stellar continuum is done using the IRAC 3 — 5 um chan-
nels (e.g., Helou et al. 2004). We use the ratio of the 8 um flux through each aperture
to derive a correction, which is then used to scale down the PACS measurements to
match the IRS aperture. The median of aperture corrections derived in this manner
is 0.62 with upper and lower quartiles of 0.69 and 0.55 respectively. We note that
aperture matching does not introduce any bias in the slope of trends we explore in
this chapter.

The [Sill] 34.8 ym emission was measured in the Spitzer/IRS LL slit, using an
effective extraction aperture of ~ 10”.6 x 36”.6 (Stierwalt et al., 2013). To match
measurements made through the IRS/SL slit, we scale the [Sill] line flux down to
the normalization of the SL spectrum using the same multiplicative factors applied to
the 17 pm PAH fluxes (Stierwalt et al., 2013). As noted in Stierwalt et al. (2014), 15

LIRGs in GOALS have scale factors > 2 due to extended structure in the LL slit not
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captured by the SL slit. To avoid complications, we do not include these sources in
our analysis. In summary, we have matched the apertures between Herschel /PACS
and Spitzer/IRS, and the measurements reported here are for the central regions

(~2—T7 kpc) of GOALS systems unless explicitly stated otherwise.
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Figure 3.2 (Left) The [CII] deficit in GOALS as presented by Diaz-Santos et al.
(2017), calculated with galaxy-integrated measurements of Lic 1 and Lig. The data
are colored by their average ratio of UV radiation field strength to neutral hydrogen
density in PDRs (G/ng). The solid black line indicates the best-fit to the data from
Diaz-Santos et al. (2017) using Equation 3.1. Dotted lines correspond to 1o about
the best-fit. (Right) The ratio of Lic ) to Lpan (summing over all features between
6 — 18 um) for star-forming (U)LIRGs with Hershel/PACS [CII] measurements and
Spitzer /IRS observations of the PAHs. To compare our results with more normal
star-forming conditions, we show measurements of the spatially resolved nuclear ring
and extranuclear bar in NGC 1097 as open symbols (squares and circles respectively)
from Beirdo et al. (2012) on both panels, as well as the range in [CII]/Lir and
[CII]/PAH observed in the normal star-forming galaxy sample of Helou et al. (2001)
and Malhotra et al. (2001) (shaded grey regions), scaled by a factor of 2.3 in the Right
panel as described in Figure 3.1. Both [CII]/Lig and [CII]/PAH trend towards lower
values in more compact systems, and the use of PAH emission as a normalization for
[CII] yields a lower scatter about the overall trend.

3.4 Results

Following early [CII] surveys of low-redshift, mostly normal star-forming galaxies
with ISO, Helou et al. (2001) measured a constant [CII]/PAH ratio over a range of far-

IR colors that showed significantly less scatter than [CII] /Lig. This reinforced the link
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Figure 3.3 IR cooling lines over PAH emission in GOALS star-forming (U)LIRGs vs.
IR surface densities. On all panels, we show the best-fit of Eq. 3.1 to the data (solid
black line), where all parameters are left free. Dotted black lines indicated +1o scatter
about the trend. (Left) [CII]/PAH with the ionized component of [CII] subtracted
out using the [CII]/[N 2]sp5 and [N 2]192/[N 2|95 ratio as described in Diaz-Santos
et al. (2017). (Center) [OI]/PAH. Galaxies with signs of [OI] self-absorption are
marked with black dots, which comprise 5% of the sample. (Right) [Sill] 34.8 um
over PAH. In all panels, we compare GOALS star-forming galaxies to the star-forming,
compact nuclear ring, and extranuclear emission from NGC 1097 presented in Beirao
et al. (2012). The spatially resolved emission in a normal star-forming galaxy is
consistent with extrapolation of the trends observed in LIRGs and ULIRGs to low
Yr. While the fraction of cooling-to-heating in [CII] falls in the most compact
systems, [OI]/PAH remains relatively constant over ¥z in (U)LIRGs. The lack of
a positive trend between [OI]/PAH and ¥ suggests that [OI] cooling does not
compensate for the negative trends observed in the other features.
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Figure 3.4 The ratio of prominent IR cooling lines to total PAH luminosity, an esti-
mate of the photoelectric efficiency in PDRs, vs. IR surface density. All measurements
along the y-axis have been aperture-matched as discussed in Section 3.3. The data
are color-coded by log(G/np), following previous Figures. The dash-dotted line cor-
responds to the best-fit of Eq. 3.1 to the data, with all parameters set to free. The
shaded grey region contains the top 95% of 1000 boot-strapped model fits. Data
points marked with a + symbol have mid-IR AGN fractions > 30%, and low 6.2 um
equivalent widths, either due to a deeply buried starburst or AGN. For comparison
with more normal star-forming conditions, we show measurements of the spatially
resolved nuclear ring and extranuclear bar in NGC 1097 as open symbols (squares
and circles respectively) from Beirdo et al. (2012). The Kendall’s 7 and two-tailed
log p—value for the (U)LIRGs are —0.3 and —7.1 respectively, indicating an anti-
correlation between epgp and Xr at a confidence level of ~ 50 (Tab. 3.2), driven
largely by the turn-over in epg at log¥g > 10.5 in galaxies with log(G/ng) 2 0.5. At
these high surface densities, the average physical properties of PDRs depart from the
more normal star-forming conditions observed at lower Y¥g.
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Table 3.1. Best-fit Parameters to to Line/PAH ratios vs. ¥y

Line ag a az 1o (dex)
[CII] -0.278 -0.124 0.00 0.08
feorx[CII] -2.378 0.242 -0.016 0.15
[OT] -1.997 0.013 0.00 0.19
[Sil] -14.325 2.487 -0.120 0.19
epp® -6.277 1.010 -0.050 0.12
Note. — All line luminosities have been cal-

culated from aperture matched flux measure-
ments as described in Section 3.3 unless other-
wise noted. Fits are a function of log,(Xr =
1081 (0.5Lir /T RZ; ; 70,) 0 units of Lo kpe™.
The right-most column corresponds to the lo
scatter about the trend.

*See Equation 3.2.

between PAHs and [CI1] emission via photoelectric heating inside PDRs. We find that
the galaxy-integrated [CII]/PAH ratio in luminous, infrared, star-forming galaxies
does not correlate strongly with either far-IR color or Lig as shown in Figure 3.1,
although warmer LIRGs and ULIRGs tend to have lower [CII]/PAH ratios compared
to galaxies at log Lig /Lo < 11. Trends in PDR gas cooling/heating within the GOALS
sample are likely to be more clear when measured against quantities that better reflect

the ionizing radiation or luminosity density surrounding the young stars.

3.4.1 Line-to-PAH Ratios

The IR surface density is a more direct tracer of far-IR fine-structure line prop-
erties than color or Lig (Diaz-Santos et al., 2013, 2017; Smith et al., 2017), both of
which exhibit little to no influence on the ratio of [CII]/PAH (Fig. 3.1). As ¥y

should scale with the number density of massive star-forming regions in the beam,
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we expect Yig to be more sensitive to statistical trends across the sample. The [CII]
deficit vs. g among luminous infrared star-forming galaxies presented in Diaz-
Santos et al. (2017) is re-created for comparison in Figure 3.2 (Left). To test for
trends in gas cooling over photoelectric heating, we calculate the [CII]/PAH ratio as
a function of g, shown in Figure 3.2 (Right), color coded by log G/ny which scales
linearly with IR surface density above log ¥g/[Le kpe 2]~ 10.7 (Diaz-Santos et al.,
2017). Whereas the [CII]/Lig ratio exhibits a maximum deficit of ~ 2 dex between
log Y1r/[Le kpe™?] = 8 — 13, the [CII]/PAH ratio falls by a factor of ~ 0.5 dex over
the same range. LIRGs at low X exhibit [CII]/Lig and [CII]/PAH ratios compara-
ble to those found in the spatially-resolved regions of NGC 1097 (Beirao et al., 2012),
and the normal star-forming galaxies in Helou et al. (2001).

Following Diaz-Santos et al. (2017), we fit a second-order polynomial function to

the [CII]/PAH ratio of the form:

log(Lline/LIR> =ag+ a log EIR + a9 (log ZIR)Q (31)

Note that the function is forced to a constant maximum at values of ¥r less than
where the turn-over occurs. While we do not include normal star-forming galaxies in
the fit, a constant line-to-PAH ratio below the turn-over yields the best agreement
with observations of low g galaxies (e.g., Helou et al. 2001; Beirao et al. 2012;
Croxall et al. 2012). The best-fit is shown as a black solid line in Fig. 3.2 (Right),
the parameters for which are given in Table 3.1. While the [CII]/PAH ratio is not
constant, the magnitude of the drop with g is significantly less.

In addition to [CII], [O]] and [SilI] are important PDR cooling lines in terms
of their overall contribution to the cooling budget (e.g., Rosenberg et al. 2015), and
their strengths relative to the PAH emission are a diagnostic of PDR structure. Large
[O1]/PAH ratios where [CII]/PAH is low could indicate greater gas densities, which

would preferentially cool through the higher critical density [O]] line. In Figure
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3.3, we show the [CII]/PAH, [OI]/PAH, and [SilI]/PAH ratios in separate panels
for LIRGs and ULIRGs as a function of ¥g. Because we are comparing different
fine-structure cooling lines here and would like to focus on the PDR emission alone,
we subtract out the non-PDR component of the [CII] emission using fppr (e.g.,
Diaz-Santos et al. 2017). At low IR surface densities, the line-to-PAH ratios are
consistent with spatially-resolved measurements of NGC 1097 (Beirao et al., 2012),
representative of more normal star-forming conditions.

[CII]/PAH falls in the most compact sources at log ¥1r /[Le kpe™2] 2 10. [OT]/PAH
does not exhibit a turn-over at high g, but shows an increasingly larger scatter
(higher than the other line ratios), mostly with a constant lower envelope. This could
arise from varying degrees of line self-absorption, as [OI] originates from deeper re-
gions within PDRs, and/or the presence of intervening (foreground) cold, neutral
material. Indeed, TRASF1224-0624, and ICO860, the two galaxies > 20 below the
[O1]/PAH trend both show signs of self-absorption in the PACS spectra and have
some of the highest 797 optical depths observed in the sample; however, [O1] self-
absorption is only observed in ~ 5% of GOALS in total (12 objects, see Diaz-Santos
et al. 2017) spanning log X /[Le kpe™2]= 10 — 12.5, and is therefore unlikely to in-

fluence statistical trends in the sample over the full range in ¥g.

3.4.2 The Photoelectric Efficiency

The photoelectric efficiency (epg) is the fraction of energy that photoelectrons
from PAHs transfer from UV photons into the gas relative to the total heating of
dust. Observationally, epg can be traced by the ratio of far-IR line emission to total
PAH emission because photoelectrons from PAHs are one of the dominant heating
mechanisms in PDRs, which cool predominantly via far-IR fine-structure line emission
(e.g., Bakes & Tielens 1994; Malhotra et al. 2001; Croxall et al. 2012; Beirao et al.

2012). In practice, the cooling budget is dominated by [CII], [O]], and [Sill], and
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Table 3.2. Correlation Coefficients between the Photoelectric Efficiency, as defined
by the ratio of IR cooling lines to mid-IR PAH emission between 6 — 12 ym, and
other Quantities in GOALS star-forming Galaxies

The log p SNR [o?

Lig [Lo] —0.15703% —2.21731 2737
Su63um/Sv15sum  0.00%0% —0.3577)  0.843
g [Lokpe?]®  —030702 —7.1742  5.3%3
G/ng [Goem ™  —0.31702% —9.07%0.  6.179
EW(6.2um) [pm]  0.08%%, —0.8792 1523
JAGN MIR 0.08)5s —0.9797 163§
froR 0.0605 —0.6=%5  1.153
Li1.3um/L7.7 um 0-0681(1)2 _0'6:(1)13 1-2(2)12
L77um/L6.2 um —0.23703 —4.9731 4333
Litsum/Lasum®  —0.3720% —7.520% 5.5%%
Note. Kendall’s 7 correlation coeffli-

cients (7;) and p—values were calculated using
pymccorrelation (Privon et al., 2020), which
implements bootstrap error estimation on 7, and p
with censored data (upper limits) as described in
Curran (2014) and Isobe et al. (1986) respectively.
We report 16%, 50%, and 84% percentiles for each
quantity.

# Assuming normally distributed posteriors.

b See Figure 3.4.

¢ See Figure 3.5.

4 For the subset of GOALS (U)LIRGs with AKARI
3.3 um PAH detections. See Figure 3.7.
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Lpar>>(Ljc m+Ljo 1+Lsim). Assuming that the PAHs and ions are co-spatial such
that the energy input into the gas by photoelectric heating powers the [CII], [O],

and [SiII] lines, an empirical tracer of the photoelectric efficiency is

_ Licm + Loy + Lisim
EPE ~

(3.2)

Lpan

where the relative contribution of far-IR lines to epg can vary across the PDR (Kauf-
man et al., 2006). Nevertheless, combined observations of these features capture an
average epg of PDRs over a galaxy.

We measure the average epg for 152 GOALS star-forming galaxies including five
upper limits, and show the combined sum of neutral [CII], [O]], and [SillI] cooling
over Lpap in Figure 3.4. A Kendall’s 7 test supports an anti-correlation between epg
and Xig at ~ 50 (see Table 3.2). As shown in Fig. 3.4, LIRGs at low ¥1g exhibit fairly
constant photoelectric efficiencies comparable to observations of normal star-forming
galaxies (Beirao et al., 2012; Croxall et al., 2012). At high ¥g, the sum of all cooling
lines relative to the PAHs shows a decreasing photoelectric efficiency, which suggests
that the net cooling to photoelectric heating ratio is falling across the density and
temperature structure of PDRs in compact objects. The relative contributions of
[C1I], [O]], and [SiII] to the cooling budget within PDRs (i.e., the numerator of Eq.
3.2) are on average 32%, 20%, and 48% respectively, and these values do not change
significantly when splitting the sample above and below log ¥ /[Le kpe=2]= 10.7.
Therefore, low photoelectric efficiencies are the product of overall less cooling in
PDRs in all channels relative to PAH heating.

The anti-correlation between epr and Y1 is robust against outliers, as demon-
strated by the bootstrap fits on Figure 3.4. Nevertheless, there exist galaxies de-
viating from the trend by more than +2¢ that warrant closer inspection. At all
IR surface densities, objects in this class collectively have higher mean and median

facenvir compared to the rest of the sample. Thus, the scatter above and below the
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best-fit trend may be partially due to sources with an excess of hot dust continuum
emission in their mid-IR spectra. This may be due to a weak, deeply buried AGN,
even in sources where Lg is dominated by star formation, which in turn may change
the ionization structure and the PAH properties (Voit, 1992; Langer & Pineda, 2015;
Langer et al., 2017). Alternatively, these objects may harbor heavily obscured star-
forming regions with high levels of line self-absorption and/or continuum opacities.
This absorption should appear in the PACS line profiles, but only 12 GOALS sources
show evidence for absorption in the [O1] line (Diaz-Santos et al., 2017). We note
that the detection of these signatures, presumably due to compact (narrow velocity)
foreground clouds, may be limited by the coarse spectral resolution (~ 85kms™!) of
Herschel /PACS (Gerin et al., 2015).

The photoelectric efficiencies we measure represent averages over the local prop-
erties of PDRs in the central (~ 2 — 7 kpc) star-forming regions of luminous infrared
galaxies, and the trend in Fig. 3.4 suggests a departure from the typical ISM and
PDR conditions at high >r. Indeed, galaxies in this domain with low epg also have
the largest ratios of G/np, which is also sensitive to the local physics of PDRs. We
fit Equation 3.1 to the data, the parameters of which are given in Table 3.1, and
find that the photoelectric efficiency turns over at log ¥ir /[Le kpe=2]~ 10.5, close to
where G/ny scales linearly with log¥r (Diaz-Santos et al., 2017). Models of heating
and cooling in PDRs predict an anti-correlation between G/ny and epg as the size
and charge of dust grains are modified by the stellar radiation field (e.g., Bakes &
Tielens 1994; Tielens 2008), a trend which we recover in Figure 3.5 at high (~ 60)
significance (see Tab. 3.2). We find general agreement between modeled and mea-
sured epg for Tg,s = 50— 1000 K, reasonable values for temperatures across the phase
structure of PDRs (e.g., Tielens & Hollenbach 1985b; Bakes & Tielens 1994; Draine
& Bertoldi 1996), and the two sets of models are able to account for the range in

epr, we measure in GOALS. The most extreme ULIRGs at high Xir and low epg also

61



show the highest values of log (G/ny) 2 0.25 supporting a link between the strength
of the radiation field and the heating efficiency within the PDR, which is mediated

by the properties of PAH grains.
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Figure 3.5 The photoelectric efficiency calculated as the sum of [CII], [OI], and
[Sill] emission over the flux of PAH emission including lines between 6 — 18 um vs.
G/ny, the ratio of the average radiation field strength impinging upon PDRs to the
mean neutral Hydrogen density. The curves correspond to theoretical photoelectric
efficiencies of PAH grains from Bakes & Tielens (1994) for gas temperatures between
50 — 1000 K, and for grain size distributions of the form n(a) ~ a?. Black and red
curves indicate § = —3.5 and = —4.0 respectively, with the more negative exponent
corresponding to a distribution weighted more towards smaller grains. Note that the
Lpan we use to measure epp includes only ~ 75% of the total power in PAHs for
GOALS (see Sect. 3.3.1), and we have scaled the models accordingly to account for
this difference. The shaded grey region corresponds to G/ng typical of the cold, diffuse
ISM. Open symbols correspond to the average values of epr and G/ny for spatially
resolved measurements of the nuclear ring and extranuclear bar (square and circle
respectively) in NGC 1097, a more normal star-forming galaxy (Beirao et al., 2012).
The models, which depend on the PAH grain ionization state and size distribution,
can account for both the overall trend and scatter observed in (U)LIRGs, suggesting
that the strong correlation between the photoelectric efficiency and G/ny originates
from the photoelectric properties of the PAH grains within PDRs.
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Figure 3.6 (Left) The photoelectric efficiency vs. the ratio of 11.3 to 7.7 ym PAH
emission in our sample of star-forming GOALS (U)LIRGs. The L1y .3 m/L7.7,m PAH
ratio is a tracer of the average grain ionization, with higher values associated with
more neutral grains. (Right) Same as the Left panel, now as a function of the ratio
of 7.7 to 6.2 um PAH emission, a tracer of the average Cationic grain size as both
features arise from ionized PAHs. The low values of epg observed at high ¥z and
high G/ng do not exhibit notably different grain charge states and Cation grain sizes.

3.5 Discussion

In this work, we find that the cooling-to-heating ratios observed in the most com-
pact luminous infrared galaxies are low, and are accompanied by an increase in the
mean energy density per H atom (G /ng) incident upon the surfaces of PDRs. The IR
surface density is a global property of a galaxy, and both epg and G/ny measure the
average physical conditions local to the PDRs. The trends between epg, G/ny, and
Yir suggest a link between the global properties of a starburst and the conditions of

individual star-forming regions.

3.5.1 Alternate Explanations for decreasing epg with g
The low photoelectric efficiencies we measure in galaxies with high g (Fig. 3.4)

and high G/ng (Fig. 3.5) suggests a change in the thermal regulation of star-forming
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gas in compact LIRGs; however, a number of alternative physical conditions may
conspire to produce the trends we observe with epg.

The relative strengths of the far-IR cooling or PAH emission may be affected by
any or all of the following: (1) Far-IR line fluxes may be suppressed by optically
thick continuum absorption (e.g., Scoville et al. 2017a). In this case, the [O1]/Lig-
deficit would have a steeper slope than [CII]/Lig (e.g., Malhotra et al. 2001), a trend
that is not observed (Diaz-Santos et al., 2017). (2) lonized gas from diffuse or H2
regions, and/or AGN may contribute to the [CII] and [SiII] line fluxes owing to their
ionization potentials being lower than that of neutral hydrogen. This is unlikely to
drive trends in our sample, as the photoelectric efficiency does not correlate with
the fraction of [CII] emission from PDRs (fppr; Tab. 3.2). Moreover, the neutral
PDR fraction of [Sill] would have to be larger at low Xg or smaller at high ¥ to
maintain constant epg, both of which are inconsistent with the increase in PDR area
filling factor with ¥z in LIRGs and ULIRGs (Diaz-Santos et al., 2017). (3) PAH
molecules in galaxies with large G/ny absorb and re-emit more energy per unit dust
mass because of the large UV opacities of grains (Li & Draine, 2001). If the PAHs
and ions (C*, O, and Sit) were de-coupled spatially, Lpay could increase with g
without a corresponding increase in (L[C m+Ljo g+Lsi H}), lowering the observed IR
line-to-PAH ratio by Eq. 3.2. However, this spatial decoupling of PAHs and ions is
inconsistent with observations of PDRs in the Milky Way (Okada et al., 2013; Salgado
et al., 2016), the LMC (Lebouteiller et al., 2012; Chevance et al., 2016), and local
galaxies (Croxall et al., 2012; Abdullah et al., 2017; Bigiel et al., 2020). (4) Metallicity
may influence the strength of cooling lines and the PAHs (Cormier et al., 2015; Smith
et al., 2017; Croxall et al., 2017; Cormier et al., 2019; Aniano et al., 2020). However,
direct effects on the PAH grains appear most pronounced at metallicities well below
those seen in GOALS galaxies, which typically have Z/Zs ~ 1 — 2 (Inami et al., 2013;

Diaz-Santos et al., 2017). Therefore, the trends observed in Fig. 3.4 and Fig. 3.5 likely
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reflect variations in the heating and cooling mechanisms on the scale of individual

PDRs.

3.5.2 Dust Grain Properties and the Photoelectric Efficiency

The photoelectric efficiency is not only a function of G/ny, but also the size and
ionization state of PAH grains (Bakes & Tielens, 1994; Galliano et al., 2008; Tielens,
2008). Observations of PDRs in the Milky Way indicate that epg falls as the grain
charging parameter (y = GoT'/?/n,) rises, and grains become more ionized (Tielens,
2008; Okada et al., 2013; Salgado et al., 2016). Indeed, the models of Bakes & Tielens
(1994) shown in Figure 3.5 predict low epg at high G/np, and the data falls closer to
the model with a grain size distribution weighted more towards larger grains. Thus, a
link between PAH properties and epg is to be expected if the decrease in epg at high
YR arises from a change in the local physics of gas heating in PDRs as mediated by
the charge and size of PAHs.

Ratios between the 6.2, 7.7, 8.6, and 11.3 um PAH lines are well-established as
tracers of grain size and ionization (e.g., Draine & Li 2001; Tielens 2008), and local
LIRGs exhibit comparable ratios to nearby, normal star-forming galaxies and high-z
ULIRGs (Stierwalt et al., 2014; Smith et al., 2007; Pope et al., 2008; Wu et al., 2010;
Shipley et al., 2013). For example, star-forming LIRGs cluster tightly in Lg 2 um/L7.7 um
vS. Li1.3,m/L77,m, tracing grain size and ionization respectively, which show a larger
scatter in sources with AGN (Stierwalt et al., 2014).

Figure 3.6 shows epg as a function of the Ly 3,m/L77,m ratio, a tracer of grain
charge, and the L7 7 ,m/Le.2 um ratio, a tracer of the average cationic grain size (Draine
& Li, 2001). We do not detect a correlation between epr and the grain ionization state
at a significant confidence level (Tab. 3.2); however, epg and Lz 7 m/Le.2m are anti-
correlated at a ~ 40 confidence level, albeit with large scatter, suggesting that that

the average size of PAH grains may influence the observed photoelectric efficiencies in
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local (U)LIRGs, consistent with the sensitivity of theoretical photoelectric efficiencies
on the grain size distribution (Fig. 3.5).

Smaller PAH grains emit more strongly in the shorter wavelength bands, whereas
larger grains are brighter at longer wavelengths (Allamandola et al., 1989; Schutte
et al., 1993; Draine & Li, 2001). Thus, the diagnostic utility of a PAH line ratio as a
grain-size indicator is a function of the separation in wavelength of the two features.
The 7.7/6.2 pm ratio has been a wide-spread tool in the literature as both features
are bright in extragalactic sources, relatively unaffected by the 9.7 um silicate ice
feature, and were observable simultaneously with IRS aboard Spitzer (Draine & Li,
2001; O’Dowd et al., 2009; Sandstrom et al., 2012; Stierwalt et al., 2014). With the
advent of AKARI/IRC, the 3.3 um PAH feature became accessible for large numbers
of extragalactic sources while unlocking a longer baseline diagnostic of grain size.

The ratio of 11.3 um to 3.3 um PAH intensity is one of the most robust tracers
of PAH grain size because of the large baseline in wavelength (Allamandola et al.,
1989; Jourdain de Muizon et al., 1990; Schutte et al., 1993; Mori et al., 2012; Ricca
et al., 2012; Croiset et al., 2016; Maragkoudakis et al., 2020). Using the available
AKARI spectra in GOALS, we plot epg vs. Li13,m/Lssum in Figure 3.7 to further
test if low epg is associated with larger or smaller PAHs. We find that galaxies in
the AKARI sub-sample of GOALS with low epr, show systematically higher values of
11.3/3.3 um PAH emission (Tab. 3.2). This trend is not driven by systematic varia-
tions in the 11.3 um feature strength, as the Lij 3,m/Lpan ratio is constant over the
range in L 3,m /L33 um, and exhibits minimal 1o scatter of 0.05 dex about the aver-
age (Fig. 3.7, bottom panel). Instead, the strength of the 3.3 um features relative to
Lpan decreases dramatically by nearly an order of magnitude (Fig. 3.7, center panel).
The anti-correlation between epg and Liq 3 m /L3 3 .m reinforces the importance of the

mean grain size in dictating the observed photoelectric efficiency.
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Figure 3.7 (Top) The photoelectric efficiency vs. the ratio of 11.3 um to 3.3 um
PAH emission, a size tracer for PAH grains. Note that L33 is not included in Lpag.
(U)LIRGs with higher epg are low in 11.3/3.3 um. We fit a linear relation to the data
letting the slope and y—intercept vary freely, and find that y = —0.41x — 1.10. The
shaded grey region spans the domain of 1000 bootstrapped model fits. A Kendall’s
T test returns (7x,log p) = (—0.37,—7.5), indicating an anti-correlation at ~ 5.50
confidence. Galaxies with fagnair> 30% (open circles) exhibit a lo scatter about
the best-fit of 0.11 dex, larger than the 0.07 dex scatter in low fagnmmr (U)LIRGs
(< 30%, filled circles). (Center) The Lss/Lpay ratio as a function of the 11.3/3.3 um
ratio. (Bottom) The contribution of the 11.3 um PAH feature to the total PAH
luminosity. (U)LIRGs with lower photoelectric efficiencies tend towards higher values
of 11.3/3.3 PAH ratios without exhibiting changes to the fractional strength of the
11.3 um feature with respect to Lpag, supporting a link between epg and the PAH
grain-size distribution probed by the 3.3 um feature luminosity.
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3.5.3 Physical Interpretation

The photoelectric heating efficiency of PAHs falls as the number of carbon atoms
per particle increases (e.g., Bakes & Tielens 1994), and small grains are preferentially
destroyed in the presence of harsh radiation fields (e.g., Jochims et al. 1994). This
provides a simple physical interpretation of the data presented so far: PDRs in the
most compact starbursts (log g /[Le kpe™2] 2 10.7) have, on average, more intense
radiation fields per gas density (Diaz-Santos et al., 2017), which leads to a preferential
destruction of the smallest PAH grains, raising the average grain size and leaving
behind large PAHs capable of releasing both less and weaker photo-electrons. This
decreases the energy of a typical photoelectron available to heat the gas, and results
in a lower gas heating efficiency.

This scenario is consistent with principles of PDR evolution. The strength of the
radiation field impinging upon PDRs (i.e., G) is inversely proportional to the distance
between the ionization front and the ionizing photon source (Kaufman et al., 1999).
Therefore, higher values of G/ny are associated with younger PDR systems that have
yet to evolve away from their host star, and are more likely to be found in galaxies
with higher star-formation rate surface densities (e.g., Diaz-Santos et al. 2017). The
low photoelectric efficiencies at high g are plausibly linked to higher fractions of
young, short-lived, and dust-cocooned star-forming regions, where the high ratios of
G/np destroy small dust grains, hindering the coupling between the radiation field
strength and PDR gas temperatures. Such PDRs may be continuously replenished
by the compaction of gas and dust during a major merger (Sanders et al., 1988a;
Hopkins et al., 2008). Indeed, the majority of late-stage mergers (80%) are above
log Y1r/[Le kpe™?]~ 10.7 (Stierwalt et al., 2013; Diaz-Santos et al., 2017), where
photoelectric efficiencies are low.

As shown in Figure 3.8, the Li13,m/L7.7um and Li13,m/Ls.3,m ratios in LIRGs

and ULIRGs are consistent with predominantly ionized PAHs containing on average
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Figure 3.8 The L11.3.m/L7.7um vS. Li1.3um/Lssum PAH ratio in GOALS (U)LIRGs
with AKARI observations of the 3.3 ym PAH feature. The model grid from Maragk-
oudakis et al. (2020) is a function of grain size (N¢, see colorbar), and the relative
mix of neutral and cationic PAH grains as indicated on the Figure, all assuming an
average photon energy of 10 eV. (U)LIRGs have, on average, mostly ionized PAHs
with sizes between 60 and 150 C atoms per grain.

~ 60 — 150 C atoms per particle when compared to the modeled PAH spectra of
Maragkoudakis et al. (2020)%2. PAHs with N¢ < 40 tend to be photo-destroyed in
PDRs (Jochims et al., 1994), which is close to the lower bound on grain sizes we
observe for LIRGs and ULIRGs in Fig. 3.8. Other mechanisms for grain destruction
include shock-induced fragmentation and/or shattering; however, interstellar shocks
tend to destroy larger grains which is the opposite effect we see in the data (Jones
et al., 1996). Therefore, G/ng may be a critical factor for determining the photoelec-

tric efficiency in (U)LIRGs with the grain size distribution acting as an intermediary

between the radiation field, and gas cooling and heating.

2We adopt the Maragkoudakis et al. (2020) models corresponding to a mean photon energy of
10 eV.
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3.5.4 Prospects for Star-Formation at High-Redshift

The rise and fall of the cosmic star-formation rate density may be accompanied by
an increase in the efficiency of star-formation at earlier times, although this remains a
subject of debate (e.g., Lilly et al. 1996; Madau et al. 1996; Madau & Dickinson 2014;
Tacconi et al. 2010, 2013, 2018; Genzel et al. 2015; Scoville et al. 2017b; Liu et al.
2019; Decarli et al. 2019). Nevertheless, starbursts above the main-sequence have
higher star-formation efficiencies (star-formation rate per unit molecular gas mass)
than normal galaxies, independent of redshift (Saintonge et al., 2013; Genzel et al.,
2015; Scoville et al., 2017b). Can changes in the global star-formation efficiency of a
galaxy, with redshift and/or distance from the main-sequence, be linked to variations
in the ISM conditions on small scales?

Given that photoelectric heating is the dominant coupling mechanism between gas
temperatures and stellar radiation fields, epg could play a role in mediating the star-
formation efficiency today and in the past by raising or lowering the energy transfer
from stellar photons into the gas. When the photoelectric efficiency is low, photo-
electrons convert a lower fraction of the incident radiation field into raising the gas
temperature. In other words, gas may remain cold despite overall less cooling relative
to photoelectric heating because the mechanism by which gas heats in the first place
is weak at low epg. This may be more common at earlier times, because normal
star-forming galaxies at high-redshift are more compact than local galaxies at a given
stellar mass (Buitrago et al., 2008; Conselice, 2014; van der Wel et al., 2014; Mowla
et al., 2019), and ¥r anti-correlates with epg. In addition, efficient star-formation
in the thick disks of high—z dusty, star-forming galaxies could contain a number of
star-forming regions that each resemble the central regions of local (U)LIRGs (e.g.,
Tacconi et al. 2008; Bothwell et al. 2010; Stacey et al. 2010; Brisbin et al. 2015),
in which case high G/ng and low epg could be common in PDRs across a high—z

starburst. These conditions may play a more important role at high-redshift as the
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contribution of ULIRGs to the total star-formation rate density increases from z = 0
to z = 2 by a factor of ~ 21 (Murphy et al., 2011).

Recent efforts to combine mid- and far-IR measurements of gas heating and cooling
at z ~ 1 — 2 are largely limited to handfuls of ULIRGs with archival Spitzer/IRS
spectra (Brisbin et al., 2015; McKinney et al., 2020). Using ALMA, McKinney et al.
(2020) compared the [CII] and 6.2 um PAH emission for GS IRS20, a luminous,
compact starburst galaxy at z = 1.9239 and found a low [CII]/6.2 um ratio at high
IR surface density that could indicate a low photoelectric efficiency. This galaxy has
a Ljc /L3 ratio of 0.11, which would correspond to a 11.3/3.3 um ratio of 21.5 if
z ~ 2 galaxies follow similar scaling relations between the PAH features and [C1I] as
in local (U)LIRGs. If this is the case, then GS IRS20 would have a 3.3 pm PAH flux of
7 x 107" W m~2, which can be easily detected in under 15 minutes by JWST /MIRI.
While MIRI will be excellent at measuring bright PAH lines at high—z, our ability
to probe much of the rest-frame mid and far-IR regime at high—z remains limited.
Future facilities, such as the Origins Space Telescope®, a proposed flagship mission
covering the near-far infrared with powerful imaging and spectroscopic capabilities
and a large, cold telescope, would be a powerful tool for measuring the full energy
budget in distant star-forming galaxies, and testing the idea that the star-formation

efficiency is linked to the balance of gas cooling and heating.

3.6 Summary and Conclusion

We combine observations of PAH emission with measurements of the far-infrared
fine-structure [CII], [O1], and [SiIl] lines to infer the properties of gas heating and
cooling in local, star-forming, luminous infrared galaxies. The ratio of IR cooling

lines to PAH emission traces the photoelectric efficiency, epg, and measures the cou-

Shttps://origins.ipac.caltech.edu/
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pling between stellar radiation field and gas temperatures in photodissociation regions

(PDRs). Our main conclusions are:

1. In local LIRGs, the ratio of [CII] to PAH emission does not correlate with Lig

or far-IR color, both of which trace a mix of the diffuse and PDR dust.

2. We find an anti-correlation between [CII]/PAH and IR surface density (3igr)
where the most compact ULIRGs have low ratios of [CII] cooling to PAH emis-
sion compared to normal star-forming galaxies by ~ 0.5 dex. The [CII]/PAH
ratio exhibits less overall scatter in GOALS than Lic /Lir, as well as a lower

magnitude of decline between low- and high-¥g galaxies.

3. [Sill]/PAH and [OI]/PAH exhibit constant ratios up to the most compact
ULIRGs, were some objects fall below the average value by a factor of ~ 5
in both line ratios. Notably, [OI]/PAH does not increase when [CII]/PAH is
low: enhanced cooling via the [O1] channel is not sufficient to compensate for
the deficiencies observed in the [CII| line when considering the total cooling

budget.

4. We measure the photoelectric efficiency as (Lic m+Lio n+Lsit) /Lpan, which is
a factor of ~ 3 lower in galaxies with log g /[Le kpe™2] > 10.7, which also have
high ratios of UV radiation field strength to neutral hydrogen density (G/ng).
Compact ULIRGs have low photoelectric efficiencies and more extreme ISM
conditions, indicating a link between the large-scale energy density of a starburst

and the gas cooling and heating properties on PDR scales.

5. LIRGs with low photoelectric efficiencies have high ratios of 11.3 to 3.3 um
PAH emission, a tracer of the mean PAH grain size. We estimate typical grain

sizes of Ng ~ 60 — 150 C atoms per grain in LIRGs, and find that the PAHs

are predominantly ionized. Large, ionized grains produce both less and weaker
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photo-electrons, which may contribute to the low photoelectric efficiencies in
the most compact ULIRGs if small grains are preferentially destroyed. Spectral
signatures of grain emission can be used to understand the role played by dust

in regulating the star-formation of galaxies.

The photoelectric efficiency may be key for regulating the evolution of the ISM,
and can influence the overall star-formation efficiency by mediating the coupling be-
tween stellar radiation fields and gas temperatures. The trends between epg, Xir,
and G/ng reflect vigorous, compact star-formation where dusty and young PDRs
exhibit less efficient gas heating. Low photoelectric efficiencies may be common in
the high-redshift Universe where compact star-formation is ubiquitous, and may also
contribute to changes in the star-formation efficiency. The link between the efficiency
of star-formation and the cooling/heating balance will be further tested with JWST
and ALMA, but ultimately a large space-based IR telescope like Origins is needed
to measure the mid and far-infrared emission and track the full energy budget in

star-forming galaxies over a significant fraction of cosmic time.
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CHAPTER 4

THE IR SIZES OF DUSTY GALAXIES SET
STAR-FORMATION AND DUST PROPERTIES AT Z=0-2

Surface densities of gas and stellar light provide a window into the physics of
star-formation that, until the advent of high-resolution far-infrared/sub-millimeter
observations, has been historically difficult to assess amongst the population of dusty
galaxies. To study the link between infrared (IR) surface densities and dust, we lever-
age the Atacama Large Millimetre/Submillimetre Array (ALMA) archive to measure
the extent of cold dust continuum emission in 19 IR galaxies selected on the basis of
existing mid-IR spectroscopy from Spitzer. We use the mid-IR spectra to constrain
the relative balance between star-formation and dust heating by an active galactic
nucleus (AGN) as well as to measure emission from Polycylic Aromatic Hydrocar-
bons (PAHs), small dust grains that play a key role in the photoelectric heating of
star-forming gas. In general, we find that dust-obscured star-formation at high IR
surface densities exhibits similar properties at low- and high-redshift. Local lumi-
nous IR galaxies have comparable PAH dust mass fraction as high-z galaxies, and
at all redshifts star-formation is more efficient at high IR surface densities despite
the fact that high—z galaxies are closer to the main-sequence than local luminous IR
galaxies. High star-formation efficiencies are coincident with a decline in the PAH /IR
luminosity ratio reminiscent of the deficit observed in far-infrared fine-structure lines.
Changes in the gas and dust conditions arising from high star-formation surface den-
sities might help drive the efficiency up, which could help explain redshift evolution
in the star-formation efficiency needed to reconcile star-formation and gas volume

densities up to cosmic noon.
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4.1 Introduction

The sizes of galaxies are a critical axis along which to study star-formation in
galaxies. In general, galaxies get progressively smaller towards higher-redshifts at
fixed star-formation rate and stellar mass (Buitrago et al., 2008; Conselice, 2014;
van der Wel et al., 2014; Shibuya et al., 2015; Fujimoto et al., 2017; Mowla et al.,
2019), and smaller star-forming galaxies tend to support larger star-formation rate
surface densities (Lutz et al., 2016; Fujimoto et al., 2017). Changes in the sizes of
galaxies also correlate with the conditions of the interstellar medium (Diaz-Santos
et al., 2017; McKinney et al., 2020, 2021a; Puglisi et al., 2021), which may drive
changes in the underlying mode of star-formation. Indeed, the scaling relationship
between star-formation rate surface densities and molecular gas surface densities is
sensitive to the physics of stellar mass assembly in galaxies (e.g., Schmidt, 1959;
Kennicutt, 1998b), and departures from canonical scaling surface density scaling laws
have been attributed to changes in the star-formation efficiency (Elbaz et al., 2018).
Thus, controlling for galaxy sizes is an important factor when studying star-formation
today and at high-redshift.

Star-formation from z ~ 0.5 —4 around the peak of the star-formation rate density
is predominantly obscured by dust (Madau & Dickinson, 2014), and happens within
luminous, infrared galaxies with infrared luminosities (Lig) exceeding 10™ L, (Mur-
phy et al., 2011; Zavala et al., 2021); however, the spatial extent of star-formation
in such distant systems was historically difficult to measure. Until the Atacama
Large Millimetre/Submillimetre Array (ALMA) introduced capability for high spa-
tial resolution observations at sub-millimeter wavelengths, studying the extent of
star-formation in such dust-obscured galaxies was principally limited by a lack of res-
olution at infrared wavelengths. Deep radio imaging with the VLA and IRAM PdBI
were key in revealing the compact sizes of luminous sub-millimeter galaxies (SMGs)

detected in single dish survey (e.g., Chapman et al., 2004; Biggs & Ivison, 2008;
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Tacconi et al., 2008; Riechers et al., 2011). Recently, much progress has been made
towards spatially resolving dust-obscured star-formation on ~kpc scales in z ~ 1 —4
luminous infrared galaxies using ALMA, finding characteristically small sizes < 1 —2
kpc (Fujimoto et al., 2017; Gémez-Guijarro et al., 2022b; Chapman et al., 2004; Engel
et al., 2010; Hodge et al., 2016; Ikarashi et al., 2015; Spilker et al., 2016; Kaasinen
et al., 2020; Pantoni et al., 2021; McKinney et al., 2020) which are reproduced by nu-
merical simulations coupled to far-IR radiative transfer codes (Cochrane et al., 2019;
Popping et al., 2022). Similarly, low-redshift luminous IR galaxies also show small
IR sizes < 1 — 3 kpe (Lutz et al., 2016; Bellocchi et al., 2022); however, these are
commonly confined to merger nuclei whereas high—z targets often show kinematic
evidence for disks with high star-formation rate surface densities (Hodge et al., 2016;
Calistro Rivera et al., 2018; Pantoni et al., 2021). Nevertheless, the ISM conditions
found within high—z dusty star-forming disks appear to resemble those within the
cores of local LIRGs (Spilker et al., 2016; McKinney et al., 2020, 2021a; Rybak et al.,
2022).

From high-resolution ALMA observations, a number of scaling relations between
the IR size of galaxies and their star-formation and gas properties have emerged.
Fujimoto et al. (2017) statistically demonstrated that the effective radius containing
50% of the total IR light correlates with Lig, and that for fixed Lig galaxies at
high redshift are on-average smaller than those at low redshift. Elbaz et al. (2018)
and Puglisi et al. (2021) target IR-luminous Herschel sources at z ~ 1 — 2, and
find that luminous infrared galaxies with high surface densities tend to have higher
star-formation efficiency and higher CO excitation relative to more extended infrared
sources at the same redshift. At z ~ 0 and for galaxies that reach the IR luminosities
found at z ~ 1 — 3, Diaz-Santos et al. (2017) showed how the IR surface density is
a critical axis for understanding key far-IR cooling line emission like [CII] 157.7 pm.

Radiation field intensities and the far-IR line emission they power depart from typical
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values above a threshold of ~ 5x10° L, kpc™2, which may also change the underlying
heating and cooling physics in z ~ 0 luminous IR galaxies (McKinney et al., 2021a).
Similar far-IR line ratios and ISM conditions are seen in some high-redshift galaxies
with ALMA detections of [CII] (Zanella et al., 2018; Rybak et al., 2019; McKinney
et al., 2020). Fundamentally, the apparent IR size of dust-obscured star-forming
galaxies reflects the surface density of dusty star-forming regions (Diaz-Santos et al.,
2017), and is therefore sensitive to the physical mechanisms regulating gas conditions
and star-formation rates.

In this work, we measure IR sizes using archival ALMA observations in a sample
of z ~ 1 — 2 galaxies with mid-IR Spitzer Space Telescope spectra. Comparing to
low-redshift dusty galaxies with comparable multi-wavelength observations, we study
the link between infrared surface densities (Xr) and the content and conditions of
dust between z ~ 0 — 3. Building on Kirkpatrick et al. (2017) who look at purely
star-forming galaxies, we expand our analysis to include galaxies hosting intermediate
to strong buried active galactic nuclei (AGN). We decompose the infrared emission
from galaxies into their star-forming and AGN components, and measure key dust
emission features from polycyclic aromatic hydrocarbons (PAHs).

The Chapter is organized as follows: In Section 4.2 we describe our sample and
detail the archival ALMA analysis used to measure IR sizes and dust masses. Section
4.3 outlines our major results, which we discuss in Section 4.4. Section 4.5 summarizes
our main conclusions. Throughout this work we adopt a ACDM cosmology with

Q, =0.3, Q) = 0.7, and Hy = 70kms~! Mpc~t. We assume a Kroupa IMF.

4.2 Data and Analysis
The main goal of this study is to measure IR sizes from the ALMA archive for
dusty, z ~ 1 — 2 galaxies with Spitzer /IRS spectra. We use the Spitzer spectra to

calculate mid-IR diagnostics of dust and buried AGN. In this section we describe
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the archival matching process and source detection methods, define key measured
properties, and comment on the final sample statistics. We also describe similar

measurements made for z ~ 0 comparison samples.

4.2.1 ALMA Archival Sample Selection

We select our galaxies from a parent sample of 151 (Ultra) luminous, IR galaxies
(LIRGs: log Lig/Le> 11, ULIRGs log Lig/Lo> 12) at z ~ 1 — 2 with Spitzer /IRS
spectra (Kirkpatrick et al., 2012, 2015). The original “supersample” includes galaxies
in the Great Observatories Origins Deep Survey North/South (GOODS-N/S) and is
representative of 24 ym > 0.9 mJy selected galaxies (Sajina et al., 2012; Kirkpatrick
et al., 2012). Our initial selection criterion is on sources that can be observed by
ALMA due to their location in the sky, which narrows the candidates from 151
(U)LIRGs across the GOODS fields to 81 (U)LIRGs in GOODS-S. We search for
ALMA detections for these 81 GOODS-S galaxies.

Mid-IR spectroscopy of galaxies is key for decomposing the IR spectral energy
distribution (SED) into the components powered by AGN vs. star-formation. Nuclear
toroidal dust heated to high temperatures by buried AGN emits strongly in the mid-IR
(e.g., Laurent et al., 2000; Sturm et al., 2000; Tran et al., 2001), whereas star-forming
regions are bright in broad PAH emission features and exhibit relatively shallower
mid-IR spectral indices (Allamandola et al., 1989; Pope et al., 2008; Sajina et al.,
2007). We use the spectral decomposition between AGN and star-formation available
for our sample from Kirkpatrick et al. (2012), which fit power-law and star-forming
templates to the mid-IR spectra to calculate the mid-IR AGN fraction (facnMiR),
defined as the fraction of emission within the Spitzer /IRS bandpass attributed to an
obscured AGN (Pope et al., 2008). Following Kirkpatrick et al. (2015), we distinguish
between three general fagnwmir categories: star-forming (SFG) dominated galaxies

(facnmir < 20%), composite (COM) galaxies with intermediary balances between SF
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and AGN (20% < facnr < 80% ), and AGN dominated galaxies ( fagn.mr > 80%).
Galaxies from each class can be found spanning the redshift and Lig range of the
parent sample (Kirkpatrick et al., 2015). Mid-IR AGN with fagn Mg > 80% exhibit
a warmer SED, but the average dust temperature of the cold component powered by
star-formation is remarkably constant at all fagnwr around 7, ~ 25 K (Kirkpatrick

et al., 2015).

4.2.2 Source Detection

We use the following methods to search for ALMA counterparts to the 81 Spitzer
targets in GOODS-S. We search through the ALMA archive, which includes several
large surveys, namely ASAGAO (Ueda et al., 2018) and GOODS-ALMA 2.0 (Gémez-
Guijarro et al., 2022a). ASAGAO contains a smaller subset of the GOODS-S field
than GOODS-ALMA 2.0 but has greater sensitivity and greater spatial resolution.
We take as many detections out of ASAGAOQO, then move to GOODS-ALMA 2.0, and
then search the archive for sources not detected in either of the large surveys.

For a given ALMA cutout centered on the Spitzer coordinates, we first derive a
local RMS within 100 — 150 pixels from the center after masking potential source
emission. Next, we find all peaks above 2.5¢0 which we use as priors to create a seg-
mentation map using photutils.detect_sources with a Gaussian smoothing kernel
while enforcing a minimum number of 5 connected pixels, typically less than the num-
ber of pixels across the beam FWHM and suitable for flagging spatially unresolved
and resolved candidates. We then compare the IRAC coordinates against each source
found in the segmentation map, and we take the closest match for further analysis.
After this step we find 33 possible detections. As a final check, we next overlay the
ALMA contours on top of Spitzer/IRAC Ch. 4 (IRAC4) and HST/WFC3 Figow im-
ages to visually confirm the association. We identify all targets with > 30 contours

coincident with the TRAC4 coordinates as confirmed ALMA detections. Fig. 4.10
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shows these contour overlays for each galaxy in our final ALMA-detected catalog,

which includes 19 sources.
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Figure 4.1 (Top) Distribution in Ljg amongst galaxies matched to ALMA archival
detections (blue) compared against non-detections within the footprint of an archival
observation (brown) and the parent GOODS-S sample (grey). Colored squares and
their errors show the mean and standard-deviation of the corresponding distribution.
Our catalog of ALMA-detected sources spans the range in Lig of the parent sample,
but is biased high on-average by ~ 0.2 dex. (Bottom) Peak flux vs. Lig for detections
and non-detections. Different symbols correspond to the mid-IR AGN classifications
as labeled in the caption. Upper limits generally cluster around ~ 0.3 mJy as most
fall within the ASAGAO footprint (Ueda et al., 2018; Fujimoto et al., 2018).
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4.2.3 Measured Quantities

Fourteen of the archival ALMA observations span a range in wavelength between
1100-1250 pm, which probes the Raleigh-Jeans tail of cold dust emission over the
range in redshifts spanned by our sample. This regime is aptly suited to measuring
the total dust mass because the emission is optically thin at sub-mm wavelengths,
and the temperature-dependence is linear meaning uncertainties on dust temperature
(Ty) have modest impact on the total dust mass (Scoville et al., 2017b). Following
Kirkpatrick et al. (2017), we use the ALMA flux densities (S,) to measure the dust

mass using:
S, D3
L

Mdust = /QVBl/(Td)

(4.1)

where Dy is the luminosity distance, B, is the Planck equation, and «, is the dust
opacity from Weingartner & Draine (2001) assuming MW-like dust and Ry = 3.1%.
As noted by Kirkpatrick et al. (2017), the variation in k, at longer wavelengths is
negligible across common models (e.g., MW, SMC, LMC) and for different Ry. We
choose to fix the cold dust temperature to T, = 25 K because most of the dust is
cold with a temperature remarkably constant over (1) the full range of mid-IR AGN
fractions when the SED is decomposed into its AGN- and SF-powered components
using mid-IR spectroscopy (Kirkpatrick et al., 2015; Scoville et al., 2017b), and (2)
redshift for fixed Lig (Drew & Casey, 2022).

Four of the archival ALMA observations were taken at wavelengths below 500 pm.
For two of these targets, we use the dust masses derived using 870 yum APEX/LABOCA
photometry from Kirkpatrick et al. (2017) under the same assumptions and formula
listed above. Two final sources do not have sub-mm observations along the RJ tail,
in which case we place upper limits on the total dust mass using the 30 RMS derived

from the ASAGAO map. All dust masses are listed in Table 4.2.

LAt 850 um the dust opacity is kgs0 = 0.15m? kg~! (Weingartner & Draine, 2001)
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For each target detected in an archival ALMA map, we measure the integrated
flux density (S,in:) and deconvolved (intrinsic) source size by fitting a 2D ellipti-
cal Gaussian using CASA.imfit. For four spatially unresolved sources, we use the
convolved size (typically negligibly larger than the clean beam) as an upper limit
on the extent of the continuum emission, and the peak flux (S, pear). We then de-
rive half-light radii (Reg140) from the FWHM by first averaging over the major and
minor axes, then using Reg 150 ~ (FWHM)/2.43 which converts the FWHM to the
radii containing 50% of the light assuming a n ~ 1 Sérsic index common amongst
radio/sub-mm targets with sub-arcsecond ALMA/VLA imaging (Hodge et al., 2016;
Murphy et al., 2017; Jiménez-Andrade et al., 2019; Gullberg et al., 2019).

The majority of the ALMA data we use to measure IR sizes were observed at Ay ~
1.1 mm (Tab. 4.2), which at the median z of our sample traces rest-frame ~ 380 um
emission. Two of the high—z galaxies in our sample have spatially resolved, high
SNR continuum detections from both the ASAGAO map as well as higher frequency
Band 9 observations (McKinney et al., 2020) which trace the rest-frame ~ 160 pym
emission that we use to measure sizes at z ~ 0. Following the same procedure
outlined in Section 4.2.2, we measure intrinsic (PSF-corrected) Apps ~ 450 um Reg 149
for GS TRS20 and GS IRS50 to be 1.8 + 0.5 kpc and 2.7 £ 0.9 kpc respectively (see
Table 2 in McKinney et al. 2020), in agreement with their intrinsic sizes from the
Aobs ~ 1.2mm ASAGAO maps within 1o (Tab. 4.2). This is consistent with radiative
transfer simulations of dusty and massive z ~ 1 — 3 galaxies that find a maximal
difference of ~ 15% for sizes at Ayps ~ 450 ym vs. Agps ~ 850 — 1100 um (Cochrane
et al., 2019; Popping et al., 2022). This is close the accuracy at which we can measure
IR sizes, and we choose not to apply any size corrections accounting for variation in the
observed wavelengths when comparing our high—z sizes against those derived from

Herschel /JPACS in low-z galaxies. This is physically motivated because the emission

82



is optically thin at \..s > 200 pm, and the coldest dust component dominating the

far-IR emission also dominates the total dust mass (Scoville et al., 2017b).

4.2.4 Final Sample Properties

Of the 81 Spitzer targets in GOODS-S, we find 23 unique matches detected in
both or either of ASAGAO and GOODS-ALMA 2.0. Of these, 14 are of sufficient
SNR to measure an IR size. From searching the archive for observations within 5”
of our Spitzer targets we find 10 more matches of which seven are not detected in
the ASAGAO and/or GOODS-ALMA 2.0 maps. Of these seven matches, five are
of sufficient SNR to measure the IR size and come from the following ALMA pro-
grams: 2017.1.01347.S (PI: A. Pope, see McKinney et al. 2020), and 2018.1.00992.S
(PI: C. Harrison, see Lamperti et al. 2021). Our final sample with measurements of
the sub-mm flux and IR size consists of 19 galaxies. We tabulate the general proper-
ties of each galaxy in Table 4.1, and the ALMA-derived quantities are listed in Table
4.2. Image cutous from HST/WFC3 F160W and Spitzer/IRAC Ch. 4 with ALMA
contour overlays are shown in Fig. 4.10.

Due to the nature of un-targeted archival observations at IR wavelengths, we
expect our final matched catalog to be biased towards higher Lig. To test for such bias,
we compare the subset of galaxies with robust flux and size measurements from the
ALMA archive against sources covered by archival observations but with no detectable
signal (Figure 4.1). The mean Lig of our final ALMA-detected catalog is ~ 0.2 dex
greater than that of the whole GOODS-S sample, and ~ 0.5 dex greater than the non-
detections. We detect 84% of all log Lig /Le > 12 candidates with footprint overlap
in an archival observation. While our final catalog is not, on-average, representative
of Lig and z in GOODS-S 24 um-selected galaxies (Sajina et al., 2012; Kirkpatrick
et al., 2015), it does span the range of both quantities. As shown in the bottom panel

of Fig. 4.1, we do not preferentially detect any particular mid-IR, AGN classification.
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Figure 4.2 Distribution in specific star-formation rates relative to the main-sequence
(AsSFMS) for fixed M, and redshift using the MS parameterization of Speagle et al.
(2014). The color scheme follows the top panel of Fig. 4.1. ALMA-detected sources
have AsSFMS distributed similarly to undetected archival targets, and consist of 7
(36%) galaxies below common tresholds used to identify starbursts (dashed black line,
Puglisi et al. 2021) and 12 (64%) galaxies above.

Most importantly, the ALMA archival detection criterion does not impose a bias
on the distribution in specific star-formation rates relative to the main-sequence as
shown in Figure 4.2. Roughly 66% of the galaxies in our final ALMA-detected sample
are starbursts, comparable to the starburst fraction amongst the parent sample and

ALMA non-detections.

4pt 4pt

4.2.5 Ancillary Data
The parent sample from which our targets are selected from have robust multi-

wavelength photometry and mid-IR spectroscopy from Spitzer /IRS. A full description
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Table 4.1.  Source characteristics for Spitzer /IRS targets matched to ALMA
ID RA DEC z* log Lir log M. faenmir log Le2um  log Li1.3um
[J2000] [J2000] Lol  Mo] Lo Lo

GS IRS1  03:32:44.00 -27:46:35.0 2.69 12.69  10.95 39 9.62 £0.18

GS IRS2 03:32:34.85 -27:46:40.0 1.10 11.61 10.14 17 9.30 £ 0.08

GS IRS15 03:32:40.74 -27:49:26.0 2.11 12.17  10.78 39

GS IRS20 03:32:47.58 -27:44:52.0 1.91 12.60 10.77 25 9.90 £0.18 10.05+0.07
GS IRS23 03:32:17.23 -27:50:37.0 1.96 1235  10.99 0 9.11£0.99 9.80=£0.15
GS IRS29 03:32:22.53 -27:45:38.0 2.08 12.12  10.62 31 9.89+0.19 9.84+0.16
GS IRS33 03:32:23.43 -27:42:55.0 2.14 12.30 10.75 95 9.10 £ 0.10 e

GS IRS35 03:32:43.00 -27:46:50.0 1.04 11.79  10.39 0 9.48 £ 0.02 e

GS IRS45 03:32:17.45 -27:50:03.0 1.62 12.48  10.39 6 10.19+0.06 9.78 £0.09
GS IRS46 03:32:42.71 -27:39:27.0 1.85 12.32 e 0 10.30 £ 0.08 e

GS IRS50 03:32:31.52 -27:48:53.0 1.90 12.01  10.82 28 9.84£0.19 9.93£0.12
GS IRS52 03:32:12.52 -27:43:06.0 1.79 12.11 10.43 15 9.62+0.26 9.83+£0.14
GS IRS58 03:32:40.24 -27:49:49.0 1.85 12.06 10.86 7 9.561+£0.31 9.99+£0.11
GS IRS60 03:32:40.05 -27:47:55.0 2.02 12.46  10.88 23 10.12+0.16 e

GS IRS61 03:32:43.45 -27:49:01.0 1.77 12.13  10.69 15 10.07+£0.06 9.71 £0.06
GS IRS70 03:32:27.71 -27:50:40.6 1.10 11.99 10.78 23 o 9.14£0.14
GS TIRS73 03:32:43.24 -27:47:56.2 0.67 11.26 1047 0 8.66 £+ 0.09 e

GS IRS74 03:32:44.32 -27:49:11.9 2.00 12.12 10.49 0 9.34 +£1.05 10.19+0.26
GS IRS81 03:32:38.49 -27:46:31.9 2.55 12.75 10.34 38 9.90 £0.40

Note. — IR luminosities are derived from fitting Spitzer and Herschel photometry. M, was originally

calculated assuming a Salpeter initial mass function (IMF, see Kirkpatrick et al. 2012), which we have

corrected here to a Chabrier IMF.

& Spectroscopic redshifts are derived from fits to the broad PAH features detected in mid-IR
Spitzer /IRS spectra (following Appendix A of McKinney et al. 2020), and have typical uncertain-

ties of Az ~ 0.02.
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of the IRS observations can be found in Pope et al. (2008) and Kirkpatrick et al.
(2012), and a comprehensive discussion of the ancillary Herschel (PACS and SPIRE)
and Spitzer (IRAC and MIPS) photometry is presented in Kirkpatrick et al. (2015).
We take stellar masses derived in Kirkpatrick et al. (2012) using a Salpeter IMF, which
we convert to a Chabrier framework following Kirkpatrick et al. (2017). The appendix
of McKinney et al. (2020) provides a detailed description of how PAH luminosities
and spectroscopic redshifts are derived for our sample using a custom Markov Chain
Monte Carlo fitting routine. The GOODS-S targets are within the coverage of 3D-
HST which provides deep WFC3/IR imaging (Brammer et al., 2012; Momcheva et al.,
2016). Key derived properties from the ancillary data are listed in Table 4.1. In
summary, galaxies in our sample have Lig in the range of 106 — 10128 L, stellar

masses between ~ 10" — 10! M, and redshifts from z ~ 0.7 — 2.7.

4.2.6 Comparison Samples

We compare our data against local galaxies in the Great Observatories All Sky
LIRG Survey (GOALS; Armus et al. 2009), a 60 ym flux-limited sample of LIRGs
with multi-wavelength data comparable to the coverage of our targets including
Spitzer /IRS mid-IR measurements of fagnamr and PAH emission (Stierwalt et al.,
2013, 2014), intrinsic IR sizes from Herschel /PACS (Lutz et al., 2016), and sub-mm
photometry (Chu et al., 2017) from which we derive dust masses. U et al. (2012) also
present dust massed derived from SED fitting; however, we choose to re-calculate the
total dust mass under the same assumptions and with the same method as applied to
the high-redshift galaxies to avoid introducing systematic offsets (Kirkpatrick et al.,
2017). We use 850 ym photometry from the James Clerk Mazwell Telescope where
possible to measure the dust mass, and 500 um Herschel /SPIRE photometry oth-
erwise (Chu et al., 2017). Dust masses derived from both agree within ~ 20% on

average.
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To contextualize the measurements of PAHs in the ISM for both GOALS and
our high star-formation rate targets with the general galaxy population, we compare
against galaxies from the KINGFISH survey (Kennicutt et al., 2011), a sample of
nearby (D < 30 Mpc) galaxies spanning a range in star-formation rate between
0.001 —7Mg yr~'. We download the Herschel /PACS160 maps of KINGFISH targets
(Dale et al., 2012), and perform a simple aperture-based measurement to derive the
effective radii containing 50% of the 160 um flux analogous to the methodology used
in measuring effective sizes in GOALS and our ALMA-detected high—z (U)LIRGs.
KINGFISH was designed to overlap with existing Spitzer /IRS spectroscopy from the
SINGS program (Kennicutt et al., 2003), which we use to extend our analysis of dust
to low Xir using PAH line fluxes presented in Smith et al. (2007). We scale the PAH
luminosities measured through the IRS slit by the ratio of total Lig to Lig measured
through the slit (Smith et al., 2007), an approximate aperture correction assuming
the extent of PAHs follows the cold dust continuum (e.g., Bendo et al., 2008; Calapa
et al., 2014; Gregg et al., 2022). We note that none of the quantities we derive for
KINGFISH correlate with distance or the adopted aperture correction. Finally, we
measure dust masses in KINGFISH using Herschel /SPIRE 500 pm photometry (Dale
et al., 2012, 2017) under the same assumptions made for the other data sets.

4pt Spt

4.3 Results
4.3.1 Dust masses

Kirkpatrick et al. (2017) present an analysis of the dust masses of galaxies selected
from the Kirkpatrick et al. (2015) supersample on the availability of sub-mm/mm
single-dish photometry. Seven of the galaxies we find ALMA archival matches to also
have single-dish sub-mm detections in Kirkpatrick et al. (2017), which we use to test

for systematic differences in the dust mass measurements from single-dish and the
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Table 4.2.  Archival ALMA observed quantities and derived properties

ID )\obs Sl/,int Su,peak g Reff 1Og]\4dust Ref
mm]  [mJy] [mJy] [mJy]  [kpc] [Me)]

1 1.223 1.03 0.81 0.035 0.91+0.06 8.67+0.03 1
2 1223 020 011 0.031 < 1.12 767006 1
15 1171 0.76 0.52 0.15 1.66+04 845+£0.17 2
20 1.223 1.10 0.66 0.062 1.35+£0.13 871£0.06 1
23 1171 141 1.01 013 1.78+£0.23 872+0.11 2
29 1.223 019 042 0.11 <261 8.19+0.06 1
33 0873 050 018 003 070£0.21 80%+008 3
35 1.223 0.26 0.10 0.032 2.29+046 801+0.19 1
45 1.171 1.05 0.81 0.14 <31 8.47+0.06 2
46 0.450* 930 6.55 0.60 142£0.15 8.70£0.16 4
50 1.223 1.04 027 0.072 298+0.31 8.68+0.12 1
52 0.450* 8.65 521 092 1.32+0.11 850£0.25 4
58 0.450* 10.50 5.50  0.70 2.61£0.30 < 8.35 4
60 1.223 0.65 0.14 0.030 3.64£0.28 8.48+0.1 1
61 0.450* 4.22 3.70 035 1.64+£0.18 < 7.95 4
70 1.171 037 035 0.11 < 2.63 8.05+0.1 2
73 1171 0.68 058 015 1.30£0.30 82+0.15 2
74 1.223 0.51 0.13 0.068 3.25+0.50 837+0.19 1
81 1.223 080 052 0.030 1.32£0.07 857+0.03 1

Note. — Table columns are as follows; (ID) Identification fol-
lowing Table 4.1. (Ayps) Observed continuum effective wavelength.
(Su,int) Source-integrated flux. (S, peqr) Peak continuum flux. (o)
Map noise. (Reg) Effective radius containing half of the total inte-
grated flux. (Mgust) Dust mass derived using Eq. 4.1. (Ref) ALMA
program from which properties are derived: 1 =ASAGAO (Ueda
et al., 2018), 2 =GOODS-ALMA (Gémez-Guijarro et al., 2022a),
3 =2018.1.00992.S (Lamperti et al., 2021), 4 =2017.1.03147.S
(McKinney et al., 2020)

aFor these objects only detected only in ALMA Band 9 (Agps ~
450 pm), we use single-dish dust mass estimates from Kirkpatrick
et al. (2017) where possible. Otherwise, we place 3o upper limits
using local noise properties derived from the target’s position within
the ASAGAO map.
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Figure 4.3 The ratio of the 6.2 um PAH luminosity relative to the total dust mass
in our z ~ 1 — 2 ALMA-detected Spitzer/IRS sample, GOALS, and KINGFISH as
a function of Y. A histogram showing the distribution in Lpaw.2um)/Maust for
each sample is shown along the right. The scatter in Lpan(.2 um) /Maust is marginally
larger for z > 0 relative to GOALS owing to the lower SNR mid-IR spectra and
larger errorbars. Nevertheless, both (U)LIRG samples cluster around an average
log Lpati(6.2 um)/Maust ~ 1.3 £ 0.4 Lg /Mg as shown with the shaded region in the left
panel with no clear correlation against ¥jg. KINGFISH galaxies on the other hand
do show a positive correlation between Lpati(6.2 um)/Maust and Xig (solid red line) with
small 1o dispersion about the best-fit (dashed red line), but the overall distribution
is consistent with ratios found amongst (U)LIRGs.
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ALMA interferometer. Flux densities in confusion-limited sub-mm observations are
often boosted by the unresolved background as steeply rising source number counts
preferentially scatter flux densities upwards (e.g., Hogg & Turner, 1998; Scott et al.,
2002; Simpson et al., 2015). Indeed, we find that single-dish derived dust masses tend
to be greater than those derived using the ALMA observations by ~ 25% — 50% but
both agree within 1o.

The dust mass is dominated by large grains which also dominate the far-IR emis-
sion, whereas PAHs populate the smaller end of the grain size distribution and emit
strong mid-IR features (Draine & Li, 2001). Despite this size difference, mid- and far-
IR emission tracing the PAHs and cold dust respectively are correlated with the spatial
extent of star-formation in galaxies (e.g., Gregg et al., 2022) which is, amongst other
reasons, why PAHs have been commonly used to trace dust-obscured star-formation
rates (e.g., Genzel et al., 1998; Peeters et al., 2004; Wu et al., 2005; Lutz et al., 2007;
Pope et al., 2008). In Figure 4.3 we show the ratio of Lpay to the total dust mass,
assuming this empirically traces the PAH mass fraction in the ISM (Draine & Li,
2001) which is otherwise commonly inferred in the literature by fitting dust model
grids to spectral energy distributions (e.g., Draine & Li, 2007; Aniano et al., 2020).
We use only the 6.2 um PAH feature because it is isolated from adjacent lines and
distant from the strong silicate absorption making it the cleanest PAH line to mea-
sure in low SNR Spitzer /IRS spectra. We find no correlation between Lpay/Mgus
and Yig for (U)LIRGs, and that all galaxies included in this analysis cluster around
a common Lpyg-to-total dust mass ratio of log Lpati(s.2 um)/Maust ~ 1.3 £ 0.4 Le /Mg
(Tab. 4.3). The significant 1o scatter should discourage the use of PAHs to trace
the dust content of star-forming galaxies. We do find a positive correlation between
Lpan/Maust in KINGFISH with ¥1g, which could be driven by the higher metallicity
and PAH mass fractions in warmer, high IR surface density galaxies in the sample

(Aniano et al., 2020). The scatter about the best-fit trend in KINGFISH galaxies
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is substantially lower than for (U)LIRGs at z ~ 0 — 2, which could justify the use
of PAH emission to trace the total dust mass at log Yr/[Le kpe™2] < 9.5 if TR is
known. Further studies of high-redshift, low ¥z galaxies are needed to test if this

correlation holds at earlier cosmic epochs.

4.3.2 IR Sizes

Fujimoto et al. (2017) presents a systematic analysis of IR sizes using Cycles 0-3
ALMA programs made public through the ALMA archive. Their sample spans a
range in star-formation rates between ~ 100 — 1000 M, yr—!, stellar masses between
log M./Mg = 10 — 11.5 and z ~ 0—6. We compare the sizes measured in our ALMA-
detected sample to their results in Figure 4.4, as well as the distribution in sizes found
for z ~ 0 GOALS and KINGFISH galaxies. Note that we have subtracted the AGN-
powered component from Lig using the IR AGN fraction in GOALS and z ~ 1 — 2
(U)LIRGs (see Eq. 5 in Kirkpatrick et al. 2015) such that Lig gr = (1 — faen,r) X Lig.
This has minimal impact on the nature of the Lir-Reg 169 relation because faonir
reaches a maximum of ~ 0.5 for fagnmr~ 1 (Kirkpatrick et al., 2015).

Our far-IR size measurements are consistent with the sizes measured for LIRGs
and ULIRGs from z ~ 0 — 6 spanning a range of star-formation rate surface densities
found at all redshifts between Ygpr = 102—10* Mg, yr~! kpc™2. (U)LIRGs and ALMA-
selected galaxies from Fujimoto et al. (2017) have on-average smaller Ry 4, than
KINGFISH galaxies by a factor of ~ 2.5. No galaxy exceeds the theoretical Eddington
limit of Xgpr ~ 1000 My, yr~! kpc2 (Andrews & Thompson, 2011) even if we omit the
AGN correction to Lig. Cochrane et al. (2019) demonstrate using cosmological zoom-
in simulations that temperature gradients in the dust across a star-forming galaxy can
change the inferred far-IR size derived from long wavelength observation; however,
this is unlikely to be producing systematic effects between different samples because

GOALS and the Spitzer (U)LIRGs at z ~ 1 — 2 have similar IR colors (Kirkpatrick

91



101_ T T T T T T L A | - L LA AL | pas L

Resr 1r [kpc]

GOALS

7 e . O
N A g KINGFISH ¢ |
e s e SFG @
§ ¢ o COM ©
SO e N
101} \Q,// \9/,/ \9// AGN ‘ |
2 " " P | 2 " " P | 2 " " PR | " " " PR |
109 1010 1011 1012 1013
Lir [Lo]

Figure 4.4 The effective IR size as a function of total infrared luminosity. Galax-
ies in our ALMA-detected sample are shown with symbols corresponding to their
faen g classification. We compare against the archival sample of Fujimoto et al.
2017 (black contours), GOALS (purple circles) and KINGFISH (grey diamonds).
We have subtracted out the contribution to Lig from AGN in our sample and
GOALS using faenwr and Eq. 5 from Kirkpatrick et al. (2015). Dashed lines corre-
spond to constant star-formation rate surface densities assuming SFRig/[Mg yr—!] =
1.49 x 107 Lz /Le (Murphy et al., 2011). The shaded grey region indicates
Ysrr > 1000 Mg yr=! where star-formation exceeds the Eddington limit (Andrews
& Thompson, 2011). Our size results are consistent with the range observed in the
literature amongst other high—z galaxies.
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Figure 4.5 A comparison between the effective IR size and the total dust mass for this
work (blue symbols, following facnmir classifications in Fig. 4.4), GOALS (purple
circles), and KINGFISH (grey diamonds). Black dashed lines correspond to constant
levels of gas mass surface densities assuming a dust-to-gas ratio of 0.01. The shaded
regions represent the 16th-84th percentile distribution in dust-continuum size vs. dust
mass from galaxies in the TNG50 cosmological simulation at z ~ 1—2 (Popping et al.,
2022). Solid lines of the corresponding color represent TNG50 galaxies 20 below the
median. Luminous IR galaxies at z ~ 1 — 2 tend to have higher dust masses and be
more extended than GOALS.The sizes we measure at z ~ 1 — 3 are consistent with
the more compact (lower Ry 149) galaxies in TNG50 for fixed dust mass.
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Figure 4.6 The ratio of total infrared luminosity to total dust mass as a function of
IR size in z ~ 0 —2 (U)LIRGs (GOALS, this work) and KINGFISH galaxies at lower
star-formation rate surface densities. The legend follows Figures 4.4 and 4.5. Smaller
galaxies in KINGFISH tend to have larger Ligr /Mgyst and eventually reach the average
value for z ~ 0 — 2 (U)LIRGs by Reg 160~ 1 — 2 kpc. The anti-correlation between
Lir/Maust and Reg 140 in (U)LIRGs is marginal and the full range in Ligr /Mgyst can
be found at sizes between ~ 0.4 — 4 kpc.
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Figure 4.7 IR size vs. the fractional contribution of AGN to the integrated mid-IR
emission (faenmm). GOALS galaxies are shown with purple circles, and blue squares
indicate the z ~ 1—2 ALMA-detected sample from this work. The shaded grey region
encases the +10 scatter about a best-fit linear trend to the z ~ 1 — 2 galaxies, and
the black dashed line shows the trend measured from simulations at ..y = 160 pm
(McKinney et al., 2021b). At z ~ 1 — 2, dust-obscured galaxies tend to have smaller
Refr 160 With increasing faenvir, exhibiting a factor of ~ 2 decrease in the average
sizes between fagnmm = 0 — 0.4. The one AGN-dominated (facnar ~ 1) galaxy at
z ~ 1 — 2 also exhibits the smallest IR size by a factor of ~ 3 relative to the rest of
the sample.
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et al., 2017). Rather, variations in the dust temperature gradient may help explain
some of the scatter in far-IR size for fixed Lig in Figure 4.4.

The highest IR surface density sources are moderate to strong AGN consistent
with Fujimoto et al. (2017) who find that X-ray AGN are preferentially found towards
greater Xgpgr. This suggests that AGN-host galaxies may also host vigorous star-
formation and/or the contribution to Lig from the AGN is underestimated. This
latter scenario could arise from dust-reprocessing of AGN photons from the mid-IR
out to far-IR/sub-mm wavelengths (McKinney et al., 2021b). We discuss the relation
between far-IR sizes and mid-IR AGN strengths in Section 4.3.2.1.

GOALS galaxies span a range in Reg 59 On-average below that of the higher—z
galaxies but within the range in Reg 40 of the Fujimoto et al. (2017) sample other
than two very extended and nearby sources. This is in contrast to the continuous
rise in the rest-frame optical sizes of non-dusty star-forming galaxies towards z ~ 0
(Shibuya et al., 2015), and likely reflects that dusty star-formation at z ~ 0 requires
major mergers to compress gas in the centers, producing the nuclear and obscured
starbursts found amongst GOALS galaxies (e.g., Sanders & Mirabel, 1996; Downes
& Solomon, 1998; Bryant & Scoville, 1999; Soifer et al., 2000).

In Figure 4.5 we show the far-IR extent of the ALMA-detected sample, GOALS,
and KINGFISH as a function of their total dust masses. Assuming a dust-to-gas mass
ratio of 0.01 as is appropriate for massive z ~ 0 — 2 galaxies (e.g., Rémy-Ruyer et al.,
2014; Popping et al., 2017; Shapley et al., 2020), we find that most (U)LIRGs would
fall along an average g5 ~ 1000 Mg pc 2 at 2z ~ 0 and 2z ~ 1 — 2 as expected from
their large star-formation rate surface densities (Kennicutt & Evans, 2012). This
implies a Y4t one order of magnitude less than that required for an optical depth of
unity at A\ess = 100 um, and the fact that Mg, RgHJR is consistent with optically
thin dust (Draine & Li, 2007; Scoville et al., 2017b). We note that approximately 25%

of GOALS galaxies at log Mgus;/ Mg < 8 have upper limits on their IR size, which
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could push the trend towards higher Y,,s at low Mg, amongst the z ~ 0 LIRG
population.

Popping et al. (2022) derived a simulated distribution in IR size by performing
dust radiative transfer on galaxies from the Illustris TNG5H0 cosmological simulation
(Nelson et al., 2019; Pillepich et al., 2019). We compare against this distribution in
Figure 4.5 which represents galaxies on and above the star-forming main-sequence
in TNG50. GOALS galaxies and our z ~ 1 — 2 ALMA-detected sample lie above
the main-sequence, and fall within the parameter space in Mg,g Vs. Refr 160 spanned
by simulated galaxies with sizes 20 below the median trend. While the size analysis
of Popping et al. (2022) does not extend to z ~ 0, the trend towards larger R 140
for fixed Mgyt at lower redshift appears consistent with the sizes we measure in
KINGFISH.

Figure 4.6 shows the ratio of Lig to Mgus as a function of the effective IR radius,
bringing together the quantities shown independently in Figures 4.4 and 4.5. The
ratio of Lig to total dust mass is an empirical tracer of the star-formation efficiency,
which reflects the amount of star-formation sustained by a galaxy given its total gas
content. (U)LIRGs at z ~ 0 — 2 are known to have similar Lig /Mgy ratios, although
for fixed Lig the star-formation efficiency is higher at z ~ 0 (Kirkpatrick et al., 2017).
We find that he Lig/Maust ratios for z ~ 0 and z ~ 1 — 2 (U)LIRGs are comparable
at fixed Refr 69, With little to no anti-correlation with IR size. The more spatially
extended KINGFISH galaxies have on-average lower Lig/Mgyus than (U)LIRGs, but

reach the average value of the dustier galaxies below Reg 169~ 2 kpc.

4.3.2.1 Far-IR size as a function of mid-IR AGN fraction
Heavily dust-obscured AGN can produce high IR surface densities as the nuclear
torus is heated to high temperatures. For example, the extraordinarily compact dust

emission in the west nucleus of the local ULIRG Arp 220 has a radius of 74 pc (Scoville
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et al., 2017a). Such heating of the dust by AGN can increase the central concentration
of IR emission and drive the galaxy-scale effective radii down (e.g., McKinney et al.,
2021b; Lamperti et al., 2021). We note that some star-forming galaxies at high—z do
not necessarily exhibit systematically different IR sizes compared to sub-mm luminous
quasars (e.g., Chen et al., 2021; Ansarinejad et al., 2022); however, prior works do
not explicitly control for the AGN strength using mid-IR spectroscopy.

Using the Spitzer /IRS spectral decomposition between SF and AGN for our sam-
ple (Pope et al., 2008; Kirkpatrick et al., 2012) and GOALS (Stierwalt et al., 2013,
2014; Diaz-Santos et al., 2017), we show in Figure 4.7 the relationship between Reg 149
and fagnwir from 2z ~ 0 — 2. GOALS galaxies exhibit no systematic correlation be-
tween the far-IR size and fagn v consistent with the comparison against PG QSOs
in Lutz et al. (2016); however, the smallest systems in GOALS do exhibit the great-
est mid-IR AGN fractions. This is consistent with Diaz-Santos et al. (2010) who
find smaller mid-IR core sizes at higher fagnwr using the spatial extent of emis-
sion measured through the Spitzer/IRS slit. The trend is stronger for the z ~ 1 — 2
ALMA-detected sample in this work, where R4, decreases by a factor of ~ 2 be-
tween fagnmm = 0 — 0.4 (Table 4.3). Moreover, the one AGN-dominated galaxy in
our sample also exhibits the smallest IR size. For comparison against simulations,
we measure the effective radii from the IR emission modelled using Gadget-2 cou-
pled to the dust radiative transfer code SUNRISE presented in Hayward et al. (2011)
and Snyder et al. (2013) as analyzed in McKinney et al. (2021b). This particular
simulation was designed to emulate the properties of sub-mm galaxies around z ~ 2
(Hayward et al., 2011), and exhibits a ~ 25% decrease in the effective IR size as
facnvir changes from 0 to 1 because the AGN adds more emission in the central
region. This trend from the one simulation is shallower than the fit to our z ~ 1 — 2

galaxies but consistent within the uncertainties.
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Table 4.3. Best-fit Parameters and their Uncertainties for Linear Fits to Data

T Y m b o® sample®
fAGN,MIR Reff,FIR [kpC] —1.43+0.8 22+0.3 0.65 3
log X1r /[Lo kpe=2] log Lg.o/Maust [Lo/Mo]  0.39£0.08 —1.95+0.7 0.12 1
log ¥1r /[Le kpe™2] log Lg.2/Maust [Lo/Mg)] e 1.30 0.37 2,3
log ¥1r/[Lo kpe=2] log Lir sp/Maust [Lo/Ms] 0.314+£0.11  03+1.2  0.12 3
log ©1r/[Lo kpe~2] log Lin.sr/Maust [Lo/Ma] 0.25+£0.02 1154017 008 123
log Y1r /[Le kpe 2] log sSFR/sSFRys 0.34 £0.07 —2.05+0.76 0.13 2
log ¥1r/[Le kpe=2]  log sSFR/sSFRys 0194012 —146+1.3 0.13 3
log ¥1r /[Le kpe™?]  log sSFR/sSFRus e 0.61 0.25 3

Note. — Fits take the functional form y = mx + b. For fits showing no slope the best-fit
b and ¢ correspond to the y—column average and dispersion about the mean.

a 1o dispersion about the best-fit trend.

b Samples included in fit: (1) KINGFISH, (2) GOALS, (3) ALMA-detected (U)LIRGs at
z ~1—2 from this work.

4.4 Discussion

The dust properties of purely star-forming Spitzer /IRS-selected galaxies were
studied extensively in Kirkpatrick et al. (2017). To briefly summarize their main
findings, Kirkpatrick et al. (2017) demonstrated: (1) z ~ 1 — 2 galaxies exhibit lower
Lir s¢/Maust ratios and higher gas mass fractions than what are found at z ~ 0 for
fixed Lig, and (2) Galaxies at all redshifts fall along a common Lig gp/Maust relation
when accounting for distance above the star-forming main-sequence. We now build
upon this prior analysis to understand the role played by the IR sizes of galaxies in

governing their star-formation and AGN-related properties.

4.4.1 ISM conditions and dust composition scale with IR surface densities

For fixed Lig, galaxies at z ~ 2 exhibit more PAH emission per unit Lig than
local galaxies (Pope et al., 2013). In a small sample of ALMA-selected Spitzer tar-
gets, McKinney et al. (2020) demonstrated that this offset disappears for fixed ¥ig.

We expand upon this prior result using a sample three times larger and sizes pre-
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Figure 4.8 PAH/Lig vs. IR surface density. GOALS galaxies (circles) are colored
by the ratio of the radiation field strength (G) to neutral gas density (ny) in PDRs,
derived from FIR find-structure line modelling (Diaz-Santos et al., 2017). For com-
parison, we also show the trend in [CII]/Lig from Diaz-Santos et al. (2017) as a black
line derived after correcting the [CII] emission for the fraction arising from neutral
vs. ionized gas. KINGFISH (grey diamonds) cluster at lower ¥g about this trend.
Galaxies at z ~ 1 — 2 (red squares) follow the local trend in PAH/Lig vs. ¥g, which
exhibits a comparable turnover as found for the deficit observed in [CII] emission at
log ¥ir/[Le kpe 2] > 10 accompanied by high G/ng. This suggests a change in the
ISM conditions for z ~ 1 — 2 dusty, star-forming galaxies comparable to those found
amongst high IR surface density GOALS galaxies (McKinney et al., 2021a).
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Figure 4.9 (Left) The ratio of AGN-corrected IR luminosity to total dust mass, a tracer
of the star-formation efficiency, as a function of IR surface density. Labeling follows
Fig. 4.4. A best-fit linear trend for the high—z galaxies is shown in blue, and a fit to
all galaxies on the Figure is shown in black.The dot-dashed line shows the SFE and
IR size relation from Elbaz et al. (2018) derived from 870 um imaging of Herschel-
selected (U)LIRGs normalized to the locus of our data as differences in SFR- and
gas-mass derivations can change the absolute normalisation of the trend. We find a
redshift-independent relation between the IR size and Lig /Mgyt ratio where higher IR
surface density galaxies exhibit evidence for higher star-formation efficiencies. (Right)
Distance from the specific star-forming main-sequence as a function of g for each
galaxy’s redshift and stellar mass. The black hatched region encases the 0.3 dex
canonical main-sequence scatter (Whitaker et al., 2014). (U)LIRGs at high IR surface
density tend to be further above the main-sequence, a trend that is more pronounced
at z ~ 0 (shaded grey line) than at z ~ 1 — 2 (shaded red line) where the data is
equally well-fit with no 3jg-dependence (hatched red region).
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dominantly measured along the RJ tail of cold dust emission. Figure 4.8 shows the
Lpan/Lir ratio as a function of g at z ~ 1 — 2, and for GOALS and KINGFISH.
We find the same Lpay/Lig ratios at high and low redshift for fixed . Moreover,
we recover an anti-correlation between Lpap/Lig and ¥r reminiscent of the FIR fine-
structure line deficit observed in low- and high—z dusty galaxies (Diaz-Santos et al.,
2017; Zanella et al., 2018; McKinney et al., 2020). PAHs and FIR lines predominantly
arise from photodissociation regions (PDRs) around sites of recent star-formation for
actively star-forming galaxies (Tielens & Hollenbach, 1985b; Malhotra et al., 1997,
2001; Tielens, 2008; Beirao et al., 2012; Croxall et al., 2017; Diaz-Santos et al., 2017;
Sutter et al., 2019), and thus the coincidence in their trends with respect to Xg favors
physical interpretations local to the young, dusty star-forming regions which the IR
surface density is dominated by.

The low Lpap/Lig ratios at high g might indicate a change in the ISM conditions
regulating the excitation of both FIR lines and PAH emission within dusty and young
star-forming regions (e.g., Diaz-Santos et al., 2017). The high G/ny ratios found
amongst GOALS at log Yr /[Le kpe™2] > 10.7 indicate that the average star-forming
region sees a stronger radiation field, which can modify the PAH photoelectric heating
efficiency (Bakes & Tielens, 1994; Galliano et al., 2008; Tielens, 2008) and lower the
radiative coupling between stars and gas (McKinney et al., 2020, 2021a). Changes
in the relative heating and cooling could lead to systematically high star-formation
efficiency if PAHs photoelectrically convert a lower fraction of energy from the stellar
radiation field into gas temperatures (Hollenbach & Tielens, 1999; McKinney et al.,
2021a). Indeed, simulations that include variable photo-heating laws find the converse
to be true: high photoelectric heating rates suppress star-formation due to excess
heating (Forbes et al., 2016; Inoguchi et al., 2020; Osman et al., 2020). Systematic
changes in the photoelectric heating efficiency might leave imprints on the mid-IR

spectra as the ionization and/or grain size distribution of PAHs is modified (Draine
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& Li, 2001; Maragkoudakis et al., 2020). The overlap between GOALS and z ~ 1 —2
(U)LIRGs along canonical diagnostic plots of PAH grain properties suggests that the
physical mechanisms observed at z ~ 0 are likely in place and playing an important
role at higher—z (Figure 4.3, see also McKinney et al. 2020). We explore the efficiency

of star-formation in the next section.

4.4.2 Dust-obscured galaxies form stars more efficiently at high IR sur-
face densities

In Figure 4.9 (Left) we show the Lig sp/Maust ratio vs. Xig. The Lig sp/Mayst ratio
is an empirical tracer of the global star-formation efficiency, which may systemati-
cally evolve with redshift (Scoville et al., 2017b). As stated, Kirkpatrick et al. (2017)
demonstrated that, for fixed distance above the main-sequence, the star-formation
efficiency of (U)LIRGs fall along the same relation between z ~ 0—2. We find a simi-
larly redshift-independent result, where high IR surface density galaxies exhibit more
efficient star-formation. Combined with KINGFISH which probes galaxies at lower
star-formation rates and more extended sizes, the correlation persists linearly over
~ 5 orders of magnitude in IR surface density with comparatively shallow increase
in star-formation efficiency by one order of magnitude. Kirkpatrick et al. (2017) find
no correlation between Lig gp/Maust and the ISM extent measured from CO, radio,
or Paa for a handful of high—z galaxies and local LIRGs in GOALS (Rujopakarn
et al., 2011). This could be due to their lower number statistics and/or inhomoge-
nous collection of size tracers, but as shown in Figure 4.6 we also do not find a
correlation between Lig sp/Mayust and the uniformly measured effective radii from far-
IR wavelengths. These results are consistent with multiple studies in the literature
demonstrating that luminosity surface densities more accurately reflect the gas and

star-formation conditions in galaxies rather than the total luminosity or size alone
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(e.g., Rujopakarn et al., 2011; Diaz-Santos et al., 2017; Elbaz et al., 2018; McKinney
et al., 2020; Diaz-Santos et al., 2021).

The star-formation efficiencies are comparable between GOALS and the z ~ 1 —2
(U)LIRGs in this study; however, the samples are different in terms of their position
relative to main-sequence star-formation for their corresponding epochs (Kirkpatrick
et al., 2017). Using the main-sequence parameterization from Speagle et al. (2014), we
show in Figure 4.9 (Right) ¥1r against the ratio of each galaxy’s specific star-formation
rate (sSFR = SFR/M.,) to the main-sequence sSFR for the corresponding stellar mass
and redshift. GOALS galaxies are typically a factor of ~ 10 above the main-sequence
comparted to a factor of ~ 4 in ALMA-detected z ~ 1—2 (U)LIRGs. As demonstrated
first in Lutz et al. (2016), the IR surface density correlates with distance from the
main-sequence in GOALS such that high IR surface density galaxies are undergoing
stronger starbursts. We find no such correlation at z ~ 1 — 2 over a similar range
in Yjg. At z ~ 0, galaxies likely need to undergo a major merger to induce the
high gas mass surface densities to reach the high SFR surface densities found in
GOALS (Sanders & Mirabel, 1996; Soifer et al., 2000). Indeed, 80% of the major
mergers in GOALS have log ¥r/[Le kpe™?] > 10.7 (Dfaz-Santos et al., 2017). This
also pushes the GOALS galaxies into the strongly starbursting regime. At z ~ 1 — 2,
(U)LIRGs span a range of nearly two orders of magnitude in ¥g with a similar
spread in distance from the main-sequence ~ 0.5 dex as found locally, albeit shifted
down. High—z (U)LIRGs can exhibit high and low dust-obscured star-formation rate
surface densities for fixed position along the main-sequence. Indeed, Gémez-Guijarro
et al. (2022b) even find high star-formation surface density galaxies with high star-
formation efficiencies within the main-sequence using 1.1 mm ALMA observations
(Gémez-Guijarro et al., 2022a). The comparable star-formation efficiencies (Fig. 4.9
Left) and dust properties (Fig. 4.8) show that the star-forming cores of GOALS

galaxies are good local analogs to high—z (U)LIRGs in terms of their general star-
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formation properties and ISM content despite occupying a fundamentally different

region with respect to the main-sequence.

4.5 Conclusion

Using the ALMA archive, we measure IR sizes (Ref169) and dust masses for a
sample of 19 galaxies at z ~ 1 — 2 with existing Spitzer /IRS spectroscopy. We
compare these high-redshift galaxies to local luminous IR galaxies in the GOALS
survey (Armus et al., 2009) and KINGFISH galaxies at lower star-formation rates
(Kennicutt et al., 2011). We combine the size and dust mass measurements with
mid-IR spectral features to assess the degree by which changes in IR surface density
drive changes in the total ISM content and conditions. Our main conclusions are as

follows:

1. The total dust mass scales with Reg 60 amongst z ~ 0—2 (U)LIRGs, consistent

with an average gas mass surface density of Xgs ~ 1000 Mg pe=?

assuming
GDR=100. We find IR sizes that are smaller for fixed dust mass relative to
typical star-forming galaxies selected from the simulated galaxies in TNGH0,

but the simulations do reproduce this parameter space of high IR surface density

dusty galaxies.

2. (U)LIRGs at z ~ 1—2 with higher mid-IR AGN fractions, evidence for stronger
dust-obscured AGN, exhibit preferentially smaller far-IR sizes. This is not seen
amongst z ~ 0 LIRGs when looking at far-IR sizes at wavelengths where the

AGN contribution to dust emission is minimal.

3. The PAH/Mg,s ratio amongst (U)LIRGs does not evolve with redshift suggest-
ing similar PAH mass fractions today and at cosmic noon. PAHs should not be
used as total dust mass tracers for (U)LIRGs given the considerable scatter of

+0.4 dex about the mean in PAH /Mgy, ; however, this scatter is significantly
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lower for KINGFISH galaxies at log Y1r/[Le kpe™?] < 9.5. PAHs could be used

to trace the total dust with higher accuracy in this regime if g is known.

. We find an anti-correlation between the PAH/Lir ratio and g at 2z ~ 1 — 2
reminiscent of FIR cooling line deficits and down to lower IR surface densities
than previously probed. This suggests that changes in ISM conditions regulating
the PAH and FIR line emission for z ~ 0 galaxies are also likely present in the

z ~ 1 —2 LIRG population.

. (U)LIRGs with higher IR surface densities show larger Lig/Mgys ratios, em-
blematic of more efficient star-formation. We find a common trend between
Y1r and the star-formation efficiency spanning five orders of magnitude in ¥g
up to z ~ 2 steeper than some previous works. This trend extends linearly from

KINGFISH galaxies which have lower Lig and more extended IR sizes.

. Whereas z ~ 0 galaxies at high IR surface density tend to be further above the
main-sequence, we find no correlation between ¥jg and the distance above the
star-forming main-sequence at z ~ 1 — 2. In other words, the extent of star-
formation for fixed distance above the main-sequence is more varied at z ~ 1 —2
than what is found locally. This is consistent with previous works finding high
star-formation surface densities for z ~ 2 dusty galaxies on the star-forming

main-sequence.

Despite occupying fundamentally different regimes with respect to the star-forming

main-sequence, as well as having different Lir, total dust mass, and IR sizes, the ra-

tios between these quantities in high- and low-redshift (U)LIRGs are similar. Taken

together, the results of this analysis paint a picture of dust-obscured galaxy formation

in which the star-formation surface density sets the gas and dust conditions. Dusty

galaxies with high star-formation rate surface densities exhibit efficient star-formation

at all epochs. Dust-obscured star-formation at earlier cosmic times is likely to be a
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scaled up version of what is found locally in the star-forming cores of IR-luminous
galaxies, albeit sustained over larger areas supported by both increased gas fractions

and potentially higher merger rates.
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Figure 4.10 ALMA contours (red levels) on HST /F160W and Spitzer /IRAC4 images
for each of the targets in our ALMA-detected catalog. The contours begin at 30 and
increase in steps of 20. Tick marks are spaced on each cutout by 1.”0.
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CHAPTER 5

PHYSICAL GAS CONDITIONS FROM COMBINED
FAR-INFRARED AND RADIO LINES AT Z=2

In this chapter, I present the results of a pilot program using the Very Large Array
(VLA) to survey the ground state CO(1-0) transition in z ~ 2 star-forming galaxies
with existing mid-infrared spectra of PAH emission detected by the Spitzer Infrared
Spectrograph (IRS). Measuring CO(1-0) in galaxies at z ~ 2 is difficult given the high
phase noise when observing at ~ 40 GHz, which is exacerbated for low-inclination
targets like those in the GOODS-S field as the telescopes see more atmosphere. The
primary goal of this pilot program was to establish the feasibility of detecting CO(1-0)
at z ~ 2, and combine the data with PAH and [C II] emission to test the gas and dust
conditions. The CO(1-0) transition is an important tracer of the coldest molecular
gas, but most observations of CO at high—z measure Jy,,., > 1 transitions and
correct down to the ground state (Carilli & Walter, 2013). Thus, assessing scaling laws
against CO(1-0) rather than higher-J CO lines to measure quantities like molecular
gas at high—z is an important test for a commonly used diagnostic. A subset of
the galaxies in this program have existing (McKinney et al., 2020) and upcoming
observations of far-IR [CII] emission (Cycle 9 PID:2022.1.00101.S, PI: McKinney).
Combined detections of CO(1-0), [CII] and the total IR luminosity within the same
galaxies collectively constrain the physical gas conditions around sites of recent star-
formation. First, I check that all targets detected in CO(1-0) follow canonical scaling
relations in the literature between CO and other tracers of gas and star-formation.

Then using derived physical properties from photo-dissociation region modeling for
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the one z ~ 2 galaxy detected in CO and [CII], T infer the gas conditions that give

rise to the emergent IR and radio line emission and discuss their implications.

5.1 VLA Data
5.1.1 Description of Observations

We observed seven galaxies between GOODS-N and GOODS-S using the VLA /Q-
band over two programs split between 2019 (PI McKinney, Project ID: VLA /19B-254)
and 2021 (PI McKinney, Project ID: VLA /21A-036). The baseband configurations for
each target across both programs are nearly identical, differing only in their central
frequencies chosen to place the redshifted CO(1-0) line in the center of the A/C
baseband. The native spectral resolution is ~ 7 km s™! using the 8-bit WIDAR
correlator with 128 channels, and we later re-bin to coarser sampling to achieve higher
signal-to-noise at the cost of spectral resolution for this detection experiment.

For five of the seven targets observed, we obtained the complete number of cycles
requested. One galaxy was observed for only half of the requested time, and has
been removed from this analysis after inspecting the reduced data, which did not
reach a sufficiently constraining sensitivity. The other incomplete observation target,
GS IRS61, received five of six 1.5 hour cycles and has been included in this analysis
because the final rms is within ~ 33% of the requested sensitivity. The positions of

each target and the quantities derived from IRS spectra are listed in Table 5.1.

5.1.2 Decoherence

Q-band observations with the VLA can suffer from decoherence in the case of
poor atmospheric conditions, particularly when high wind speeds introduce significant
phase noise. Large phase variations can erase signal even if the final SNR would
be sufficient to supposedly detect the source. This is an important effect to rule

out when placing upper limits on our sources. As a check against decoherence, we
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look at two calibration products in each measurement set: (1) continuum images of
our Q-band phase calibrator J0348-2749, and (2) amplitude vs. baseline plots for
each scan of the phase calibrator. In all observations, we clearly detect point-source
continuum emission in the Q-band from J0348-2749 averaging over all scans. However,
if significant phase noise is leading to decoherence on shorter timescales, we expect
large amplitude variations over a single scan and particularly on long baselines. We
visually inspect the visibilites per scan of the phase calibrator, and report minimal
amplitude variations across all measurement sets. We re-imaged a subset of the
observations (corresponding to sources with no obvious CO emission) excluding scans
with relatively poorer phase noise, and did not find significant improvement in the
final sensitivity. Therefore, decoherence is unlikely to wash away signal and upper

limits are sufficiently constraining in the case of non-detections.

5.1.3 Reduction, Imaging and Spectral Extraction

We reduced the data using CASA with with a modified pipeline calibration opti-
mized for spectral line detection. We disabled Hanning smoothing and masked vis-
ibilities containing potential line emission from down-weighting. We next inspected
pipeline products for quality, and made iterative adjustments to avoid over flagging
data. We imaged the reduced cubes using tclean and a robust parameter of 2.0 to
minimize the RMS at the cost of spatial resolution, a satisfactory trade-off for this
detection experiment in which we did not aim to spatially resolve the CO(1-0) emis-
sion. During imaging, we re-bin the data from its native resolution to a resolution of
150 — 300 km s~! per spectral channel.

Figure 5.1 shows integrated intensity (moment 0) maps for GN IRS18, GN IRS25,
and GS IRS20 collapsed around channels exhibiting CO(1-0) line emission in the
data cubes. For sources with strong CO(1-0) signal, we find co-incident HST/WFC3
Higo detections of the galaxy. In the case of GN IRS18 and GN IRS25, the CO(1-0)

112



27°4450" oo 1-0)
ST/EL60W

z=0.55 62°11'50" HST/F160V
O Dust Continuw
sific
48"
g g 520
g 41 g

Figure 5.1 Collapsed CO(1-0) channel maps in GN IRS18 (left), GN IRS25 (center),
and GS IRS20 (right) represented as black contours overlayed over HST /WFC3 Hjgo
images from 3D-HST (Skelton et al., 2014; Grogin et al., 2011; Koekemoer et al.,
2011). For the GOODS-N targets (left, center), we show [30,40] contours. For GS
IRS20 whose CO(1-0) emission is detected at lower SNR, we show [20, 30] contours
as well as [30, 50, 7To| contours for the [CII] and dust continuum esmission reported
in McKinney et al. (2020). Black x symbols on all images indicate the location of
peak CO(1-0) emission. For GN IRS18 we label the low-redshift targets in the map
by their redshifts derived from HST /grism (Brammer et al., 2012; Momcheva et al.,
2016).

emission is marginally more extended than the beam, and we extract spectra to fully
encase the extended components seen in the collapsed channel maps of Fig. 5.1. GN
IRS18 is adjacent to two possible counterparts; however, these have been spectroscop-
ically confirmed to lie at z = 0.55 and z = 0.88 using HST /grism (Brammer et al.,
2012; Momcheva et al., 2016).

GS IRS20 is detected in the moment 0 map at lower signal-to-noise, and the ~ 3o
signal is smaller than the beam; therefore, we extract GS TRS20’s spectrum through
an aperture the size of the primary beam and centered on the CO(1-0) peak. As
shown in the right-most panel of Fig. 5.1, GS IRS20’s integrated CO(1-0) emission
is qualitatively consistent with the [CII] and dust continuum detected by ALMA at
~ 0.”5 resolution (McKinney et al., 2020); however, higher spatial resolution follow-
up is necessary to localize the CO more accurately. Nevertheless, while the low
SNR of GS IRS20’s CO(1-0) map (~ 30) coupled with the large VLA /Q-band beam
(~ 4" x 2") limit our ability to compare centroids, the CO(1-0) peak is aligned with

the [CII] and dust continuum centroids along the beam’s major axis.
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Table 5.1. IRS Sample and derived quantities from Spitzer spectra

Target RA DEC zirs” faenMIR” 108 Lo.2pum 108 Li1.3 um
(2000 [J2000] Lo Lo

GN IRS18 12:37:16.59 62:16:43.0 1.82 0.3 10.23£0.07 9.93+0.11
GN IRS25 12:37:01.59 62:11:46.0 1.72 0.0 10.28 £0.10 10.02 £0.12
GS IRS20 03:32:47.58 -27:44:52.0 1.93 0.2 9.99£0.12 10.11+£0.10
GS IRS45 03:32:17.48 -27:50:01.4 1.63 0.0 10.27£0.05 9.98 £0.06
GS IRSH54  03:32:13.85 -27:43:12.0 1.89 0.4 9.91+0.14 10.11£0.08
GS IRS61 03:32:43.45 -27:49:01.0 1.76 0.1 10.18 £0.05 9.84 £0.05

& Redshifts derived from Spitzer-detected PAHs have intrinsic uncertainties on
the order of +0.02 owing to the spectral resolution.

b facn,mrr s the integral of power-law continuum attributed to warm AGN-
heated dust in the mid-IR divided by the total mid-IR flux in the IRS spectrum
(Pope et al., 2008; Kirkpatrick et al., 2012). From the Spitzer spectra, fagn MIR
can be measured to an accuracy of £0.1.

4pt 4pt

5.1.4 Spectral Line Detections

We detect the CO(1-0) et = 115.2712 GHz line at a peak (integrated) SNR> 5
(SNR> 10) in GN IRS18, GN IRS25, and GS IRS20. These spectra are shown
in Figure 5.2 (both GN targets) and Figure 5.3 (GS IRS20). Notably, each line is
found within 1o of the expected redshifted frequency given all redshift priors. We
fit each line with a Gaussian profile which we use to measure the FWHM and CO-
derived redshifts. In the case of GS IRS20, the CO and [CII] redshift agree within
Az/z =4 x 107* and the widths of each line are consistent around 300 km s~!. For
the GOODS-N targets, CO and PAH derived redshifts agree within Az/z ~ 1073.
We integrate below the spectrum over 1.5x the FWHM (shaded regions in Fig. 5.2)
to derive fluxes which we convert to the CO luminosities listed in Table 5.2.

For the galaxies without clear detections in their extracted spectra, we first jitter

the aperture around the expected source coordinates by up to 1.”0 searching for line
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Table 5.2.  Observations and CO measurements
Target Vet  Beam FWHM rmszooum/s Scoa-0Av  FWHM logLcoa-o) log L/CO(I—O)
[GHZ] [arcsec] [uJy] [mJy km s71] [km s7!] [Lo] [K km st pc?]
GN IRS18 41.45 2.8 x 1.8 82 176.9 1228 6.52 10.83
GN IRS25 42.83 2.3 x1.6 113 173.8 681 6.53 10.84
GS IRS20 39.43 4.0 x 1.7 71 120.0 301 6.03 10.34
GS IRS45  43.47 1.2 x 0.57 142 < 362 e < 6.3 < 10.7
GS IRS54  40.46 1.2 x 0.56 120 < 306 e <64 < 10.7
GS IRS61  41.26 1.47 x 0.62 83 < 211 e < 6.2 < 10.5

emission above the noise. We also re-bin to coarser spectral resolution. No significant

emission is detected in these observations. Thus, we set 30 upper limits on the line

flux from the rms properties of the cube which we use to place upper limits on the

CO luminosity. Spectra extracted for the non-detections are shown in Figure 5.4 and

all 30 upper limits are included in Table 5.2.
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Figure 5.2 VLA /Q-band detections of CO(1-0) in GN IRS18 (Left) and GN IRS25
(Right). The data has been binned to a velocity resolution of 300 km s™!. Gaussian fits
to the data are shown in red. The black arrows along the top indicate where the CO
line was expected given the PAH-derived redshift and its 10 uncertainty. Vertical
dashed red lines are the CO(1-0) line centers from the Gaussian fits. Horizontal dashed
black lines show +/- the 1o spectral noise. The gap in the GN IRS18 spectrum is
due to noisy edge channels masked during the data reduction phase.
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Figure 5.3 CO(1-0) in GS IRS20 (black), with a gaussian fit shown in red. The
redshifted [CII] detection from ALMA is over-plotted in grey, scaled down by a factor
of 100 (McKinney et al., 2020).
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Figure 5.4 CO(1-0) upper limits for GS IRS45 (Left), GS IRS 54 (Middle), and GS
IRS 61 (Right). The reference frequency used to set each velocity axis comes from
the peak of the redshift posterior distribution when fitting the PAH features. Black
arrows show the 3o flux level adopted as upper limits, and have x—axis errors covering
the redshift +10 uncertainties.

5.2 Results
5.2.1 Scaling between CO, PAH, and IR luminosity

We detect CO(1-0) at z ~ 2 in three dusty galaxies, and place upper limits on a fur-
ther three systems. The galaxies in our sample are IR-luminous and star-forming, and

exhibit minimal contributions from active galactic nuclei to their mid-IR Spitzer /IRS
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Figure 5.5 Scaling relations between tracers of dust-obscured star-formation and
molecular gas. (Left) CO(1-0) luminosity vs. Lig (corrected for AGN contribution)
in z ~ 0—3 (U)LIRGs. We compare against prior works at z > 0.5 (Pope et al.,
2008), and local calibrations from GOALS (Yamashita et al., 2017) and Sargent et al.
(2013). (Middle) Lgoym vs. Lig in GOALS and z ~ 1 — 3 (U)LIRGs. Our data is
shown for reference in red against prior studies. (Right): Scaling between Lg o, and
CO. We show for comparison previous calibrations of PAH emission as a molecular
gas tracer in grey from Cortzen et al. (2019). The dashed black line shows the 1-1
relation.
spectra (Kirkpatrick et al., 2015). We compare these observations to CO observa-
tions of local star-forming LIRGs in GOALS (Yamashita et al., 2017), z ~ 0.03 — 0.3
galaxies in 5SMUSES (Cortzen et al., 2019), and high-z IRS galaxies from Pope et al.
(2008, 2013). To avoid uncertainties from higher .J/1-0 line intensity corrections, and
leveraging the VLA’s lower frequency coverage, we focus on comparison samples with
CO(1-0) detections where possible.

Figure 5.5 shows scaling relations between CO(1-0) emission, IR luminosities’,
and PAH emission. In general, the CO(1-0) luminosities we derive from detections
and upper limits are consistent with prior calibrations against Lig and PAHs. This

is an important result to highlight and speaks to the future success of high-frequency

VLA observations targeting CO(1-0) in further z = 2 galaxies.

'We multiply IR luminosities by (1- faen,ir) to correct for the contribution of AGN to the
integrated dust emission. We use Eq. 5 in Kirkpatrick et al. (2015) to derive fagn r from fagn mir
as measured from the mid-IR Spitzer /IRS spectra (Pope et al., 2008).
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5.2.2 Photo-dissociation Region Modeling

Since early far-IR observations of cold clouds, a number of numerical codes have
been developed to predict atomic and molecular line emission emerging from a 1-
dimensional slab as a function of its gas density, temperature, and radiation field
strength (e.g., Glassgold & Langer, 1975; Tielens & Hollenbach, 1985b; Kaufman
et al., 1999, 2006; Pound & Wolfire, 2008). These have been used to interpret the
far-IR line emission of galaxies near and far (Diaz-Santos et al., 2017; Rybak et al.,
2019), and provide key insight into gas conditions. For instance, Diaz-Santos et al.
(2017) demonstrate using GOALS galaxies that above a critical IR surface density
the ratio of the radiation field strength impinging upon gas (G) to the density (n)
scales linearly with ¥g. Thus, at high star-formation rate surface densities the ISM
is exposed to on-average stronger radiation fields that change the fractional strength
of key cooling lines (Diaz-Santos et al., 2017) as well as the photoelectric heating
of gas (McKinney et al., 2021a). To test if such conditions also manifest in z ~ 2
Galaxies, I use the Photo-Dissociation Region Toolbox (PDRT) code from Pound &
Wolfire (2008) to measure G and n in GS IRS20, the one galaxy in this pilot sample
detected in [CII] and CO(1-0).

Figure 5.6 shows the radiation fields and gas densities allowed by GS IRS20’s
[C1I]/Lig and [CII]/CO(1-0) ratios under the PDRT models. PDRT irradiates a 1-
dimensional slab of gas using a scaled radiation field normalized initially to the local
Galactic value (Go = 1.6 x 1073 ergs™ cm?, Habing 1968). To best compare against
local LIRGs, we adopt the same assumptions and model sets used to derive G and
n in GOALS galaxies (Diaz-Santos et al., 2017). We assume that 80% of the [CII]
emission in GS TRS20 arises from the neutral phase based on the relation between
the [CII] neutral fraction and star-formation rate surface density from Croxall et al.
(2017). This is a conservative lower limit, and the final derived parameters do not

change if we vary the [CII] fraction between 50%-100%.
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Figure 5.6 Radiation field strength (Gg) and hydrogen density (ng) determined from
PDR modeling using PDR ToolKit for GS IRS20. The best-fit solution favors ex-
tremely dense PDRs exposed to a strong radiation field.
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GS IRS20 has a strong radiation field of G/Gy = 3.97 x 10* £1.9 x 10* and a
very high density of n/[cm™3] = 1.34 x 10% £ 1 x 105. As shown in Figure 5.7, the
radiation field strength we find is close to the maximum value found for GOALS,
while GS TRS20’s density is nearly two orders of magnitude greater than any GOALS
galaxy or local star-forming galaxy (Diaz-Santos et al., 2017; Malhotra et al., 2001).
Only some sub-millimeter galaxies reach the density found for GS IRS20 (Cox et al.,
2011; Danielson et al., 2011; Valtchanov et al., 2011; Alaghband-Zadeh et al., 2013;
Huynh et al., 2014; Rawle et al., 2014; Bothwell et al., 2017; Canameras et al., 2018).
Such unusual conditions can be found in the nuclei of nearby star-forming galaxies as
well as galactic PDRs around O and B stars (Stacey et al., 1991)2. Since the [CII]
and CO(1-0) luminosity is galaxy-integrated, these results suggests that the average

gas conditions resemble either extreme OB PDRs or galactic nuclei.

5.3 Unusual ISM conditions in GS TRS20

There are three possible interpretations for where GS TRS20 falls relative to local
and high—z star-forming galaxies and galactic star-forming regions on Figure 5.7.
(1) The model results are not applicable because some amount of flux from either
or both of [CII] and CO(1-0) has been missed, or the lines do not trace the same
structures in the galaxy. (2) The model results are not applicable because the gas
in GS TRS20 is on-average X-ray dominated, which changes its chemistry and exci-
tation (Meijerink et al., 2007). This could arise if GS IRS20 hosts a stronger buried
AGN than previously thought. (3) The PDRT best-fit conditions accurately reflect
the galaxy-averaged conditions in GS IRS20, which are extreme relative to previous

results in the literature. In this section, I consider these three possible scenarios.

2The analysis in Stacey et al. (1991) to derive G and n was made using [CII] and CO(1-0) line
emission as was done for GS IRS20
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Figure 5.7 A collection of radiation field strengths (G/Ggp) and densities in PDRs
(n/[em™3]) for galaxies in the literature compared against GS IRS20 (red square).
We compare against GOALS (Diaz-Santos et al., 2017), local star-forming galaxies
(SFGs, Malhotra et al. 2001), and high—z sub-millimeter galaxies (SMGs, Cox et al.
2011; Danielson et al. 2011; Valtchanov et al. 2011; Alaghband-Zadeh et al. 2013;
Huynh et al. 2014; Rawle et al. 2014; Bothwell et al. 2017; Canameras et al. 2018;
Rybak et al. 2019). The hatched regions depict the parameter space occupied by
(A) local galactic nuclei and OB PDRs, (B) local starbursts, and (C) spiral galaxies
and galactic molecular clouds, as determined by Stacey et al. (1991) and following
Canameras et al. (2018). The shaded blue region indicates G/ng > 1 Ggcm?, where
this ratio scales linearly with the IR surface density (Diaz-Santos et al., 2017). The
inferred radiation field and density in GS IRS20 are both particularly extreme relative
to nearby and z ~ 2 — 4 star-forming galaxies.
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5.3.1 Empirical challenges to PDR modeling

The [CII]/CO(1-0) ratio scales approximately linearly with the G/n ratio, but
provides good constraint on the density over the narrow range in radiation intensities
that the [CII]/IR ratio is confined to (Figure 5.6). Therefore, the best-fit modeled
densities could be wrong if a significant amount of flux from either line were resolved
out by ALMA or the VLA. This is not a concern for the VLA data of CO(1-0),
as Fig. 5.1 clearly shows that the emission is unresolved on scales smaller than the
synthesized beam. While the [CII] emission is marginally more extended than the
~0.5" beam (McKinney et al., 2020), the data were taken in ALMA configuration
(C43-1 with a maximum recoverable scale of 4.4” at 650 GHz. We expect to detect all
[CII] emission in GS IRS20 on scales below ~ 36.5 kpc which is more than 20 times
the effective radius derived from the dust continuum. Therefore, we are likely not
resolving out either [CII] or CO(1-0) flux in our interferometer measurements.

A major limitation to this study is the fact that the line diagnostics average over
the ~ 13kpc? spatial extent of the galaxy. If the CO(1-0) emission is confined to a
smaller area than the [CII], then the combined line ratios may not accurately describe
co-spatial regions in the galaxy. This would lead to an over-predicted [CII]/CO ratio,
which would consequently over predict the density yielding artificially high values. If
the [CII] and CO emitting areas differ by a factor of 5, GS IRS20’s density from the
PDRT modeling would fall to ~ 10% cm™3, within the regime expected if GS IRS20’s
low [CII]/PAH arises from inefficient photoelectric heating as discussed in Chapter 3.
While further observations of galaxy-integrated line intensities will help establish if the
properties of GS TRS20 are more common place amongst z = 2 (U)LIRGs, spatially
resolved analyses will be key for measuring accurate physical quantities. This will
have to be done on scales ~ 0.75 — 1 kpc where the added time to resolve the source
is not prohibitive. For example, ALMA’s Band 9 receiver can achieve a maximum

spatial resolution of 75 pc in the C-9 configuration; however, this would require > 100
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hours of time on-source to reach the required surface brightness for a > 50 detection
of [CII] in a z = 2 ULIRG. Another possibility is to use gravitationally lensed galaxies
to achieve higher SNR detections of lines like [CII] at z ~ 2 (e.g., Canhameras et al.,
2018). With the launch of JWST, it will also be possible to measure mid-IR spectra
of PAHs in such sources - the capabilities for which have been absent since the end

of Spitzer’s cryogenic mission.

5.3.2 Alternate heating sources in GS ITRS20: X-ray dominated regions

PDRs are characterized by strong far-ultraviolet heating of gas and dust; however,
the gas heating and chemistry structure can also be strongly influenced by X-ray
radiation (Maloney et al., 1996). So called X-ray dominated regions (XDRs) can
appear around supermassive black holes (Krolik & Lepp, 1989; Meijerink et al., 2007),
or other astrophysical phenomenon such as X-ray binaries (e.g., Lebouteiller et al.,
2017). Given GS IRS20’s moderate mid-IR AGN fraction of ~ 20%, evidence for at
least some nuclear activity, I now discuss both the likelihood of this galaxy hosting a
strong AGN, and what that would imply for its gas conditions.

X-ray photons arising from the accretion disk around a supermassive black hole
represent one of the most reliable method for identifying strong AGN, but are not
well suited for identifying weak to intermediate AGN obscured by dust (Hickox &
Alexander, 2018). GS IRS20 does not have an X-ray counterpart in the deep X-ray
coverage of GOODS-S (Brightman et al., 2014; Kirkpatrick et al., 2015); however,
the dust continuum emission is exceptionally compact which supports the presence
of a deeply obscured nuclear object. Indeed, the high radiation field strength inferred
by the PDRT models could reflect to some degree a powerful ionizing source like an
AGN instead of pure stellar heating.

There are a number of qualitative differences between PDRs and XDRs that could

lead to different emergent line intensities from the gas in GS TRS20. XDRs have
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higher line-to-total dust emission ratios as X-ray photons deposit energy directly
into the gas. They also have lower [CII]/[O]] ratios as more power gets channeled
through higher critical density lines, as well as greater high—.J CO line fluxes powered
by X-rays maintaining hot temperatures deeper within clouds compared to PDRs
(Meijerink et al., 2007; Wolfire et al., 2022). One way to test for XDRs securely
would be to measure [O ] 63 pm emission in GS IRS20, as XDRs are characterized by
high [O1]/[CII] ratios > 10 (Maloney et al., 1996). Unfortunately, [O1] is currently
inaccessible for z < 5 galaxies given the current capabilities of IR telescopes. In the
meantime, JWST observations of GS IRS20 could quantify the AGN contribution in
more detail by using spectral decomposition methods on higher SNR mid-IR spectra
(Sajina et al., 2007; Pope et al., 2008), or by measuring high-ionization emission lines
like [OIV] and [NeV] that trace the AGN (Petric et al., 2011; Inami et al., 2013).
Evidence for significant reservoirs of XDR gas in GS IRS20 would have implications
for the co-evolution of AGN and stars within galaxies. This would support radiative
feedback as a significant quenching mechanism regulating star-formation if X-ray
photons of AGN-origin are capable of changing the conditions of star-forming gas
across the host-galaxy. I explore the influence of AGN on their host-galaxies star-

forming gas in the next Chapter using numerical simulations.

5.3.3 [Extreme densities in GS IRS20

GS IRS20 has a low [CII]/PAH ratio which for GOALS galaxies is exclusively
found when G/n > 1 Gy cm? (Diaz-Santos et al., 2017; McKinney et al., 2021a). If the
low photoelectric heating efficiency scenario outlined in Chapter 3 were the cause of
GS IRS20’s low [CII]/PAH ratio reported in Chapter 2, then the expectation for this
galaxy would be a high G/n ratio. Instead, the PDR models favor log G/n [Gg cm?] <
—1 driven predominantly by the large inferred PDR gas density > 10%cm™3. In this

high density regime, the [CII] line is saturated (Goldsmith et al., 2012). This would
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be a simple explanation for its low [CII] relative to both Lig and PHAs, consistent
with the argument put forth by Munoz & Oh (2016) and favored by Rybak et al.
(2019) in support of thermal saturation as the origin of the [CII] deficit at high Lig
and Y. Further observations of [CII], PAHs, and CO(1-0) at z ~ 2 are required to

statistically test this scenario.

5.4 Conclusions
In this Chapter I report on the CO(1-0) line detections and upper limits derived
from a pilot VLA program to measure cold gas diagnostics in Spitzer /IRS galaxies.

The main results are as follows:

1. Tdetect CO(1-0) emission in three galaxies, and derive constraining upper limits
for a further three. The inferred CO(1-0) luminosities are consistent with scaling

relations between CO, PAH emission, and Lig reported in the literature.

2. Using PDR models we measure the average radiation field strength and density
in GS TRS20, which are both unusually high relative to values reported for low-

and high-redshift dusty galaxies in the literature.

3. The high gas density in GS IRS20 favors scenarios in which its low [CII] emission
is the product of line saturation. This mechanism does not require changes in
the photoelectric heating efficiency to yield low [CII]/PAH ratios, but requires
higher spatial resolution observations of the CO emission to confirm in this one

galaxy.

This study demonstrates the feasibility of targeted VLA /Q-band observations of
CO(1-0) in z ~ 2 galaxies, at the peak epoch for galaxy formation where the molecular
gas is more commonly measured using Jypper > 1 CO transitions. Future observations
following up ALMA and JWST sources can be used to gain insight into the physical

gas conditions in high-redshift star-forming galaxies.
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CHAPTER 6

DUST-ENSHROUDED AGN CAN DOMINATE
HOST-GALAXY-SCALE COLD-DUST EMISSION

This chapter is adapted from McKinney et al. (2021b) originally published in the Astro-

physical Journal.

It is widely assumed that long-wavelength infrared (IR) emission from cold dust
(T'" ~ 20 — 40K) is a reliable tracer of star formation even in the presence of a
bright active galactic nucleus (AGN). Based on radiative transfer (RT) models of
clumpy AGN tori, hot dust emission from the torus contributes negligibly to the
galaxy spectral energy distribution (SED) at A > 60 um. However, these models
do not include AGN heating of host-galaxy-scale diffuse dust, which may have far-
IR (FIR) colors comparable to cold diffuse dust heated by stars. To quantify the
contribution of AGN heating to host-galaxy-scale cold dust emission, we perform
dust RT calculations on a simulated galaxy merger both including and excluding
the bright AGN that it hosts. By differencing the SEDs yielded by RT calculations
with and without AGN that are otherwise identical, we quantify the FIR cold dust
emission arising solely from re-processed AGN photons. In extreme cases, AGN-
heated host-galaxy-scale dust can increase galaxy-integrated FIR flux densities by
factors of 2-4; star formation rates calculated from the FIR luminosity assuming no
AGN contribution can overestimate the true value by comparable factors. Because
the FIR colors of such systems are similar to those of purely star-forming galaxies
and redder than torus models, broadband SED decomposition may be insufficient for

disentangling the contributions of stars and heavily dust-enshrouded AGN in the most
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IR-luminous galaxies. We demonstrate how kpc-scale resolved observations can be
used to identify deeply dust-enshrouded AGN with cool FIR colors when spectroscopic

and /or X-ray detection methods are unavailable.

6.1 Introduction

Most of the stellar mass in galaxies was assembled between a redshift of z = 3 to
1 (e.g., Carilli & Walter 2013; Madau & Dickinson 2014); at z = 2, the star-formation
rate density (SFRD) of the Universe peaked, fueled by enhanced gas accretion from
the intergalactic medium (Keres et al., 2005, 2009; Genzel et al., 2008; Tacconi et al.,
2010). Statistical X-ray and infrared (IR) observations of galaxies hosting active
galactic nuclei (AGN) support the coincident mass growth of central supermassive
black holes (SMBHs; Shankar et al. 2009; Aird et al. 2010; Delvecchio et al. 2014) and
possibly SMBH-galaxy co-evolution (e.g., Ferrarese & Merritt 2000; Gebhardt et al.
2000; Kormendy & Ho 2013; Madau & Dickinson 2014). In particular, AGN feedback
may be responsible for quenching star formation (e.g., Springel, 2005; Cicone et al.,
2014) or/and maintaining quenched galaxies by suppressing cooling flows (e.g., Keres
et al., 2005; Croton et al., 2006; Bower et al., 2006). AGN feedback helps cosmological
theories of galaxy evolution match observations — in particular, the number counts of
massive and quenched galaxies at z = 0 (e.g., Bower et al. 2006; Nelson et al. 2018).

Testing this framework against observations, particularly at high redshift, is lim-
ited by the ability to separate the AGN and star-forming components of the spectral
energy distributions (SEDs) of galaxies, as to test the ‘quasar mode’ of AGN feedback,
it is necessary to simultaneously constrain the AGN luminosity and star formation
rate (SFR) at a time when the AGN should be heavily dust-enshrouded (e.g., Di
Matteo et al., 2005; Hopkins et al., 2008). The far-IR (FIR)/sub-millimeter regime
is thus a powerful probe of dust-obscured mass assembly. It has long been known

that dust-enshrouded AGN can dominate the total IR luminosity (e.g., Sanders et al.,
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1988a), but it is typically assumed that AGN contribute negligibly to FIR emission at
wavelengths longer than rest-frame 100 pm, as predicted by torus models (e.g., Fritz
et al., 2006; Nenkova et al., 2008a,b). Consequently, cold dust emission is sometimes
treated as a ‘safe’ SFR tracer even when an AGN dominates the bolometric lumi-
nosity of the galaxy by explicitly converting the FIR luminosity into an SFR value
(e.g., Hatziminaoglou et al., 2010; Kalfountzou et al., 2014; Azadi et al., 2015; Giirkan
et al., 2015; Stacey et al., 2018; Banerji et al., 2018; Wethers et al., 2020).
Alternatively, the full SED may be fit using an SED modeling code that includes
an AGN component (e.g., Ciesla et al., 2015; Chang et al., 2017; Lanzuisi et al., 2017;
Dietrich et al., 2018; Leja et al., 2018; Pouliasis et al., 2020; Ramos Padilla et al.,
2020; Yang et al., 2020). Such SED modeling codes generally assume that AGN
contribute negligibly to cold-dust emission longward of ~ 100 pm, and rely on SED
model libraries generated by performing RT on AGN torus models. The resulting
SEDs include hot dust emission from the torus but not potential AGN-powered cold
dust emission on host-galaxy scales by construction, even though UV /optical pho-
tons emitted by the accretion disk or IR photons from the torus can in principle
heat ISM dust directly and/or by progressive attenuation and re-radiation at longer
wavelengths. That this possibility is realized in some systems is suggested by results
indicating that the host galaxy can be responsible for a non-negligible fraction of the
ing column density in some AGN (Hickox & Alexander 2018 and references therein).
The origin of the far-IR emission in galaxies hosting luminous AGN has been debated
over the past few decades (e.g., Downes & Solomon 1998; Page et al. 2001; Frances-
chini et al. 2003; Ruiz et al. 2007; Kirkpatrick et al. 2012, 2015). Over the years, a
growing body of literature has been making the case for AGN-powered FIR emission
in QSOs (e.g., Sanders et al., 1989; Yun & Scoville, 1998; Nandra & Iwasawa, 2007;
Petric et al., 2015; Schneider et al., 2015; Symeonidis et al., 2016; Symeonidis, 2017;
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Symeonidis & Page, 2018)); however, other works find conflicting results (e.g., Stanley
et al. 2017; Shangguan et al. 2020; DiMascia et al. 2021.

A promising method for decomposing the far-IR, SEDs into AGN and SF com-
ponents directly relies on mid-IR spectroscopy (e.g., Pope et al. 2008). Kirkpatrick
et al. (2012, 2015) use this technique to subtract AGN-heated dust from the SEDs of
a sample of high—z dusty galaxies using mid-IR spectroscopic methods assuming all
of the ~ 80 — 90 K dust emission is attributed to the AGN alone. These authors find
that up to 75% of Lir can be powered by AGN heating of the hot dust in galaxies with
spectroscopic signatures of AGN in the mid-IR. Whether this conclusion extends to
host-galaxy-scale cold dust emission at wavelengths past 100 pm is difficult to test em-
pirically because of sparse wavelength coverage in the rest-frame far-IR /sub-mm and
because dust re-processing erases information about the original energy source. Roe-
buck et al. (2016) applied Kirkpatrick et al.’s method to attempt to recover the AGN
fraction of simulated galaxies, including the one employed in this work. Although
the recovered and true AGN fractions were in qualitative agreement, Roebuck et al.
(2016) found that SED decomposition underestimated the AGN contribution to the
IR luminosity in some cases.

In this work, we build on previous work in which we used hydrodynamical simula-
tions plus radiative transfer (RT) calculations to investigate the effects of galaxy-scale
dust reprocessing of AGN torus emission (Younger et al., 2009; Snyder et al., 2013;
Roebuck et al., 2016). Specifically, we use a hydrodynamical simulation of an equal-
mass galaxy merger post-processed with RT to investigate the possibility that heating
from a luminous AGN embedded within a dusty galaxy can power host-galaxy-scale
cold dust emission at rest-frame wavelengths A > 100 ym. We create initial conditions
for two identical galaxies on a parabolic orbit. The hydrodynamical simulation evolves
the system, including models for star formation, stellar feedback, black hole accretion

and AGN feedback. Then, we perform dust RT calculations in post-processing for

129



various time snapshots to compute spatially resolved UV-mm SEDs of the simulated
galaxy merger. By performing dust RT calculations both including and excluding
the emission from the AGN, we can explicitly identify IR emission powered by the
AGN on both torus and host-galaxy scales. This particular simulation is a mas-
sive, gas-rich, merger designed to be analogous to z ~ 2 — 3 submillimeter galaxies
(SMGs), and it is indeed consistent with many properties of observed SMGs (Hay-
ward et al., 2011, 2012, 2013). We chose this particular simulation because it exhibits
a high SFR, a high AGN luminosity, and high dust ation; such systems are the most
likely candidates for AGN powering host-galaxy scale cold-dust emission. We show
that in this admittedly extreme system, dust-enshrouded AGN can be the dominant
power source of cold-dust emission on host-galaxy scales, with cool FIR colors indis-
tinguishable from those of purely star-forming galaxies. We estimate the potential
bias in observations of galaxy SFRs and discuss implications for SED decomposition.

The remainder of this chapter is organized as follows: in Section 6.2, we discuss
the details of our numerical simulation and RT calculations. Section 6.3 explains how
we extract the AGN-powered dust emission and presents our main results. We discuss
the implications of these calculations for inferred trends in galaxy evolution and some
limitations of this work in Section 6.4. We summarize in Section 6.5. Throughout
this work, we assume a Salpeter IMF and adopt a ACDM cosmology with €2,, = 0.3,
Qp = 0.7, and Hy = 70 km s~ Mpc~L.

6.2 Simulation and Radiative Transfer Details

This work makes use of the results of RT calculations originally presented in Sny-
der et al. (2013). Our re-analysis focuses on the output from a Gadget-2 simulation
(Springel, 2005) of an idealized (non-cosmological) major merger of two identical disk
galaxies. The initial conditions were generated following Springel et al. (2005). The

initial halo and baryonic masses are 9 x 102 My, and 4 x 10'* Mg, respectively. The
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initial black hole mass is 1.4 x 10° M, and the initial gas fraction is 60%. Star forma-
tion and stellar feedback are modeled as described in Springel & Hernquist (2003) and
Springel et al. (2005). Black holes grow via Eddington-limited Bondi-Hoyle accretion.

The RT code SUNRISE (Jonsson, 2006; Jonsson et al., 2010) was used to compute
SEDs for seven viewing angles every 10 Myr throughout the simulation run. The
outputs of the hydrodynamical simulation are used as input for the RT calculations,
i.e., the former is used to specify the 3D distribution of sources of emission (stars and
AGN) and dust. The ages are metallicities of the star particles are used to assign
single-age stellar population SEDs to individual star particles. The metal distribution
determines the dust density distribution; a dust-to-metals ratio of 0.4 was assumed.
For more in-depth discussion of the simulation assumptions, sub-grid models, and
numerical methods, see Snyder et al. (2013) and Hayward et al. (2011).

For each time snapshot of the merger simulation, different RT calculations were
performed; they differ only in how the luminosity of the AGN is computed. The
‘fiducial’ RT runs use the accretion rate from the simulation to compute the AGN
luminosity, assuming 10% radiative efficiency. We use luminosity-dependent AGN
SED templates derived from observations of unreddened QSOs (Hopkins et al., 2007)
as the input SEDs emitted by the AGN particle(s); see Snyder et al. (2013) for details.
In the ‘AGN-off’ runs, the luminosity of the AGN is artificially set to zero (i.e., only
stellar emission is considered in the radiative transfer calculations; note that AGN
feedback is still included because the same hydrodynamical simulation is used as
input, so these runs determine the impact of the AGN emission on the total SED
all else being equal). Finally, in the ‘AGN-10x" RT calculations, the luminosity of
the AGN is artificially boosted by a factor of 10 (equivalent to assuming a radiative
efficiency of 100% or an instantaneous accretion rate ten times the value computed
in the simulation). As in the ‘AGN-off’ runs, the AGN feedback is not altered (the

same hydrodynamical simulations are used) because we wish to isolate the effect of
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the AGN on the SED. In other words, the input of a boosted AGN spectrum into
the RT calculations is the only difference between the AGN-10x and AGN-off results.
Snyder et al. (2013) performed these calculations simply to span a larger range in
the AGN fractional contribution to the bolometric luminosity, but these should not
be considered ‘unphysical’ by any means, as the relatively crude accretion model
employed and the limited resolution of the hydrodynamical simulation may cause the
BH accretion rate to be underestimated (e.g., Hayward et al., 2014; Angles-Alcazar
et al., 2020). The Eddington ratio (Aegg= Laan/Ledq) varies from zero to one in the
fiducial runs and thus spans a range of Acgg= 0 — 10 in the AGN-10x runs. There
is both theoretical (e.g., Begelman, 2002; Jiang et al., 2014) and observational (e.g.,

Kelly & Shen, 2013; Shirakata et al., 2019) evidence for super-Eddington accretion.

6.3 Results

For every snapshot and each of the seven viewing angles, we calculate the SED
of the AGN-powered dust emission, i.e., the dust emission implicit in the input torus
model SED plus the host-galaxy dust emission powered by the AGN (rather than
stars). Our SUNRISE calculations with and without AGN emission are otherwise
identical; therefore, taking the difference between the SEDs with and without AGN
emission yields the SED of all photons of AGN origin, including those reprocessed by
dust. Originally demonstrated in Roebuck et al. (2016) for our fiducial simulation (see
their Fig. 2), this differencing technique is shown in Figure 6.1 for the AGN-10x run
at tpear, the simulation time when the ratio of bolometric AGN luminosity (Lagn) to
bolometric stellar luminosity (Lgr) reaches its maximal value of ~ 10. At this time,
the mass of the BH is 3.2 x 108 My, and it is accreting at a rate of 82 Mg yr—!, while

SFR = 470 M yr~!. The SEDs shown in Fig. 6.1 are the following:
° LiGN,le

— The attenuated+re-radiated SED corresponding to the AGN-10x run,

where the luminosity of the AGN is artifically boosted by a factor of 10.
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Figure 6.1 Rest-frame SED for the AGN-10x model (dashed line) at the time of peak
Lagn/Lsk, where the AGN dominates the bolometric luminosity and the time at
which the AGN contributes maximally to the FIR luminosity during this simulation.
The unnatenuated AGN torus spectrum (LN is shown as a dotted line, and
the unnatenuated stellar spectrum is shown as a solid grey line (Lf\tellar’input). For the
same simulation snapshot, we show the corresponding AGN-off SED shaded in blue.
The effective AGN SED, calculated by taking the difference between the AGN-10x
and AGN-off SEDs, is indicated by the solid line. This corresponds to the primary
torus emission attenuated by dust plus host-galaxy-scale thermal dust emission pow-
ered by the AGN. Due to heavy dust obscuration experienced by the AGN, the AGN
contributes negligibly to the UV-optical SED, but it dominates longward of a few
microns, including the FIR cold dust emission traditionally associated with star for-
mation.

. L/\AGN’ °f _ The attenuated+re-radiated SED corresponding to the RT run where

the luminosity of the AGN is set to zero.

° L?GN’eﬂL The “effective AGN SED” calculated from the difference between

AGN, 1 AGN, off
LyON 1 and LYON©

) , which removes stellar-heated dust emission, leaving be-

hind only AGN photons, including IR photons from the torus that are absorbed

by dust in the ISM re-radiated at progressively longer wavelengths.
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Figure 6.2 Emission maps of the simulated merger at a representative time following
the peak SFR and peak bolometric AGN luminosity (marked by the dashed line
in the top panel). The first (second) column shows maps of the emission at rest-
frame wavelengths 15 ym, 115 pm, and 370 um for the AGN-off (AGN-10x) RT run.
The third column shows difference images between the AGN-10x and AGN-off maps,
i.e., the dust emission powered directly by the AGN. The color scale and stretch is
constant across all panels. For comparison with observations, we blur the images to
100 pc resolution, typical of spatially resolved studies of lensed systems at z ~ 2. In
the far-right column, we further blur each map to the spatial resolution achievable
with JWST /MIRI (top) and ALMA high-frequency observations in extended array
configurations (center, bottom) for a galaxy at z = 2. The JWST/MIRI beam is
shown as a solid black circle, and the ALMA beams as white hatched circles. The
AGN-powered cold dust emission includes both a compact nuclear component and an
extended component spanning a few kpc.
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o LiGN’IOX’iHPUt — The input AGN SED (from Hopkins et al. 2007) in the AGN-10x

run. This SED is integrated from 0.1 — —1000 um to calculate Lag.

o Li\tenar’ Pt _ The unattenuated stellar spectrum, which is the same across all

RT runs. This SED is integrated over 0.1 — —1000 um to determine Lgp.
L?GN’GH peaks at 31 um, corresponding to an effective dust temperature (from Wien’s
law) of 96 K, on the warm end of dust temperatures observed in AGN-host galaxies:
Kirkpatrick et al. (2015) find that the warm dust component, attributed to AGN
heating, is ~ 80 — 90 K for high—z ultra-luminous IR galaxies (ULIRGs; Liz> 1012

Le) with high AGN fractions. In the simulated SEDs, most of the IR emission between

10 and 50 pm comes from re-processed AGN photons, and L/;GN’BH is greater than
LQGN’OH by a factor of 2 2 from 100 — 1000 pm. In this particular (extreme) case,

even the coldest dust is predominantly heated by the AGN.

The top panel of Fig. 6.2 shows the time evolution of the SFR, AGN luminosity,
and fractional contribution of the AGN to the IR luminosity. Near coalescence of
the two galaxies, there is a strong starburst. The SFR then rapidly decays due to
gas consumption (there is no cosmological gas accretion in this idealized simulation)
and AGN feedback. Approximately 50 Myr after the peak SFR, the AGN luminosity
peaks. During this period, both the newly formed stars and AGN are deeply obscured
by dust. The AGN contributes > 30% of the IR luminosity for ~ 0.5 Gyr, starting at
the peak of the starburst. The AGN luminosity then declines, decreasing below 10%
of its peak luminosity ~ 100 Myr later.

The lower part of Fig. 6.2 presents maps of the 5pum, 115 pum and 370 pm dust
emission in the AGN-off (first column) and AGN-10x (second column) runs ~ 150 Myr
after t,eqr, a time at which there is significant dust-obscured star formation but the
dust-enshrouded AGN dominates the luminosity (Lagn/Lgp> 1); this time is marked
by the dashed vertical line in the top panel. Given the short duration of the starburst

and peak in AGN luminosity, most observations of heavily dust-obscured AGN should
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probe this phase (subsequent to the peak SFR and AGN luminosity), so these maps
should be considered ‘representative’. Fig. 6.2 also shows the difference between the
AGN-10x and AGN-off simulations (third column), which captures the spatial extent
of the dust emission powered by the AGN. These maps have been convolved with a
Gaussian with FWHM of 100 pc, representative of spatially resolved studies of lensed
systems at z ~ 2—3 (e.g., Swinbank et al., 2015; Sharda et al., 2018; Canameras et al.,
2017; Massardi et al., 2018). The third column shows that the cold dust emission at
far-IR wavelengths = 100 um powered by the AGN consists of a compact nuclear
component and a lower-surface-brightness extended component on kpc scales, clearly
demonstrating that photons from the AGN heat cold dust throughout the host galaxy.

In the fourth column of Figure 6.2, we show maps of the AGN-powered dust
emission convolved to the spatial resolution that JWST/MIRI (top) and ALMA’s
high-frequency, extended configurations (center, bottom) can achieve for an un-lensed
galaxy at z = 2. With ALMA, the nuclear dust heated by the dust-enshrouded AGN
can be resolved from the extended cold dust. At coarser spatial resolutions, imaging
with JWST /MIRI can test for buried AGN heating host-galaxy dust by comparing
central and extended emission on scales above and below ~ 1 kpc (solid circle), nearly
equal to the half-mass radius of the system of 1.1 kpc. In Figure 6.3, we show the
ratio of the flux within a simulated JWST /MIRI beam placed on the center of a mock
observation to the total flux in the map, for MIRI filters with central wavelengths
between 5 and 25 um. Before the simulated aperture photometry, we first convolve
the maps to the spatial resolution of JWST assuming the galaxy is at z = 2. As
expected, the AGN-10x simulation exhibits more concentrated emission in all MIRI
filters than then AGN-off run because of the strong, nuclear dust-heating source. The
presence of this luminous dust-enshrouded AGN increases the fraction of the total flux
within the central ~kpc relative to the total flux by a factor of ~ 1.5 in most MIRI

filters. IR imaging will be key for identifying such dust-enshrouded AGN because,
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Figure 6.3 The ratio of flux within a simulated JWST /MIRI beam placed on the
center of the galaxy relative to the total flux across the PSF-convolved map, for
various MIRI filters. We show the results of such mock observations for the AGN-10x
(hatched) and AGN-off (solid gray) runs at tp..k, the same snapshot used in Fig.
6.2. The maps have been redshifted to z = 2 and convolved with the wavelength-
dependent PSF of JWST /MIRI. The shaded and hatched regions contain the range
of simulated observations for all seven viewing angles. The presence of a powerful,
dust-enshrouded AGN boosts the fraction of the total flux within the central beam
by a factor of ~ 1.5 between observed wavelengths of ~ 6 — 15 ym. Mid-IR imaging
at JWST’s resolution could be used to identify such dust-enshrouded AGN.

as we shall see below, the cold FIR colors would preclude distinguishing this source
from a compact nuclear starburst based on the broadband FIR SED alone.

Having demonstrated that the AGN can power cold-dust emission on host-galaxy
scales, we now quantify how the AGN affects the IR luminosity in different bands
throughout the simulation. Taking the ratio of Lig in the AGN-on and AGN-off
simulations captures the fractional change in Lig due to dust emission powered by
photons of AGN origin. In Figure 6.4, we plot the ratio of integrated IR luminosities

between the AGN-on and AGN-off simulations in four different wavelength bands
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Figure 6.4 The ratio of the IR luminosity integrated in different bands for RT calcula-
tions with AGN+host galaxy-powered dust emission (‘fiducial’ or ‘AGN 10x’) relative
to those with only host galaxy dust emission (‘AGN off”) vs. the ratio of bolometric
AGN to star formation luminosity. Data from fiducial (AGN 10x) runs are shown as
red squares (black circles). In each panel, we show data for all time snapshots and
viewing angles. When the luminosity of the AGN is ten times that of star formation,
it can boost the total IR (8-1000 pm) luminosity by an order of magnitude and the
far-IR (40-500 pm) luminosity by a factor of ~ 7. The cold-dust FIR luminosity
(100-1000 pm), traditionally assumed to be powered exclusively by star formation,
can be boosted by a factor of three. Therefore, depending on the precise wavelength
range used, the SFR inferred from the IR or far-IR luminosity will overestimate the
true SFR by a factor of 3 — 10.
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Figure 6.5 (Left) Herschel PACS 100pum/70pm vs. 160pm/100pum colors (assuming
z = 2). Cyan and red points correspond to the AGN 10x and fiducial runs, respec-
tively, and the size of each marker is proportional to Lagn/Lsp. For comparison,
we show the colors of empirical templates from Kirkpatrick et al. (2015) (K15) at
facnmr= 0% (diamond), fagnymr= 50% (square), and fagnyr= 100% (triangle).
Magenta and black contours contain 95% and 68% of the distribution in Herschel col-
ors spanned by the (Nenkova et al., 2008a,b) and Fritz et al. (2006) dusty AGN torus
models, respectively. (Right) Herschel SPIRE 350um/250pum vs. 500pum/350pum col-
ors (assuming z = 2) following the same color scheme as the left panel. Blue contours
contain the z ~ 2 AGN-hosting galaxy sample of Hatziminaoglou et al. (2010). Col-
ors from the Kirkpatrick et al. (2015) SEDs are shown as described in the left panel,
and we also include the SPIRE colors of the AGN SED from Symeonidis et al. (2016)
(green triangle). The FIR colors of the simulated galaxies are redder (cooler) than
those of all of the torus models and consistent with those of the observed galaxies,
suggesting the ‘cold” FIR colors of these AGN hosts are not necessarily indicative of
ongoing star formation; instead, the FIR emission may be predominantly powered by

dust-enshrouded AGN.
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versus Lagn/Lgr. The total (far-)IR luminosity from 8 — 1000 gm (40 — 500 pm) is
boosted by a factor of ~ 10 (~ 7) as Lagn/Lsr increases from 1 to ~ 10. The rise
in Lig with Lagn/Lgr is mostly driven by increased warm dust emission at shorter
wavelengths, as shown in the 10 — 30 um panel of Fig. 6.4. However, the integrated
100 — 1000 gm luminosity can be increased by the AGN by as much as a factor of ~ 3,
demonstrating that even the coldest dust emission can be powered by the AGN. This
result is at odds with the notion that cold dust emission at these FIR wavelengths is
predominantly heated by young stars even when an AGN dominates the bolometric
luminosity of the galaxy (e.g., Stanley et al., 2017; Shangguan et al., 2020).

FIR colors are often used to distinguish AGN-powered and stellar-powered dust
emission, as IR-selected galaxies that host AGN tend to have warmer IR colors than
those that do not (e.g., de Grijp et al. 1987; Sanders et al. 1988b; but cf. Younger
et al. 2009). For this reason, we present Herschel FIR color-color plots of the simu-
lation runs in Figure 6.5, while also tracking the ratio of AGN luminosity relative to
the star-formation luminosity (Lagn/Lsr). High Lagn/Lsr tends to result in bluer
colors; however, this is modulated by changes in extinction with time and viewing
angle. Higher levels of extinction (Ay) for fixed Lagn/Lsr yield redder FIR colors.
For comparison with observations, we also show the empirically derived galaxy SED
templates of Kirkpatrick et al. (2015), which span a range in AGN contribution to
the mid-IR emission, as well as the z ~ 2 Type 1 and Type 2 AGN sample of Hatz-
iminaoglou et al. (2010). The simulated galaxies have FIR colors on the Wien side of
the dust distribution (PACS photometry, Fig. 6.5, left) consistent with the observed
galaxies. The SPIRE colors (Fig. 6.5, bottom), which trace the dust peak, of the
simulated galaxies are somewhat bluer (warmer) than those of the majority of the
observed galaxies by a factor of ~ 2 — 3 when Lagn/Lsr > 1, but they are redder
(colder) than those of any of the torus models in these two widely used torus SED

libraries because the torus models do not include galaxy-scale cold dust emission.
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Table 6.1. Maximal boosting of host-galaxy FIR dust emission by a
dust-enshrouded AGN at selected wavelengths, and for integrated IR luminosities.

Aobs z2=0 z=1 z=2 2=3
70 um 3.8 10.8 30.9 474
100 um 2.9 5.8 11.9 25.0
160 um 2.4 3.4 5.2 8.5
250 pum 2.2 2.6 3.3 4.3
350 um 2.3 2.3 2.7 3.2
500 pm 2.6 2.2 2.4 2.6

Fiducial AGN-10x

Lix(8 — 1000pm) 2.5 14.4
Lpir (40 — 500m) 2.0 7.2
L(10 — 30um) 6.7 142.7
L(100 — 1000gm) 1.5 3.2

Note. — Maximal boosting as a function of A, is de-
rived from the redshifted AGN-10x SED considering all
timestamps and viewing angles. Generally, these maxi-
mum values occur around the most extreme snapshot in
our simulations, where Lagn/Lsr> 10, and should be
interpreted as the maximum possible correction an IR
SFR would require to accurately recover the true dust-
enshrouded SFR under such admittedly extreme condi-
tions.

These results suggest that the cool FIR colors of the observed AGN hosts are not
necessarily evidence that their FIR cold-dust emission is powered by ongoing star for-
mation; rather, the AGN itself may be the dominant power source for the cold-dust

emission.

6.4 Discussion
6.4.1 Implications

Our simulations suggest that in extreme cases, AGN may dominate the FIR lumi-
nosity of a galaxy at all wavelengths. The central AGN in our simulations heats dust

at radii greater than the half-mass radius of the system at times following merger
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coalescence. Moreover, our simulations span a similar parameter space in FIR col-
ors compared to observations but are redder than all dusty torus models from the
CLUMPY (Nenkova et al., 2008a,b) and Fritz et al. (2006) AGN torus SED libraries,
instead exhibiting colors that could be interpreted to indicate pure star formation.
Consequently, without robust exclusion of a central deeply dust-enshrouded AGN,
even cold-dust emission at > 100 um may may be ‘contaminated’ by AGN-powered
dust emission and thus not yield accurate SFRs.

Although the current consensus is that star formation dominates cold-dust emis-
sion at A > 100 um (see Section 6.1), some empirical studies have suggested that
AGN play an importnat role in powering dust emission even at these wavelengths
(e.g., Sanders & Mirabel, 1996). For example, Symeonidis et al. (2016), Symeonidis
(2017) and Symeonidis & Page (2018) show that optical through sub-mm emission in
2z < 0.18 QSOs and z ~ 1 — 2 extremely luminous IR galaxies can be dominated by
AGN-heated dust out to kpc scales in the host galaxy. To fit a library of empirically-
derived IR AGN SEDs, Kirkpatrick et al. (2012) and Kirkpatrick et al. (2015) require
an ~ 80 — 90 K dust component, which they attribute to AGN heating of the dust.
Given that the amount of obscuration in luminous quasars correlates with cold dust
emission (e.g., Page et al., 2004, 2011; Chen et al., 2015), far-IR fluxes contaminated
by buried AGN may be a systematic source of uncertainty when measuring star for-
mation rates in galaxies lacking an AGN classification. As we show in Table 6.1, Lig
and Lpr can be boosted by factors of ~ 10 and ~ 7 respectively by AGN-powered
cold dust emission. This could lead to overestimates of IR SFRs by a factor of ~ 2—3
on average for the most extreme cases of AGN-heated dust at z < 3 in galaxies with
high Aegq and Lagn/Lsp> 1.

For the reasons mentioned above, indicators of dust-obscured AGN activity are
especially important when attempting to measure co-eval stellar and SMBH mass

assembly. X-ray observations can identify Compton-thick QSOs in dusty galaxies
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Figure 6.6 The total (dotted black line) and effective AGN (solid black line) SEDs
already shown in Figure 6.1, but now compared against the dusty AGN torus models
from Fritz et al. (2006). We fit the entire model library to the AGN 10x spectrum
between 5—13 pum and show the domain of the top 100 best-fitting models as a shaded
grey region. The torus model can reproduce our effective AGN SED’s mid-IR dust
emission from ~ 2 — 10 pm but drastically underestimates the FIR emission powered
by the AGN. Thus, inferring the AGN contribution to the FIR using standard torus
models would result in overestimating the SFR.
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out to high redshifts (e.g., Brandt & Alexander 2015 and references therein). For
example, using Chandra observations, Vito et al. (2020) discovered highly obscured
AGN residing within two dusty, star-forming galaxies resident in a z ~ 4 proto-
cluster, one of which is a Compton-thick QSO that has a luminosity comparable to
the most-luminous QSOs known. The results presented in the present work suggest
that these obscured AGN may power an appreciable fraction of the cold-dust emis-
sion from these galaxies. This example demonstrates the need for X-ray follow-up of
systems purportedly harboring high levels of obscured star-formation. Alternatively,
spectroscopic methods in the mid-IR (~ 3 — 30 pm) may be used to discriminate be-
tween dust-enshrouded AGN and star-formation using high excitation emission lines
(Spinoglio & Malkan, 1992) or polycyclic aromatic hydrocarbon (PAH) features +
mid-IR continuum decomposition (e.g., Pope et al. 2008; Kirkpatrick et al. 2015).
Presently, mid-IR spectroscopic techniques are the most sensitive method for identi-
fying dust-enshrouded AGN at all levels of AGN strength relative to the luminosity
of the host galaxy (Hickox & Alexander, 2018). Using, amongst other simulations,
the fiducial run discussed in this work, Roebuck et al. (2016) find the fraction of
8 — 1000 gm luminosity attributed to AGN (the IR AGN fraction) to be a good pre-
dictor of the bolometric AGN fraction at times up to coalescence and at Ay > 1. For
such dust-obscured AGN phases, quantifying the AGN fraction using mid-IR data
may enable subtracting host-galaxy AGN-heated dust emission to derive accurate
SFRs for AGN hosts (e.g., Kirkpatrick et al. 2017).

Spectroscopic methods and spatially resolved data for more galaxies will improve
our understanding of obscured mass assembly; however, a revision of SED-fitting tech-
niques is necessary to fully leverage the power of future observatories. In particular,
our results suggest that in highly dust-obscured galaxies, the host-galaxy-scale dust
emission cannot be considered decoupled from emission from the AGN, as is done in

community-standard SED fitting codes. As we show in Figure 6.6, simpler IR, SED
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decomposition methods also suffer from the lack of AGN-heated cold dust, as it is
common to subtract an AGN torus model from the FIR SED of a galaxy and assume
the residual power arises from star formation alone. If we make this assumption for
our simulation and subtract the best-fitting Fritz et al. (2006) AGN torus model from
the total SED, then the residual IR emission would overestimate the true SFR by a
factor of ~ 7 in the extreme case where Lagn/Lsr is maximal. SED fits which include
an AGN may also need to consider an associated FIR cold-dust component that does

not contribute to the inferred SFR.

6.4.2 Limitations of this work

We have presented a ‘case study’ of a single galaxy merger simulation. As empha-
sized above, the simulation is representative of z ~ 2—3 massive, rapidly star-forming,
highly dust-obscured galaxies (SMGs), and we thus expect our results to only apply
to the bright end of the IR luminosity function. It would be valuable to repeat our
analysis using simulations that span a much broader range of properties and redshifts.
Moreover, our results may be sensitive to the structure of the simulated galaxy’s ISM,
which can be affected by both the mass and spatial resolution of the simulation and
the sub-grid models used. For this reason, it would be worthwhile to repeat this anal-
ysis on simulations with much higher resolution and more sophisticated treatments
of star formation, BH accretion, and stellar and AGN feedback (e.g., Angles-Alcazar
et al., 2020).

6.5 Summary and Conclusions
We have analyzed synthetic SEDs of a hydrodynamical galaxy merger simulation
generated via dust RT calculations to investigate the influence of dust-enshrouded

AGN on host-galaxy-scale cold dust emission. Our main conclusions are as follows:
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1. Heavily dust-enshrouded AGN can power significant cold-dust FIR emission
on host-galaxy (kpc) scales; in this particular simulation, the AGN can boost
the total IR luminosity by an order of magnitude and the FIR (100-1000 pm)
luminosity by a factor of 3 (i.e., the AGN can be the primary heating source of
cold dust).

2. Our simulations have FIR colors probing the Wien side of the dust emission
consistent with those of z ~ 2 dusty galaxies, including AGN hosts and ‘purely
star-forming’ galaxies. The FIR colors of our simulations tracing the dust peak
are somewhat warmer than observed galaxies when Lygn/Lgr is high. However,
in both regimes, the FIR colors of the AGN-powered dust emission are redder

than those of any of the widely used AGN torus SED models that we considered.

3. Our results have important consequences for IR~ and (sub)mm-selected galaxies,
which are more likely to feature significant host-galaxy obscuration of AGN they
host than are less-dust-obscured galaxies. For such systems, if a deeply dust-
enshrouded AGN is present, the FIR emission may be powered by both young
stars and the AGN. Applying standard torus models, which do not include host-
galaxy-scale AGN-powered cold-dust emission, to decompose the SED may thus

result in overestimating the SFR and underestimating the AGN fraction.

This work should be considered a ‘case study’ that demonstrates the need for
caution when interpreting the FIR SEDs of galaxies that may host dust-enshrouded
AGN. Spatially resolved observations (from, e.g., ALMA and JWST) and additional
AGN diagnostics should be sought to confirm whether a dust-enshrouded AGN is
present when studying such systems. Moreover, there is a need to develop AGN SED
models that account for dust obscuration and emission from both the clumpy torus

and the host galaxy rather than treating the AGN and its host as decoupled.
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CHAPTER 7
SUMMARY AND FUTURE OUTLOOK

7.1 Summary of Dissertation
For most of cosmic time stars predominantly formed within luminous, dust-obscured

and TR-bright galaxies (LIRGs). This thesis focuses on characterizing star-formation
and the gas and dust conditions in LIRGs to better understand why LIRGs in the
past have high star-formation rates. Within my thesis research, I have shown that the
properties of star-formation in LIRGs depend strongly on their IR size. Compact star-
formation exhibits distinct gas conditions from those found in lower star-formation
rate surface density galaxies. At high IR surface densities in z ~ 0 LIRGs, changes
in the dust grain size distribution drive low gas heating efficiencies (Ch. 3, McK-
inney et al. 2021a). These extreme conditions manifest in some z = 1 — 3 LIRGs
which exhibit the low FIR line-to-PAH ratios observed locally (Ch. 2, Ch. 5, McK-
inney et al. 2020). At all redshifts, compact LIRGs form their stars more efficiently
(Ch. 4), lending credence to paradigms in which the star-formation efficiency evolves
over cosmic time with the size evolution of galaxies as an important component in
the star-formation rate density. As stars form, the growth of heavily dust-obscured
supermassive black holes can regulate the ISM state of their host-galaxies (Ch. 6,
McKinney et al. 2021b), which may also play a significant role in the regulation of
star-formation rates in the past when accretion rates were high. IR spectroscopy and
resolved continuum observations combined with state-of-the-art simulations consti-
tute a promising path for the continued study of dust-obscured mass assembly at all

redshifts, wherein there lies a rich future for astrophysical research.
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7.2 Future Work

The work presented in this dissertation has motivated a number of follow-up tele-
scope programs I intend to explore. Recently, my program to expand the sample of
z ~ 1 —3 LIRGs with [CII] detections was accepted for observations during ALMA’s
Cycle 9 call (PI: J. McKinney, PID:2022.1.00101.S). This will provide statistical con-
straint on the [CII]/PAH ratio at cosmic noon by meauring [CII] in 13 galaxies with
existing Spitzer spectra, effectively tripling the number of galaxies detected in both
tracers between z ~ 1 — 3. For the first time, the principle cold gas cooling and heat-
ing mechanisms can be measured together at the peak epoch for galaxy formation
with enough statistical weight to test for redshift evolution. Moreover, the program
is designed to spatially resolve both [CII] and cold dust continuum emission, which I
will use to constrain IR surface densities and the [CII] extent following Ch. 4. This
will provide a much-needed census of [CII] emission in dusty galaxies at z ~ 2, and
bridge the gap between local (e.g., GOALS, KINGFISH) and z > 4 [CII] surveys
(ALPINE, Le Fevre et al. 2019).

I have been making steady progress following up z ~ 1 — 3 Spitzer targets with
the VLA in CO(1-0) to anchor heating and cooling diagnostics to the cold molecu-
lar gas content (PI: J. McKinney, PIDs: VLA/19B-254,VLA/21A-036). This is an
important step for future spatially resolved studies of CO(1-0) to test Schmidt-like
star-formation laws against dust grain heating physics combining the resolution of
JWST /MIRI's IFU with radio interferomtery. As demonstrated in Chapter 5, the
CO(1-0) observations enable detailed PDR modeling in addition to constraining the
total molecular gas content. Spatially resolving these diagnostics can be used to study
where in a galaxy ISM conditions may power efficient star-formation.

The mid-infrared instrument (MIRI) on JWST has already taken exquisite mid-IR
spectra of nearby galaxies as shown in Figure 7.1, the likes of which will dramati-

cally improve our understanding of dust and its life-cycle in the interstellar medium.
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However, similar studies cannot be done for a statistical sample at z > 0 because
overheads to measure PAHs with MIRI Medium Resolution Spectroscopy (MRS) are
prohibitive. A promising path forwards is to measure the 3.3 um PAH with the Low
Resolution Spectrometer (LRS) on MIRI, a slit spectrometer with superiors sensitiv-
ity than the MRS/IFU for unresolved sources. I submitted a highly ranked Cycle 1
proposal to execute such a program for 60 z ~ 0.5 — 3 LIRGs which I will re-submit
during the impending Cycle 2 call. This spectroscopic program would measure the
3.3 pm PAH line and 3.05 um H,O water ice absorption feature in Spitzer/IRS tar-
gets between z ~ 1.5 — 3. This unique combination of data constrains fundamental
parameters of dust in the ISM including the PAH grain size distribution, charge, and
water ice content (Caselli & Ceccarelli, 2012; Maragkoudakis et al., 2020). Indeed,
the redshift-independence of dust properties is an underlying assumption made when
deriving most galaxy properties; however, this remains essentially untested.

A number of Cycle 1 JWST GO and GTO programs are designed for deep, high-
resolution near-IR (0.04—0.”16) and mid-IR (0.25—0.”6) imaging. Notably, PRIMER!
(Dunlop et al., 2021) and COSMOS-Web? (Casey et al., 2022) will map extragalactic
legacy fields with NIRCam and MIRI, expecting to detect > 10° new galaxies out to
z 2 12 that can be followed up with ALMA and the VLA. By selecting subsets of
galaxies from these larger surveys on the basis of sizes, I will test the link between
star-formation, ISM conditions and overall compactness up to the earliest cosmic
epochs to better understand the origins of high star-formation rates at the peak of
the star-formation rate density and beyond. COSMOS-Web in particular will cover
the largest contiguous area for an extragalactic field, and is well-suited to detecting
the rare, massive and possibly dusty galaxies at z > 6 — 8. During my upcoming

post-doc position at UT Austin, I will work directly with COSMOS-Web to mea-

'https://wuw.stsci.edu/jwst/phase2-public/1837.pdf

’https://www.stsci.edu/jwst/phase2-public/1727.pdf
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sure the number counts of such sources, and characterize their ISM conditions with
spectroscopic/sub-mm follow-up to study the history and conditions of rapid mass
assembly necessary to produce the quiescent population in place at z ~ 5 (e.g., Merlin
et al., 2019), only ~ 1.2 Gyr after the Big Bang.

Advances in numerical simulations offer an excellent way to study the conse-
quences of varied physical schemes of star-formation and dust heating physics. Fig-
ure 7.2 shows the current state of zoom-in simulations, which can resolve the ISM
on scales of ~ 10pc. This resolution is critical for accurately generating synthetic
observations of far-IR fine-structure lines originating from PDRs, which can be ap-
plied following the methedology developed in Ch. 6 (McKinney et al., 2021b) to test
how AGN power IR spectral line emission in detail. Stochastic feeding of the central
AGN may produce radial gradients in the warm vs. cold dust emission that can be
used to infer times since prior accretion events in observations, and/or the fraction
of IR emission powered by an AGN. I will test such scenarios by combining simula-
tions with IR radiative transfer codes (RADMC-3D, Dullemond et al. 2012) coupled to
non-equilibrium chemistry solvers (CHIMES, Richings et al. 2021) to more accurately
simulate the IR emission of dusty star-forming galaxies. This will be particularly rel-
evant for extending the [C1I] analysis in my upcoming ALMA survey to galaxies that
also host AGN, as [CII] emission could also be powered by reprocessed AGN photons.
Accounting for such effects is crucial as far-IR lines become workhorse diagnostics for
measuring the cold gas conditions at z > 7 (e.g., Hashimoto et al., 2019; Uzgil et al.,

2021; Wong et al., 2022; Valentino et al., 2022).

7.3 Outlook for the next decade and beyond
A critical limit on the study of gas and dust in the ISM are the extant tele-
scope facilities with IR capabilities. Mid-IR spectroscopy only recently reopened for

extragalactic observations with MIRI on JWST, which will build upon the legacy
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Figure 7.1 JWST observations of NGC7469, a star-forming galaxy in the GOALS
sample that hosts a bright AGN. Data from the Cycle 1 ERS Program A JWST Study
of the Starburst-AGN Connection in Merging LIRGs (PI: L. Armus, ID#1328). (Left)
JWST /NIRCam F150W image with contour overlays extracted from the MIRI/MRS
IFU. (Right) JWST /MRS spectrum of a star-forming clump within the nuclear star-
forming ring of NGC7469 showing bright PAH emission lines (Lai et al., 2022). Data
provided via private communication courtesy of T. Lai, V. U, and L. Armus.

Figure 7.2 Snapshots from state-of-the art simulations that resolve the ISM over six
orders of magnitude in spatial scale and gas mass surface density. Synthetic con-
tinuum and spectral line maps from such high-resolution simulations can be used to
constrain observations and make predictions for different heating and cooling scenar-
ios. Figure from Anglés-Alcdzar et al. (2021).

of Spitzer’s cryogenic mission. JWST/NIRCam+MIRI imaging can constrain the
near through mid-IR sizes of galaxies up to high—z, which can be used in conjunc-
tion with interferometric follow-up to statistically link the IR sizes of galaxies and

star-formation properties. ToLTEC recently saw first light on the Large Millimeter

Telescope (LMT) and will measure extragalctic dust masses at unprecedented speeds
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in large photometric surveys that will be made public to the community over the next
few years of operations. The next-generation VLA (ngVLA) aims to begin science
operations in 2035 and will increase both spatial resolution and sensitivities of the
VLA by an order of magnitude. This profound increase in capabilities will enable the
high—z study of radio lines like CO at higher statistics and in more detail. ALMA
is in the process of upgrading the baseline width of receiver bands enabling efficient
redshift searches and quicker integration times on continuum maps with similar im-
plications for the study of far-IR fine-structure lines like [CII] and [O]] in the early
Universe.

With SOFTA being defunded following the report of the National Academies (Na-
tional Academies of Sciences, Engineering, and Medicine, 2021), ALMA is now the
only facility with spectroscopic capabilities in the far-IR. Given ALMA’s relatively
small field-of-view compounded with < 50% — 70% atmospheric transmission at the
frequencies needed to measure key FIR lines at z ~ 1 — 3, a space telescope with far-
IR capabilities is required to statistically revolutionize our understanding of cold gas
and dust for most of cosmic time. Figure 7.3 highlights the motivation for such a tele-
scope mission, based in-part on the IR astronomy community response to NASA’s
new probe-class $1 Billion mission category. As demonstrated in Figure 7.3 Left,
ALMA cannot access key far-IR lines below z ~ 1 and does not have the field-of-view
or sensitivity to statistically match number counts of far-IR line-detected samples
at z ~ 0 (e.g., Kennicutt et al., 2011; Diaz-Santos et al., 2013) or z > 4 (e.g., Le
Fevre et al., 2019). Figure 7.3 (Right) shows the potential survey capabilities of a
cryogenically cooled far-IR space telescope with a realistic baseline sensitivity esti-
mate based on the PRIMA concept mission (Bradford et al., 2022). If such far-IR
capabilities were to be realized, spectral lines like [CII] and [O 1] could be measured
in Lig-complete surveys of galaxies up to cosmic noon with unprecedented sample

statistics, yielding the equivalent of four GOALS samples spread between z ~ 0—1.5.
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These capabilities would be transformative for the extragalactic community, and I

look forward to supporting their implementation.
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Figure 7.3 (Left) Predicted far-IR fine-structure line fluxes as a function of redshift for
a galaxy with log Lig /Lo = 11. Discontinuities for each line indicate gaps in spectral
coverage between the ALMA bands. At redshifts below z ~ 0.5 — 1, various IR
facilities including Herschel and SOFIA have measured lines like [CII] in hundreds
of galaxies (e.g., Kennicutt et al., 2011; Diaz-Santos et al., 2013). ALMA has now
detected [CII] in over 100 hundred galaxies at z > 4 (e.g., Le Févre et al., 2019;
Aravena et al., 2020; Fudamoto et al., 2022), but only 10 galaxies between z ~ 1 —3
(Zanella et al., 2018; McKinney et al., 2020). (Right) Histogram of the number
of galaxies in Lig-2z space detected in a blind spectral line survey given the design
specifications of a potential probe-class IR space telescope. Surveying an area of 0.1
deg? to a 50 depth of 1.5 x 1071 Wm~2 would detect FIR lines in the equivalent of
four GOALS samples out the z ~ 1.

7.4 Concluding Remarks

Now is an exciting time in extragalctic astrophysics. NASA recently released the
first images from JWST, featuring incredible structures from massive clusters lens-
ing background galaxies to complex dust emission in nearby mergers. The National
Academies published a sweeping census of the field, highlighting major open questions
to be answered in the next decade and outlining significant revisions to our commu-
nity culture (National Academies of Sciences, Engineering, and Medicine, 2021). As
both frontiers open for future study, I am thankful for having the opportunity to play

one small role in unveiling the dusty Universe.
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APPENDIX A
PAH-DERIVED REDSHIFTS AND LUMINOSITIES

In this section, we describe our method for measuring the PAH redshifts and lumi-
nosities that employs MCMC to fully capture the uncertainties. Spitzer IRS mid-IR
spectra are shown in Figure 2.2, which we use to calculate the redshift probability
distribution function p(z) and PAH line luminosities for galaxies in our sample. Rest
frame mid-IR wavelengths are host to a diverse range of spectral features from rota-
tional lines of molecular hydrogen to bending and stretching modes of PAH molecules.
In the low SNR regime characteristic of high-redshift observations, only the bright-
est PAH features remain distinctly observable. These features are intrinsically broad

with intensities I\ well-fit by Lorentzian (Drude) profiles:

Y (M A = A /A2 +92)

where following the convention of Smith et al. (2007), r specifies a given PAH complex
with central wavelength )\, fractional full width at half maximum (FWHM) ~, and
central intensity b,. Lorentzian profiles are the theoretical spectrum for a classical
damped harmonic oscillator, and carry more power in their extended wings compared
to a Gaussian. As a result, individual line emission is difficult to separate from
adjacent PAH features, as well as any underlying stellar and dust continuum (see
Smith et al. 2007 for examples at low-redshift).

Owing to the number of blended line profiles between 5 — 15um, PAH flux densi-

ties in this wavelength domain are sensitive to the measurement technique (see Smith
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et al. 2007 for a thorough analysis). In particular, how the continuum around each
PAH feature is estimated can lead to variations in measured line fluxes and equivalent
widths by up to a factor of four (Sajina et al., 2007; Smith et al., 2007; Pope et al.,
2008). For this reason, we focus our analysis on the 6.2 um and 11.3 um PAH lumi-
nosities, as these features are comparatively isolated from adjacent lines and trace
the total PAH luminosity (Lpag) with low scatter in local and high-z star-forming
galaxies (Smith et al., 2007; Pope et al., 2008).

Inferring a redshift from PAH features at low SNR and low spectral resolution
(R~ 100) is complicated by the many broad and blended PAH lines. Prior to
our ALMA observations, redshifts were determined via the spectral decomposition
model of Kirkpatrick et al. (2015) which fits mid-IR spectra with an AGN power-law
component, a fixed star-forming galaxy PAH template, and dust extinction. This
model works well for separating AGN and star formation components (i.e., calculat-
ing faenMmir, Table 2.1), but does not always reproduce observed PAH intensities
as demonstrated in Figure A.1 (Left). Peak emission at line center places the most
constraint on a galaxy’s systemic redshift. Therefore, we adopt a simpler model of
Lorentzian profiles plus a power-law continuum to fit only the 6.2um and 11.3pum
PAH complexes. Using this technique, we leverage the relatively isolated lines to

measure the target’s redshift. In the rest-frame, our model is
I, = NyA%e ™t Y IO (b, A,y )e 0! (A.2)

where N is the power-law scale factor and «a is the mid-IR spectral index. We
assume a wavelength-dependent Milky Way dust attenuation law for the optical depth
parameter 7,,; (Weingartner & Draine, 2001). This assumption has minimal to no
impact on our results given that the primary purpose of the power-law component is

to approximate continuum emission in the vicinity of each PAH feature. The second
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Figure A.1 The importance of model selection in estimating redshifts from PAH spec-
tra. (Left): GS IRS61’s Spitzer IRS spectrum. Over-plotted in green is our best fit
Lorentzian model to the 6.2um and 11.3um PAH complexes. Shown in red is the
AGN-SFG decomposition model of Kirkpatrick et al. (2015), which we re-fit to GS
IRS61’s spectrum using the same MCMC package as was used in fitting the other
model. Regions included in the fit are shown with a solid line, whereas dashed
lines indicate wavelengths masked from each model. (Right): Bottom panels show
GS TRS61’s ALMA Band 9 spectrum, separated into regions of contiguous baseband
coverage. Dotted black lines correspond to £1o. Upper panels show p(v|z), the prob-
ability of [C1I] being redshift to each observed frequency, for different fitting methods.
Red and green lines correspond to the MCMC-derived redshift posteriors from fits
in the Left panel. The blue line shows a Gaussian approximation of p(v|z) from y?
minimization fits with the AGN-SFG decomposition model, originally used to plan
the observations. From the green curve, we calculate the probability of having the
[CII] line fall in the ALMA bandpass to be 0.93 in GS IRS61.

term in Equation A.2 sums over the various PAH complexes included in the fit, each
described by a Lorentzian profile (Eq. A.1).

To fit for b, and z, we fix the central wavelengths of the 6.2um and 11.3um PAH
features (A,) and =, to their values derived in Smith et al. (2007). This implicitly
assumes comparable dust grain properties between high-z (U)LIRGs and the inner
kpc regions of galaxies from the Spitzer Infrared Nearby Galaxies Survey (SINGS;
Kennicutt et al. 2003) used to calibrate the PAH free-parameters. Many such fea-
tures observed in low-z star-forming galaxies are also seen in high-z dusty systems,
suggesting that the grain properties responsible for the intrinsically brightest PAH

complexes (e.g., 6.2um, 7.7pum, 8.6pm, 11.3um) do not change between z ~ 2 and to-
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day (Pope et al., 2013; Kirkpatrick et al., 2015). Although the 6.2 um peak can shift
by A\, ~ 0.1 um from target to target in the Milky Way, these variations are related
to the illumination source and relatively stable for both individual and averaged H 2
regions and PDRs in the Milky Way which are expected to dominate mid-IR emission
in star forming galaxies (Section 2.2.2 of Tielens 2008, van Diedenhoven et al. 2004).

We fit our model (Eq. A.2) to each IRS spectrum using the Markov Chain Monte
Carlo (MCMC) code emcee, an open-sourced package designed to minimize the num-
ber of tunable parameters embedded in a Markov Chain algorithm (Foreman-Mackey
et al., 2013). We assume uniform priors on N, «, 7,1, 2 and b,, and restrict the fit
to spectral domains around the 6.2um and 11.3um PAH features (see cyan horizontal
lines in Figure 2.2). The 6.2um and 11.3um features are unambiguous and readily
identified by the code without confusion.

Once the fits have been run, we marginalize over all free parameters and extract
from each MCMC chain a redshift posterior probability distribution function p(z).
We quote the redshift that maximizes the likelihood function as z;rg, and adopt
uncertainties from the minimum and maximum redshifts within the 68th percentile
of p(z). Next, we use the local continuum around the 6.2 pm and 11.3 pm line to
estimate Lg 2,m and Li; 3,m, following measurement methods used in the literature for
direct comparison with published values (e.g., Uchida et al. 2000; Peeters et al. 2002;
Pope et al. 2008, 2013). Error bars on Lgoum and Lij 3,m are derived using Monte
Carlo analysis, whereby the observed spectrum is perturbed by pixel noise prior to
re-calculating the line-flux and PAH feature luminosity. This process is repeated 1000
times, after which we quote the standard deviation of all iterations as the 1o error.
Final measurements and errors of 2;rs, Lg.2um, and Lij 3,m are provided in Table 2.1.
We note that silicate absorption at 9.7 um can potentially impact the 11.3 ym PAH
feature shape and luminosity. There is little evidence for strong silicate absorption in

the spectral decomposition shown in Fig. 2.2; however, the low SNR data is consistent
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with optical depths of the 9.7 um feature 797 =~ 0 — 2. At this opacity, the 11.3 um
PAH feature strength is decreased by a factor of 1.4 at most (Smith et al., 2007),

which is within the uncertainty of our measurements of Li; 3,m.
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APPENDIX B

CALCULATING THE PROBABILITY OF OBSERVING
LINES FROM TOTAL BANDPASS COVERAGE

In this section, we consider the uncertainties on the redshifts coupled with limited
bandpass windows to calculate probabilities of observing [CII] or any generalized
line. This analysis is crucial before one can measure upper limits on [CII] from ALMA
data containing frequency gaps in baseband coverage. In designing the ALMA Cycle 5
observations, redshifts were determined for each source by fitting a single star-forming
PAH template to each galaxy. As demonstrated by Figure A.1 (Left), this method
insufficiently matches the brightest PAH emission compared to a Lorentzian profile
technique. While both fitting approaches estimate a redshift within +10 of each other
corresponding to Az = 0.014 on average, differences on the order of Az ~ 0.01 can
shift the [CII] line in or out of the ALMA spectral windows at the highest frequencies.
For this reason, our observations may have missed [CII] in some galaxies.

To quantify p(I|]ALMA, Az), we take redshift posterior probability distributions
from our MCMC fits to the IRS spectra (Section 3.1, Fig. 2.2) and from these, com-
pute p(vjcm|2): the probability [CII] would be redshifted to a given frequency. Next,
we integrate p(vjciy|2) first over all frequencies, and then over the frequency domain
covered by our bandpass tunings which is typically ~ 10 GHz between 632 — 687 GHz
not counting gaps between individual spectral windows. Thus, we quantitatively

derive p(I|]ALMA, Az) according to the following prescription:

4 Sty P(icng|2)dv

72 p(viom|2)dv

p(I|]ALMA, Az) = (B.1)
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where the summation treats each ALMA spectral window independently and avoids
gaps in wavelength coverage. Figure A.1 (Right) graphically demonstrates this tech-
nique for GS IRS61, the only galaxy in our observations where p(I[|]ALMA, Az) > 90%.
Estimates of p({|[ALMA, Az) for all other targets are given in Table 2.2.

Additional redshift constraint from rest-frame optical spectroscopy can be used
to improve the estimate of p(/|/ALMA, Az). In principle, we would multiply optical
redshift posteriors with our MCMC-derived p(z) and integrate the product. We
checked for optical spectroscopic redshifts by matching to catalogs from 3D-HST
grism (Momcheva et al., 2016), VLT/FORS-2 (Vanzella et al., 2008), VANDELS
(McLure et al., 2017), MUSE GTO surveys, and ALESS (Danielson et al., 2017).
GS IRS50 and GS TRS58 have grism spectroscopic redshifts consistent with zpag
but with higher uncertainty. GS IRS20 and GS IRS61 have C-grade VLT /FORS-2
spectra, and grism redshifts completely inconsistent with the PAH features in both
galaxies by Az = 0.2 — 0.3, greater than 10 times the uncertainty on their PAH-
derived redshifts. GS IRS46 and GS IRS52 do not have optical spectra. In summary,
no significantly accurate optical spectroscopic redshifts (Az < 0.01) consistent with

zpan were found that changed our results using only PAH fits.
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