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Gas and dust in the interstellar medium (ISM) cools and condenses, gravitationally col-

lapses, and forms stars. At the same time, stars can heat and ionize their surroundings, influencing

the physical conditions of the nearby ISM. In this thesis, I take a multi-wavelength, spectroscopic

approach to investigate the physical conditions of the multi-phase ISM in nearby galaxies.

The [CII] fine-structure transition at 158 µm is frequently the brightest far-infrared line in

galaxies and can trace the ionized, atomic, and molecular phases of the ISM. I present velocity-

resolved [CII] observations from SOFIA in the nearby galaxies M101 and NGC 6946 and de-

termine that [CII] emission is associated with the atomic and molecular gas about equally, with

little contribution from the ionized gas. Using the [CII] cooling function, I calculate the thermal

pressure of the cold neutral medium and find that the high star formation rates in our sample can

drive large thermal pressures, consistent with predictions from analytical theory.



Next, I investigate the properties of the ionized gas around one of the hottest and most

luminous Wolf-Rayet (WR) stars in the Small Magellanic Cloud. I use spatially resolved mid-

infrared Spitzer and far-infrared Herschel spectroscopy to establish the physical conditions of

the ionized gas. Using the photoionization code Cloudy, I construct models with a range of

constant densities between nH = 4 � 12 cm�3 and a stellar wind-blown cavity of 15 pc that

reproduce the intensity and spatial distribution of most ionized gas emission lines. The higher

ionization lines cannot be produced by the models� however, I show that wind-driven shocks or

a harder ionizing WR spectrum can explain their intensities.

Lastly, I explore the properties of molecular clouds in a large (170 � 350 pc) map of an

active star-forming region in the Large Magellanic Cloud. Using 12CO(2� 1) and 13CO(2� 1)

observations from the ALMA ACA, I decompose the emission into individual cloud structures

and determine their sizes, linewidths, mass surface densities, and virial parameters. Almost all

of the clouds are gravitationally bound or marginally bound and share size-linewidth relations to

molecular clouds in the Milky Way and nearby dwarf galaxies. I do not find evidence that the

surrounding star formation significantly influences the kinematic properties of the clouds through

stellar feedback.
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Preface

The research presented in this thesis is either published or in preparation for submission.

Chapter 2 appears in The Astrophysical Journal (ApJ) as “Characterizing the Mult-phase Origin

of [CII] Emission in M101 and NGC 6946 with Velocity-resolved Spectroscopy” and is presented

here with minimal changes (Tarantino et al., 2021). Chapter 3 is in an advanced draft stage and

will be submitted to The Astrophysical Journal at the same time as submission of this thesis.

Chapter 4 is currently in preparation for submission to The Astrophysical Journal.
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Chapter 1: Introduction

”All of the rocky and metallic material we stand on, the iron in our blood, the calcium

in our teeth, the carbon in our genes were produced billions of years ago in the interior

of a red giant star. We are made of star-stuff.”

– Dr. Carl Sagan

The universe is composed of mostly hydrogen and dark matter. With the help of gravity,

hydrogen gas condenses, coalesces and forms stars. A galaxy is a collection of stars, gas, and

dark matter gravitationally bound together. Our universe is made up of billions of galaxies,

each containing billions of stars. Thus, understanding the relationship between stars and gas is

fundamental to revealing the nature of our universe.

The matter between the stars, mostly composed of gas and dust, is called the interstellar

medium (ISM). Even though the ISM constitutes only 10% of the observable matter in the uni-

verse, it plays a critical role in the formation of stars, galaxies, and planets. While stars form

out of the ISM, they also impact their nearby environment through heating and ionizing the

gas, imparting energy and momentum into the surrounding material, and enriching the gas with

elements formed through nucleosyntheis. Understanding the complex interplay between these

“cosmic ecoysystems” in galaxies is a key priority in the next decade of astronomical research

(National Academies, 2021).
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The universe began with the big bang, which created most of the hydrogen and helium

we observe in the universe. Almost all other elements were produced through the evolution of

stars. Astronomers refer to elements other than hydrogen and helium asmetalsand de�ne the

fraction of metals in a system as itsmetallicity. As stars form, evolve, and die they eject metals

produced through nucleosynthesis into the surrounding ISM, thereby increasing the metallicity

of the universe as a function of time. Metallicity directly affects many properties in the ISM,

such as the availability of cooling lines and the amount of dust. Since galaxies at early times

were much more metal-poor, it is important to study low metallicity systems to understand how

this key environmental variable in�uences young star formation and galaxy evolution. The early

galaxies are too distant to study in detail; therefore, we use nearby low metallicity analogues to

investigate the effects on the ISM and star formation. The Large and Small Magellanic Clouds

(LMC and SMC, respectively) are the prime laboratories to study low metallicity systems, due to

their proximity (50 kpc and 63 kpc, Graczyk et al., 2020; Pietrzyński et al., 2019) and metallicities

of ZLMC � 1=2 Z � (Russell & Dopita, 1992) andZSMC � 1=5 Z � (Dufour, 1984).

1.1 The Multi-phase Interstellar Medium

This thesis focuses on understanding the properties of the multi-phase ISM in nearby galax-

ies. Since hydrogen is the most abundant molecule in the universe, the phases of the ISM are

often de�ned by the state of hydrogen, i.e. whether hydrogen is in atomic (HI1), ionized (HII ),

or molecular (H2) form. The states of the gas can be broken down further into phases of the gas

through their density,n, and temperature,T. Figure 1.1 shows a graphical representation of the

1Astronomers often use spectroscopic notation when referring to the ionization state of an element. An atom
followed by a roman numeral I is considered in the neutral state, while II refers to a singly-ionized atom, III refers
to a doubly-ionized atom and so on. Spectroscopic notation is used throughout this thesis.
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Figure 1.1: Pictorial representation of the multi-phase interstellar medium. The light blue regions
show the atomic gas, in the form of the cold neutral medium and warm neutral medium (CNM
and WNM, respectively). Cold, dense molecular gas regions (dark blue) can form out of the
atomic gas and are the sites of star formation. An HII region, where massive stars ionize their
surroundings, is shown in bright pink. The interface between the HII region and molecular gas
is called a photodissociation region (PDR). The low density, warm ionized medium (WIM) per-
meates throughout in a light pink color. Various tracers, such as the [CII ] emission, are labeled
around the schematic. (Figure credit: Jorge Pineda)

multi-phase ISM that we will refer to throughout this introduction.

Various atoms, ions, and molecules besides hydrogen also exist in the multi-phase ISM and

are used to determine the physical conditions of the gas. The variation of physical properties, such

as a given atoms ionization energy, critical density (ncrit ), and radiative/collisional excitation of

these tracers are used to determine the conditions of the gas. For example, ionized carbon ([CII ] or

C+ ), an ion of one of the most abundant elements in the universe and a focus of this thesis, exists

throughout the multi-phase ISM: in the atomic, molecular, and ionized gas. We use observations

of C+ in chapter 2 to quantify its multi-phase nature and calculate the thermal pressure in the
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Figure 1.2: The multi-phase and multi-wavelength view of NGC 6946 from (Leroy et al., 2013).
Left shows the cold, molecular gas from CO(2-1) emission, center is the atomic gas from 21 cm
HI emission, and right is the ionized gas and HII regions from H� and 24� m dust emission.

atomic gas.

Many spectral lines found in the infrared, a focus of this thesis, are consideredf ine �

structure transitions and are due to the coupling between the spin and orbit of an electron. Fine

structure lines tend to have small energy level changes, resulting in a� E � h� that corresponds

to a photon at infrared wavelengths. Many of these transitions are also consideredforbidden,

which are denoted by square brackets, e.g. [CII ]. A forbidden line is one that is not allowed

through traditional selection rules and can have very low spontaneous decay rates,A, leading to

long timescales. These lines are weaker but are relevant in astronomy because every atom and

ion has excited states than only decay through forbidden transitions. At high densities, excited

states could depopulate through collisions. However, in the low density of the ISM collisions are

infrequency and the only pathway for decay is through a forbidden line, making forbidden lines

relevant in astrophysics.

In the following subsections, I summarize the three different phases of the multi-phase ISM

that are relevant for this thesis. For more detail, I refer the reader to (Draine, 2011) for an in-depth
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review of these phases.

1.1.1 Atomic gas

Neutral atomic gas, colored by the light blue regions in Figure 1.1, is traced by the 21-cm

(1420 MHz) line through radio telescopes. This transition originates from the hyper�ne splitting

of the 1s ground state state of hydrogen and is called thespin-�ip transition. Observations of the

21-cm HI emission are presented for NGC 6946 in the center panel of Figure 1.2. The HI gas

establishes the spiral arms of the galaxy and traces more of the outskirts of the galaxy compared

to the molecular or ionized gas.

The atomic gas consists of two phases, the dense cold component (Cold Neutral Medium,

CNM; nH � 50 cm� 3, Tkin � 80 K) and a diffuse warm component (Warm Neutral Medium,

WNM; nH � 0:5 cm� 3, Tkin � 5000K) in approximate pressure equilibrium (Field et al., 1969;

Wol�re et al., 1995, 2003). Observationally, it is challenging to distinguish between these two

phases as they both contribute to the 21-cm emission. Absorption studies of the 21-cm line that

that use bright background sources can disentangle the CNM and WNM by identifying the spin

temperature of the gas. Studies in the Milky Way suggest that the CNM and WNM exist in

a approximately 50/50 ratio (Dickey et al., 2009; Heiles & Troland, 2003). These two phases

coexist in a multi-phase, pressure curve that is produced by the balance of heating and cooling of

the atomic gas.

The dominant source of heating in the atomic gas is photoelectric heating from small dust

grains and large molecules (Draine, 1978; Wol�re et al., 1995). A high energy photon can be

absorbed by a dust grain, or a polycyclic aromatic hydrocarbon (PAH) compound, and through
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the photoelectric effect, the dust grain releases an electron that heats the gas. Cosmic rays (and

to a lesser extent X-rays) also contribute to the heating of the atomic gas, especially for the lower

density WNM. The major coolants of the atomic gas are [CII ] 158 � m and [OI] 63 � m emission

that are excited through collisions withH0 and then spontaneously decay, releasing photons and

energy out of the system. The WNM has a higher hydrogen ionization fraction (X e � 0:017),

leading to Lyman-� emission and recombination of electrons onto the dust grains also acting as

a cooling channel.

The atomic gas is in thermal equilibrium when the cooling and heating rates are equal.

When the pressure is constant, a curve is de�ned that identi�es the temperature of the gas where

the heating and cooling is balanced. Figure 1.3 shows an example of a pressure curve from

Wol�re et al. (1995). For an interstellar radiation �eld (ISRF) at the solar neighborhood there

is a stable pressure regime betweenPth � 990� 3600 K cm� 3 with a WNM density ofn �

0:1 � 0:6 cm� 3 in tandem with a CNM a density of4:2 � 80 cm� 3. Outside of these warm and

cold regimes, the gas is unstable and while cool or heat to reach the stable conditions. These

pressure curves are driven by the ISRF, which contributes to the heating rate of the region. As the

ISRF increases, the thermal pressure curve is driven upwards. The pressure curve depends on a

variety of parameters besides the ISRF that can impact the heating and cooling rates, such as the

metallicity of the gas, gas column density, dust-to-gas ratio, and PAH abundance.

The thermal pressure plays a critical role in the process of star formation. The formation of

giant molecular clouds (GMCs) is governed by the ratio of atomic to molecular hydrogen that the

pressure balance can in�uence (Blitz & Rosolowsky, 2006). The cycle of self-regulation of star

formation activity is also controlled by pressure (Kim et al., 2011; Ostriker et al., 2010). However,

it is observationally challenging to measure the pressure directly and most previous work has
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Figure 1.3: Pressure equilibrium of the atomic gas as a function of the interstellar radiation �eld
(ISRF). In the two-phase model of atomic gas, the CNM and WNM can coexist at a given thermal
pressureP=k. For ISRF = 1, the local interstellar radiation �eld, the stable pressure regime is
betweenPth � 990� 3600 K cm� 3 and the WNM can exist with a densityn � 0:1 � 0:6 cm� 3

in tandem with the CNM that has a density of4:2 � 80 cm� 3. As the ISRF increases, the heating
rate increases driving the thermal pressure curve upwards (Figure from Wol�re et al., 1995).
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focused on measurements in the galactic plane (Gerin et al., 2015; Jenkins & Tripp, 2011) or

quiescent regions in nearby galaxies (Herrera-Camus et al., 2017). In chapter 2, I demonstrate a

technique of using velocity-resolved [CII ] spectroscopy to determine the thermal pressure of the

CNM near active, star-forming regions (Tarantino et al., 2021).

1.1.2 Ionized gas

Ionized gas, HII , consists of hydrogen that lost its electron, most often due to the absorption

of photons greater than the ionization energy of hydrogen, 13.6 eV. Bright, massive stars that emit

photons withh� & 13:6 eV in the far-ultraviolet (FUV) region of the electromagnetic spectrum

ionize their surroundings, producing an emission nebula called an HII regions. These stars have

O and B spectral types and are the youngest and most massive stars in the universe. The most

common way to trace HII regions is through the Balmer series of hydrogen recombination lines,

in particular the H� line that corresponds to the electronic transition of then = 3 to then = 2

level. This line has a an optical rest wavelength of 6562	A and is bright, making H� a great

high-mass star formation tracer for galaxies near and far (e.g. Kennicutt, 1998; Lee et al., 2009).

HII regions are represented in Figure 1.1 by the bright pink colored regions, where there is active

star formation and UV radiation ionizing the surrounding gas. In Figure 1.2, the HII regions are

visible as bright knots in the spiral arms of NGC 6946.

The simplest model of an HII region was developed by Strömgren (1939). In the steady

state solution of HII regions, hydrogen recombination,H+ + e � ! H+h � is balanced by pho-

toionization,h� ! H+ + e � . Equating the rates of photoionization and radiative recombination

for ionization balance leads to the relationship between the number of ionizing photons of a given
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star,Q0, and the Stromgren radius of an HII region (RS0):

Q0 =
4�
3

R3
S0� B n(H + )ne (1.1)

where� B is the case B recombination coef�cient,n(H + ) is the density of protons, andne is the

density of electrons (generally,n(H + ) = ne � nH since all hydrogen is considered ionized).

While this prescription of HII regions does not take into account complications such as dust,

clumpiness, or radiative transfer, it is a useful framework for understanding the physics of HII

regions.

While the Str̈omgren (1939) model of HII regions assumes they are perfectly con�ned

spheres, in reality HII regions can “leak”, i.e. ionizing photons can escape and permeate the

surrounding ISM. This process produces another phase of ionized gas called the Warm Ionized

Medium (WIM), that is characterized by low densities (n � 0:01 cm� 3) and hot temperatures

(T � 6000� 10000). The WIM is pictured by the light pink color in Figure 1.1 and constitutes a

substantial fraction of a galaxies H� emission (Haffner et al., 2009).

The main heating source in HII regions is the heating by photoionzation: photons that have

ionization energies excess that of hydrogenh� � 13:6 eV can add thermal energy into the gas.

For instance, after an atom absorbs a photon, the energy greater than the recombination energy

can be transferred into excess kinetic energy in the atom. There are three main cooling pathways

in HII regions, including 1) the radiation produced through recombination of electrons with an ion

(for example, the emission from H� ), 2) free-free emission (also called bremsstrahlung), when

electrons scatter off of an ion, decelerating and producing radiation, and 3) emission from colli-

sionally excited spectral lines. The balance of the heating and cooling determines the temperature
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of HII region gas. There are a variety of atoms and ions of S, Ar, Ne and O that may be singly-

or more more highly ionized in an HII region. Since these lines are important coolants, they

also serve as diagnostics of the conditions in an HII region, such as the temperature or density

of the gas. Figure 1.4 shows how ratios of infrared �ne-structure lines can be used to determine

the density of an HII region. Modeling the spectral lines together through computer codes that

simulate the photoionization process is a very powerful way to estimate characteristic conditions

of the ionized gas. I used the codeCloudy (Ferland et al., 2017) to investigate the properties of

an HII region called N76 in chapter 4 of this thesis.

An important property I investigate in chapter 4 is how the metallicity of the the gas affects

an HII region. Lower metallicity stars have harder2, more high energy photons due to less line

blanketing from overlapping lines in the stellar atmospheres (Mart�́n-Herńandez et al., 2002). The

abundance of elements also decreases, leading to less cooling of the HII region through spectral

lines. These two effects combine make low metallicity HII regions hotter, which I will investigate

further in chapter 4.

The impact HII regions have on their surroundings is also substantial. The input of energy

and momentum from stars is calledstellar feedback. Besides ionizing the neighboring ISM, HII

regions are not in pressure equilibrium with the adjacent gas and can expand, imparting momen-

tum into the ISM. In addition to the ionizing radiation from HII regions, the stellar winds from

massive stars may also in�uence the surround gas. There has been a substantial observational

effort in the past decade to quantify the feedback effects associated with HII regions (Krumholz

et al., 2019; Lopez et al., 2011, 2014; McLeod et al., 2019; Olivier et al., 2021; Pabst et al., 2019).

In chapter 4, we investigate whether there is evidence of star formation feedback on molecular

2hardness is de�ned by the proportion of high energy photons in a radiation �elds spectrum
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Figure 1.4: Fine-structure line ratios that can be used for density determination of ionized gas.
Since the lines vary in their critical densities, the ratios can be used to determine the density of
the ionized gas. (Figure 18.5 from Draine, 2011).
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clouds in the LMC.

1.1.3 Molecular gas

Molecular gas, H2, is the densest (n � 103 � 106 cm� 3) and coldest (T � 10 � 50 K)

phase of the ISM. Molecular gas can condense and form coherent structures called molecular

clouds that become the sites of star formation (McKee & Ostriker, 2007, and references therein).

Thus, observations of the molecular gas are vital in understanding the cycle of star formation.

Figure 1.1 presents the molecular gas in the dark blue color, showing that this material forms

stars (upper center cloud) and is also in�uenced by the surrounding star formation (left cloud).

Molecular hydrogen is a symmetric, diatomic molecule and does not have a permanent electric

dipole moment to emit photons through rotational transitions. The lowest rotational transitions

from the quadrupole moment of H2 traces gas at temperaturesT > 100K and therefore do not

trace the bulk of the cold molecular gas. Instead, astronomers use the second most abundant

molecule, carbon monoxide (CO), to observe the molecular gas. Figure 1.2 shows that the CO

emission in NGC 6946 on the left panel spatially corresponds to the measures of star formation

on the right panel, illustrating the connection between the molecular gas and star formation.

Direct observations of warm H2, however, are possible through the rotational quadrupole

transitions in the infrared, ranging from� = 28 � m to � = 2:2 � m. These lines are relatively

weak, have a transition energies ofEupper=k � 500 K, and trace gas that has a temperature of

T & 100 K (Dabrowski, 1984). Therefore, the electric quadrupole H2 transitions will not trace

the dense, cold gas that forms stars. Instead, the quadrupole H2 transitions are an indicator of

where molecular gas is heated by bright stars, which we investigate in chapter 3.
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The ground transition of carbon monoxide molecule (12C16O; J = 1 � 0) has a rest fre-

quency of 115 GHz (2.6 mm) and an excitation energy ofEupper=k � 5K , making it observable

from the earth with millimeter/radio telescopes and easy to excite in molecular clouds. Other

transitions of CO are also easily observable, such as theJ = 2 � 1 transition (rest frequency

of 230 GHz) that we study in this thesis. One challenge of using the CO emission to trace the

molecular gas is the necessity to convert the luminosity of the CO line to a molecular hydrogen

mass. This is called the “CO-to-H2” conversion factor� CO (Bolatto et al., 2013, and references

therein). This factor relies on a variety of ISM conditions, such as the metallicity, temperature,

and column density of the gas, making the adoption of a singular value uncertain. Nevertheless,

for Milky Way clouds, we often use� CO = 4:3 M � K km s� 1 pc� 2.

The CO molecule is an imperfect tracer of molecular gas which can lead to complications

in its interpretation. FUV �elds can dissociate CO into C and O while H2 remains in molecular

form because H2 can self shield from the radiation (e.g. Draine & Bertoldi, 1996). Dust particles

can often protect the CO molecular from dissociation, but in low metallicity environments where

the dust abundance is decreased, the FUV radiation can permeate deep into a cloud, creating a

substantial layer of “CO-dark“ or “CO-faint” molecular gas (Grenier et al., 2005; Langer et al.,

2014; Lequeux et al., 1994; Madden et al., 1997; Maloney & Black, 1988; Wol�re et al., 2010).

This CO-dark material can constitute a substantial fraction of the molecular gas; up to 75% of the

molecular gas in the nearby Magellanic Clouds may be CO-dark (Chevance et al., 2020; Jameson

et al., 2018).

While the most abundant12C16O molecule of carbon monoxide is the workhorse molecule

for measuring the molecular gas content, observations of less abundant CO isotopologues can

reveal the properties of molecular clouds. In particular, we focus on the13C16O molecule which
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is 30-70 times less abundant than12C16O (e.g., Langer & Penzias, 1990). When the12C16O and

13C16O are spatially co-located, the13C16O line tracers more optically thin gas compared to the

optically thick 12C16O line. After assuming local thermodynamic equilibrium, the intensity of

13CO can reveal the column densities and masses of molecular clouds without having to assume

an � CO factor (e.g., Bourke et al., 1997; Garden et al., 1991). I use this method in chapter 4 to

calculate the masses of molecular clouds and determine whether they are bound in the LMC.

1.1.4 Photodissociation regions

Photodissocation regions (PDRs)3 are areas in the ISM where the gas is predominately

neutral but the heating and chemistry is dominated by non-ionizing FUV radiation (6 eV <

h� < 13:6 eV, Hollenbach & Tielens, 1999; Tielens & Hollenbach, 1985; Wol�re et al., 2022).

PDRs form the interface between molecular clouds and HII regions (labeled in Figure 1.1 as

the transition between light blue and dark blue) and contribute a large amount of far-infrared

emission from galaxies, including a substantial amount of [CII ] emission. Figure 1.5 shows

a slab schematic of a PDR where there is an ionization source on the left and the extinction

increases towards the right. Beyond the ionization front (the transition from ionized to neutral

gas), the hydrogen gas is neutral and cooled by [CII ] and [OI] emission. The heating source is

by photoelectrons from PAHs, similar to the heating source for the diffuse atomic gas described

in x1.1.1. As the extinction increases, hydrogen becomes molecular because of the lower UV

radiation. However, the carbon is still in an ionized state and cannot form CO, creating a portion

of gas that is “CO-dark”. At the �nal layer, the carbon combined with oxygen to form CO.

PDRs are very common throughout the universe, encompassing all of the atomic and� 90%

3sometimes PDRs are referred to as photon-dominated regions, which conveniently share the same acronym
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Figure 1.5: Structure of a PDR as a function of extinction increasing to the right. PDRs can
harbor a signi�cant portion of CO-dark gas (center region between blue and green bands). Here,
[CII ] can trace the neutral material, which can be a mixture of atomic gas and molecular (Figure
2 from Wol�re et al., 2022).

of the molecular gas by mass in the Galaxy (Hollenbach & Tielens, 1999). They are found not

just in the transition between HII regions and molecular clouds, but also appear on the surfaces

of molecular clouds because the ISRF contains substantial FUV radiation. As such, PDRs play

an important role when discussing the ISM as a whole and are mentioned throughout this thesis.

1.2 Outline of Thesis

This thesis studies the multi-phase ISM in nearby galaxies through infrared and sub-millimeter

spectroscopy. I am particularly interested in understanding the effect star formation and metallic-

ity have on the surrounding ISM. Therefore, I conduct three studies that are focused on deriving

the physical conditions of the multi-phase ISM through observations of spectral lines in various

environments.

In chapter 2, I present velocity resolved observations of [CII ] emission in the nearby disks
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of galaxies M101 and NGC 6946. With ancillary atomic and molecular gas data, I decompose

the [CII ] emission into components associated with each of these phases and �nd that the [CII ]

emission originates from the molecular and atomic gas about equally, with almost no contribution

from the ionized gas. Then, I use the cooling function of [CII ] to calculate the thermal pressure in

CNM of these galaxies. The thermal pressure is relatively high, but consistent with the predictions

of the CNM around star formation. This chapter is published in as “Characterizing the Multiphase

Origin of [CII ] Emission in M101 and NGC 6946 with Velocity-resolved Spectroscopy” inThe

Astrophysical Journal(Tarantino et al., 2021).

In chapter 3, I investigate the ionized gas in the the Wolf-Rayet (WR) emission nebula N76,

caused by one of the most luminous WR stars in the low metallicity Small Magellanic Cloud. I

use spatially-resolved mid-infrared Spitzer IRS and far-infrared Herschel PACS spectroscopy to

establish the physical conditions of the ionized gas. I construct models with a range of constant

densities betweennH = 4 � 12 cm� 3 and a stellar wind-blown cavity of 15 pc which reproduces

the intensity and shape of most ionized gas emission lines, including [SIII], [SIV], [OIII], and

[NeIII]. The higher ionization lines, [OIV] and [NeV], cannot be produced by photoionization

and require wind-driven shocks. Surprisingly, we detect a spectral line that appears to be due

to neutral sulphur within the central regions of the nebula, which we cannot easily explain. The

models suggest that the ionized gas in N76 makes a small (< 5%) contribution to the neutral-

dominated lines, [CII] and [OI], while producing most (96%) of the [SiII] emission. I have

completed a �nal draft of the manuscript for this work and have received comments from all

coauthors. I will submit the paper to theThe Astrophysical Journalat the same time this thesis is

submitted.

Chapter 4 focuses on the molecular phase of the ISM and whether the kinematics of molec-
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ular clouds are in�uenced by surrounding star formation. I analyze a large (170 × 350 pc) map

of 12CO(2 � 1) and 13CO(2 � 1) emission at 1.7 pc resolution in the star-forming northern

molecular ridge of the LMC. I decompose the CO emission into individual molecular clouds and

measure their sizes, linewidths, mass surface densities, and virial parameters. I �nd a power law

correlation between the size and linewidth of the clouds similar to that of the Milky Way. I then

calculate the virial parameter to �nd most clouds are bound or marginally bound. I �nd no cor-

relation between the 8� m �ux and the virial parameter for a cloud, indicating that there is no

strong evidence of signi�cant energy injection into the clouds due to star formation. This work is

in preparation for submission toThe Astrophysical Journal.

In chapter 5, I summarize and discuss the future work that builds off of this thesis.
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Chapter 2: Characterizing the Multi-Phase Origin of [CII ] Emission in M101

and NGC 6946 with Velocity Resolved Spectroscopy

2.1 Introduction

Emission from the far-infrared (FIR) [CII ] 158 � m line is bright and ubiquitous in most

star-forming galaxies. It is the2P0
3=2 ! 2 P0

1=2 �ne-structure, collisionally excited line of singly

ionized carbon,C+ . The emission from [CII ] provides a major cooling channel for the gas in

the interstellar medium (ISM), speci�cally in the cold neutral medium (Wol�re et al., 2003), on

the illuminated surfaces of molecular clouds, and, along with [OI], in dense photodissociation

regions (PDRs) (Hollenbach & Tielens, 1999; Tielens & Hollenbach, 1985). [CII ] is often the

brightest emission line in the FIR from galaxies, amounting to about 0.1% - 1% of the integrated

FIR continuum emission (Crawford et al., 1985; Stacey et al., 1991). Previous studies have

also shown a correlation between [CII ] emission strength and star formation rates (Boselli et al.,

2002; De Looze et al., 2014; Herrera-Camus et al., 2015, 2018; Smith et al., 2017; Stacey et al.,

1991). In low metallicity environments, the [CII ] line is the only coolant necessary to form stars

(Glover & Clark, 2012; Krumholz, 2012). Studying the nature of [CII ] emission is thus vital to

the understanding of star formation and cooling in the ISM.

Ionized carbon (C+ ) can be present throughout the different phases of the ISM due to
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the low ionization potential of neutral carbon (11.26 eV, slightly less than that of hydrogen).

Collisions with electrons (e� ), neutral hydrogen (HI), and molecular hydrogen (H2) produce

[CII ] emission that is found in the warm ionized medium, the neutral atomic medium, and cold

molecular gas, respectively (e.g., Heiles, 1994; Kim & Reach, 2002; Madden et al., 1993; Pineda

et al., 2013). Identifying the contribution that each of the phases have to the overall [CII ] intensity

allows one to determine which phase is dominant. Such information can be used to determine

the physical conditions of the ISM, such as the thermal pressure of the constituent phases (e.g.,

Cormier et al., 2019, 2015; Goldsmith et al., 2012; Lebouteiller et al., 2019; Pineda et al., 2013;

Sutter et al., 2019).

The [CII ] emission is partially associated with the tracer of molecular gas, CO, as seen

in correlations between the intensity of [CII ] and CO (Accurso et al., 2017; Stacey et al., 1991;

Wol�re et al., 1989; Zanella et al., 2018). On the surfaces of molecular clouds, far ultra-violet

(FUV) radiation �elds can dissociate CO into C and O and photoionize C toC+ while the hy-

drogen remains in molecular (H2) form, producing [CII ] emission associated with the CO-traced

molecular cloud. These PDRs are very bright and will account for most of the [CII ] emission

close to massive star formation (e.g., Tielens & Hollenbach, 1985). Pineda et al. (2014, 2013)

use velocity resolvedHerschel/HIFI [CII ] observations in the plane of the Milky Way to quan-

tify the degree to which [CII ] is associated with the CO and �nd that 30-47% of the total [CII ]

emission observed comes from the molecular gas near dense PDRs. The study by de Blok et al.

(2016) comparedHerschel/PACS [CII ] observations of 10 galaxies to CO and HI data and found

that the [CII ] radial surface density pro�les are shallower than CO but much steeper than the HI

surface density pro�le. At low metallicities, however, the [CII ] associated to the CO-emitting

molecular gas can be more complex. A decrease in the dust abundance leads to less shielding of
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CO clouds, creating regions of molecular material that produce [CII ] emission but faint in CO,

called “CO-dark” or “CO-faint” gas (Grenier et al., 2005; Jameson et al., 2018; Madden et al.,

2020; Wol�re et al., 2010). For example, analysis of velocity resolved [CII ] observations in the

low metallicity dwarf galaxy NGC 4214 suggests that 79% of the molecular mass is traced by

[CII ] alone, whereas only 21% is traced by CO (Fahrion et al., 2017).

Ionized carbon �ne-structure emission also arises from the atomic medium and plays an

important role in the radiative heating and cooling balance of this phase (Wol�re et al., 2003). The

atomic gas, as traced by the hyper�ne 21 cm spin �ip HI transition, has a dense cold component

(Cold Neutral Medium, CNM;nH � 50 cm� 3, Tkin � 80 K) and a diffuse warm component

(Warm Neutral Medium, WNM;nH � 0:5 cm� 3, Tkin � 8000K) in approximate pressure

equilibrium with one another (Field et al., 1969; Heiles & Troland, 2003; Wol�re et al., 1995).

Because of the difference in volume densities, the contribution from the WNM to the overall [CII ]

emission is� 20 times less than that of the CNM (Fahrion et al., 2017; Lebouteiller et al., 2019;

Pineda et al., 2013; Wol�re et al., 2010). Thus the [CII ] line can be used to directly probe the

conditions of the CNM. Once the CNM is isolated, we can estimate the thermal pressure, which

is related to the star formation rate, metallicity, and the thermal balance between the heating and

cooling of the system (Ostriker et al., 2010; Wol�re et al., 2003). In observations of star forming

regions with spatial resolutions of a few parsecs, the atomic gas contributes 5% - 15% to the

overall [CII ] emission (Lebouteiller et al., 2019; Okada et al., 2019, 2015; Requena-Torres et al.,

2016). In contrast, [CII ] observations of regions that are more quiescent or at larger resolutions

of 50-200 parsecs, associate 20% - 46% of the [CII ] emission to the atomic phase (Fahrion et al.,

2017; Kramer et al., 2013; Pineda et al., 2013). The spatial resolution and star formation activity

may therefore play a role when decomposing the [CII ] emission.
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The contribution the ionized gas has to the [CII ] emission is usually found through ob-

servations of the [NII ] line. Ionized nitrogen is only present in the ionized gas and its 205� m

transition has a critical density similar to [CII ], enabling [NII ] 205 � m observations to isolate

the contribution of ionized gas to the [CII ] emission (Oberst et al., 2006). Croxall et al. (2017)

use observations of the [NII ] and [CII ] lines in a variety of galaxies to �nd that ionized gas con-

tributes only� 26% to the [CII ] emission on average. Expanding on the sample of galaxies used

by Croxall et al. (2017), Sutter et al. (2019) identify that� 33% of the [CII ] emission comes from

ionized gas by comparing the [NII ] and [CII ] measurements in these galaxies. Both Lebouteiller

et al. (2019) and Fahrion et al. (2017) �nd that the contribution ionized gas has to the [CII ] emis-

sion is negligible through a combination of [NII ] observations and modeling of the PDRs in each

system. The ionized gas, however, makes a larger contribution of about 36% - 75% in the bright

HII region M17 SW and in the center of the starburst galaxy IC 342 (Pérez-Beaupuits et al., 2015;

Röllig et al., 2016). Overall, it appears that the ionized gas tends to contribute a small amount to

the [CII ] emission, except perhaps in areas of extended, dense ionized gas.

One method to identify the origin of the [CII ] emission is to compare the velocity pro�les of

the [CII ], CO, HI, and other tracers in order to quantify the contribution each phase has to the [CII ]

emission. This method can use velocity resolved observations of [CII ] from the SOFIA/GREAT

or Herschel/HIFI instruments, along with similar resolution data for the tracers of component

data, such as 21 cm HI for the atomic gas and CO for the molecular gas. Previous studies use

this method but mostly target individual star-forming regions in the Milky Way (Pérez-Beaupuits

et al., 2015), Magellanic Clouds (Lebouteiller et al., 2019; Okada et al., 2019, 2015; Pineda et al.,

2017), or the bright centers of nearby galaxies (Fahrion et al., 2017; Mookerjea et al., 2016; Röllig

et al., 2016). There are few studies, however, that explore the origin of [CII ] in both star-forming
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and quiescent regions, an important regime due to the multi-phase nature of [CII ]. This work aims

to spectrally decompose the [CII ] emission in a variety of environments, including different star

formation rate surface densities (� SFR) and metallicities, in the two galaxies M101 (NGC 5457)

and NGC 6946 at a resolution of� 500 pc. These galaxies are representative of spiral galaxies

as a whole, are at distances of6:8 Mpc for M101 (Ferńandez Arenas et al., 2018) and7:8 Mpc

for NGC 6946 (Anand et al., 2018; Murphy et al., 2018), and have a wealth of ancillary data

available. We will also present an evaluation of the spectral pro�le decomposition technique.

The organization of this paper is as follows. In Section 2.2 we describe the data used in

the decomposition. Section 2.3 we discuss the method used for the decomposition and evaluate

its accuracy. Section 2.4 shows the results of the decomposition and describes limits on the

contribution of the ionized gas to the [CII ] emission. Section 2.5 computes the pressure of the

CNM through the [CII ] cooling function and compares the results of the decomposition to other

works. Lastly, Section 2.6 summarizes our conclusions.

2.2 Observations

2.2.1 SOFIA Data

Observations of M101 and NGC 6946 were taken using the German REceiver for As-

tronomy at Terahertz Frequencies (GREAT and its improved successor upGREAT) on board the

Stratospheric Observatory for Infrared Astronomy (SOFIA) in cycles 2 and 4 (Heyminck et al.,

2012; Risacher et al., 2018, 2016). The cycle 2 (PI: Herrera-Camus, project 020098) data used

the original GREAT instrument, consisting of a single element receiver, and targeted four regions

in M101 and four in NGC 6946. Observations were taken May 20th and 21st of 2014, with
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Figure 2.1: M101 (left) and NGC 6946 (right) three-color image with the SOFIA/GREAT point-
ings overlaid. The three-colors show the ancillary datasets used in this work: the 24� m map
from Spitzer(red), the HI column density map from the THINGS survey (blue), and the CO
moment 0 map from the HERACLES survey (green). SOFIA cycle-4 observations (7 pixel up-
GREAT pointings) are labeled with numbers while the cycle 2 observations (single pointing with
GREAT) are labeled with letters. Region Nc is not shown because the GREAT receiver was mis-
tuned at that position and the region was re-observed as N1 in cycle 4. Pointing circles are the
approximate beam of these data and correspond to the quiescent regions (� SFR < 6 � 10� 2 M �

yr� 1 kpc� 2), squares represent the star-forming regions (� SFR > 6 � 10� 2 M � yr� 1 kpc� 2), and
x are regions that were removed from the sample due to emission in the off-source chop-position
contaminating the observed pro�le. Pointing selection shows a range of environments, probing
the metallicity gradient in each galaxy and different levels of star formation rate.

receivers tuned to 1900.5 GHz ([CII ] 158 � m) and 1461.1 GHz ([NII ] 205 � m). The receiver

was accidentally mis-tuned for the [CII] observations in one of the regions (labeled Nc) and was

then re-observed with upGREAT in cycle 4 as region N1. We adopt a uniform beam size of 1500

for [CII ] and 1800for [NII ]. The average sensitivity for [CII ] in cycle 2 was Tmb = 0.11 K and

Tmb = 0:05 K for [NII ] in a velocity channel width of 5.2 km s� 1.

The cycle 4 data (PI: Bolatto, project 040151) comprised of eleven total regions, �ve in

M101 and six in NGC 6946, using the dual polarization upGREAT instrument on SOFIA. The

upGREAT instrument consists of two seven-element hexagonal arrays, one for each polarization,

23



and the two polarizations were averaged together for these data. The observations of M101 were

taken during the upGREAT commissioning on December 9th and 10th, 2015 and the NGC 6946

observations were taken on May 12th, 18th, 19th, and 25th of 2016. For both galaxies, the Low

Frequency Array (LFA) band was tuned to 1900.5 GHz ([CII ] 158 � m) and the L1 band was

tuned to 1461.1 GHz ([NII ] 205 � m). The half-power beam widths were 1500for [CII ] and 1800

for [NII ]. The average sensitivity for [CII ] achieved with the integration time obtained for each

observation in cycle 4 is Tmb = 0.05 K and Tmb = 0.04 K for [NII ] in a velocity channel width

of 5.2 km s� 1. Cycle 4 pointings are referred to by their region name and a number denoting the

pointing number in the array (e.g. N2-0 would be the cycle 4 NGC 6946 region N2 and the 0th,

central pointing).

The single point chopped mode for SOFIA/GREAT was used for each cycle. We excluded

pointings where the chop-off position showed weak emission, contaminating the on-source spec-

trum. The data in both cycles were processed with the eXtended bandwidth Fast Fourier Trans-

form Spectrometer (XFFTS) and calibrated with the standard GREAT calibrator (Guan et al.,

2012). The antenna ef�ciency for both cycles is� f = 0:97 and the main beam ef�ciency varies

between� mb = 0:65� 0:71, for the different elements in the array. The level 3 data products were

produced through the CLASS/GILDAS software where a �rst order polynomial spectral baseline

was removed.

2.2.1.1 Pointing selection

The placement of these pointings is shown in Figure 2.1. There are two types of regimes

targeted in this study: areas that are coincident with high star formation rates (represented by
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squares in Figure 2.1) and the more quiescent regions found in the interarm of each galaxy (rep-

resented by circles in Figure 2.1). The star-forming regions are chosen for having strong star

formation activity as traced by H� , far-UV, and 24� m emission. The diffuse ISM in these re-

gions is exposed to about six times higher average radiation �elds than the solar neighborhood

(Aniano et al., 2020; Draine et al., 2007) when measured on large (� kpc) scales. The other cat-

egory targeted are the quiescent interarm regions. These regions are selected for their low star

formation activity, weak CO and HI emission, and have similar average radiation �eld strengths

as the solar neighborhood (Aniano et al., 2020; Draine et al., 2007). We use a threshold value

of � SFR = 6 � 10� 2 M � yr � 1 kpc� 2, which roughly bisects the sample, to distinguish between

the star-forming and quiescent regions.

In addition to the star formation rate surface density (� SFR), we are also interested in study-

ing the effect of metallicity on the [CII ] decomposition. We use the abundance gradients pub-

lished by Pilyugin et al. (2014), which employs the “strong-line method” of abundance deter-

mination on 130 nearby galaxies (including M101 and NGC 6946) to produce homogeneous

gas phase oxygen abundance gradients from the HII regions in these galaxies. Although there

are small azimuthal metallicity variation in similar spiral galaxies, the overwhelming metallicity

change is due to these radial gradients (Kreckel et al., 2020). Similar to the� SFR , we use a thresh-

old value of12 + log(O=H) = 8 :55 to distinguish between high and low metallicities. We note

that the pointings centered on star-forming regions extend to larger galactocentric distance and

are consequently biased towards lower metallicities. We cannot separate the effect of the lower

metallicity on the high star formation regions because the lack of integration time on quiescent

pointings at low metallicity leads to little [CII ] detections in this regime.
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2.2.2 Herschel PACS [CII] data

[CII ] observations of M101 and NGC 6946 were also made with theHerschel/PACS in-

strument as part of the KINGFISH program (Kennicutt et al., 2011). The KINGFISH program

focused on deep spectroscopic imaging of ISM diagnostic lines, including [CII ], at a resolution

of � 1200.

With an effective spectral resolution of about 220 km s� 1, PACS does not resolve the [CII ]

line, in contrast to the GREAT instrument. However, we can compare the integrated intensities of

the [CII ] line between the two instruments. The overlap between theHerschel/PACS observations

and detected SOFIA/GREAT [CII ] pointings includes all but three GREAT pointings.

To compare the GREAT and PACS [CII ] intensities we use a convolution kernel to convert

from the PACS 158� m Point Spread Function (PSF) to the Gaussian 1500beam of the GREAT

data from the kernels provided in Aniano et al. (2011). These kernels are most appropriate for the

PACS continuum camera, but are likely to result in a much better approximation than assuming

a Gaussian PSF. Figure 2.2 shows the comparison between GREAT and PACS line integrated

intensities with the black line representing the line of unity. We also show data from the literature

for NGC 4214 and the Large Magellanic Cloud (LMC) for comparison (Fahrion et al., 2017;

Lebouteiller et al., 2019). Error bars are reported where available and correspond to the 1� rms

noise of the given spectrum.

There is a small systematic difference of about 7% between the GREAT �ux and the cor-

responding PACS [CII ] �ux. The expected absolute �ux uncertainties for the PACS KINGFISH

data are about 15%, making this discrepancy within the bounds of the PACS and GREAT cali-

bration uncertainty (Croxall et al., 2013). The observations from the literature, by contrast, show

26



Figure 2.2: The line �ux of the SOFIA/GREAT [CII ] emission compared to theHerschelPACS
[CII ] �ux. Circles are the data in this paper, triangles are from NGC 4214 (Fahrion et al., 2017),
and squares are for the LMC (Lebouteiller et al., 2019). The black line represents the line of unity.
Colorscale is the� SFR calculated from 24� m data. The GREAT data in this work is� 7% brighter
than the PACS data on average, but this difference is within absolute �ux accuracy bounds for
the PACS instrument (15%, Croxall et al., 2013). The GREAT and PACS [CII ] intensities from
the literature have a larger discrepancy, likely due to approximating the PACS PSF as a Gaussian.
Error bars reported are the statistical 1� rms noise (PACS errorbars are smaller than the data
points).
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a much larger discrepancy, with GREAT data approximately 40% brighter than PACS. These

studies, however, approximate the PACS PSF as a Gaussian beam instead of using the more ac-

curate convolution kernels required to transform the PACS PSF into a Gaussian comparable to

the GREAT beam. The native PACS spectrograph PSF at 158� m is not Gaussian shaped: a

signi�cant portion of the total power resides in wide wings and a high pedestal that creates a

halo around a point source (Geis & Lutz, 2010). When we do not use the proper PACs convolu-

tion kernel, we receive a similar discrepancy of� 40%that is seen in the observations from the

literature. Therefore, we attribute their discrepancy to a beam mismatch.

2.2.3 HI 21 cm data

The HI data comes from The HI Nearby Galaxy Survey (THINGS, Walter et al. 2008), a 21

cm (1.4204 GHz) Very Large Array (VLA) survey of nearby galaxies that uses the same galaxy

sample as SINGS, the Spitzer Infrared Nearby Galaxies Survey (Kennicutt et al., 2003). We use

the THINGS naturally weighted cubes which have a half-power beam width of10:800� 10:200for

M101 and6:000� 5:600for NGC 6946. We will use the HI data as the tracer for the atomic material

in these galaxies.

Maps of extended objects made with interferometer data that are not combined with single

dish data have missing �ux on large scales, called the short spacings problem (Braun & Walter-

bos, 1985). This may manifest as a shallow negative bowl around the emission, caused by the

interferometer �ltering out the lowest spatial frequencies. The effect is seen in the HI THINGS

data of these galaxies and is particularly strong in NGC 6946. We cannot properly correct for the

lack of this information, but we can mitigate the effect of the negative portions of the spectrum
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Figure 2.3: An example of spectra from the upGREAT receiver in NGC 6946 region N5. This
region contains detected [CII ] emission in most of the pointings. The HI and CO spectra are
normalized to the maximum intensity of the [CII ] spectra. The width of the [CII ] pro�les tend
to lie in between the CO and HI pro�le widths, suggesting an origin from both the atomic and
molecular gas. These offsets between the [CII ], CO, and HI, are greater than the instrument's
spectral resolution of 5.2 km s� 1. Pointing number is labeled in the top left corner of each spec-
trum. Region N5-4 contains negative emission from emission in the off during calibration and is
an example of a spectrum that is removed from this analysis.
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in our analysis. We �t the negative spectral region around the signal with a �rst order polynomial

and add the resulting �t to the negative wings that border the signal. For our analysis, which

focuses on the spectral shape of emission, this fairly small re-baselining correction is suf�cient

to avoid negative regions having a strong effect on the decomposition.

2.2.4 CO (2-1) data

The CO data are from the HERA CO-Line Extragalactic Survey (HERACLES, Leroy et al.

2009). This is a CO(2-1) (230.54 GHz) survey using the IRAM 30 m telescope, designed to

complement the THINGS and SINGS surveys. The half-power beam width for both galaxies is

1300. The CO data will be used as the tracer for the molecular material in these galaxies.

2.2.5 Star formation Rates

We use a combination of 24� m and H� data in order to trace the obscured and unobscured

star formation activity in these galaxies. The 24� m data were taken from the SINGS Survey

(Kennicutt et al., 2003) and we use the convolution kernels provided by Aniano et al. (2011)

to convert the MIPS 24� m PSF into a Gaussian beam of 1500. The H� data were compiled

and processed by Leroy et al. (2012), where the map for NGC 6946 came from the SINGS

Survey (Kennicutt et al., 2003) and the map for M101 was retrieved from Hoopes et al. (2001).

The contribution of [NII ] to the H� emission was removed (Kennicutt et al., 2009, 2008), the

foreground stars were subtracted (Muñoz-Mateos et al., 2009), and the H� data were corrected

for Galactic extinction (Schlegel et al., 1998). We use the calibration from Calzetti et al. (2007)

(Equation 7) and the combination of the 24� m and H� data to calculate the star formation rate
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surface densities (� SFR) in these galaxies. The� SFR is corrected for inclination, assuming a

value of 38� for NGC 6946 and 18� for M101.

This calibration adopts a truncated Salpeter IMF with a slope of 1.3 in the range of 0.1–0.5 M�

and a slope of 2.3 in the range of 0.5–120 M� . The distribution of� SFR is shown in the col-

orscale of Figure 2.2, where there is a spread of about 3 orders of magnitude in� SFR for our

sample.

2.2.6 Matching the spectral and spatial resolution

In order to match the resolution of the SOFIA data, we convolved the CO and HI maps with

a Gaussian to the GREAT beam size of 1500, which corresponds to 495 pc for M101 and 567 pc

for NGC 6946.

We also resample the [CII ], CO, and HI spectra to a common velocity resolution of 5.2 km s� 1

by hanning smoothing (when applicable) and regrid each spectra to match that of the 5.2 km s� 1

resolution CO data. All data were in the radio velocity convention and when necessary we con-

verted the velocity reference to the kinematic local standard of rest (LSRK). An example of the

three spectra after smoothing to the same resolution is shown in Figure 2.3.

2.2.7 Selecting the spectra for this study

We select the regions for the analysis by the integrated intensity of the [CII ] line. First, we

remove all spectra that exhibit features due to emission in the off position (see Figure 2.3, region

N5-4) or spectra with noise spikes greater than 1 K. We calculate the [CII ] integrated intensity

and 1� rms error by de�ning the bounds of integration from the HI data. We then select the
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spectra that have an integrated intensity greater than three times the calculated rms 1� noise level

as the main sample in this work (referred to as the 3� sample). In addition, we use an integrated

intensity cut, which includes all spectra greater than a given K km s� 1 value, and a sample which

uses all of the spectra, to test how the sample selection alters the results (see more in §2.4.3).

A summary of all the [CII ] spectra, including the position of pointings, star formation rate

surface density, and the [CII ] integrated intensity are given in Table 2.1.

2.3 Methodology

2.3.1 [CII ] emission decomposition description

The method of using the kinematic information to establish the origin of the [CII ] is pre-

sented in several analyses (e.g., Fahrion et al., 2017; Lebouteiller et al., 2019; Okada et al., 2019,

2015). These approaches generally rely on decomposing the pro�les into Gaussian components

that can then be related with the HI or CO spectra. Here we present another approach, by creating

a model [CII ] spectrum that is comprised of a linear combination of the CO and HI spectra, and

�nding the coef�cients that best reproduce the [CII ] spectrum, similar to the work by Mooker-

jea et al. (2016). This has the advantage of being entirely non-parametric, and of presenting a

mathematically well-posed problem with a unique solution that lends itself to a simple reliability

analysis. The drawback is that components that are not represented in our model (besides the HI

or the CO spectra) are not easily analyzed. To account for this, we show that the ionized gas has a

negligible contribution to the [CII ] emission in §2.4.2. Because HI has two phases that contribute

equally to the 21 cm spectrum, but [CII ] emission is thought to be predominately associated with

one of them (the CNM), this method requires that we work on scales (� 500 pc) that are large
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enough for the phases to be well-mixed so that the kinematics of the 21 cm emission represents

well the CNM.

We use the Rayleigh-Jeans brightness temperatures as a measure of the �ux for the [CII ],

CO, and HI spectra. The decomposition creates a model [CII ] spectrum from a linear combination

of the CO and HI spectra, wherewCO andwHI are the constants for the linear combination:

T[CII] ;model = wCOTCO + wHI THI : (2.1)

We de�ne TCO andTHI as the Rayleigh-Jeans brightness temperatures of the CO and HI data,

respectively, andT[CII] ;model is the model [CII ] spectrum. We then use� 2 minimization to estimate

the values ofwCO andwHI that best reproduce the observed [CII ] spectrum given the noise of the

observations:

� 2 =
nX

n=1

(T[CII] � wCOTCO � wHI THI )2

� 2
[CII] + w2

CO � 2
CO + w2

HI �
2
HI

(2.2)

where� corresponds to the rms noise of each spectrum and the model is evaluated across then

channels in the given spectra.

With best �t wCO andwHI values, we then calculate the fraction of the integrated [CII ]

intensity associated with the molecular and atomic gas:

f mol =
wCO

R
TCOdv

R
T[CII] dv

; f atomic =
wHI

R
THI dv

R
T[CII] dv

: (2.3)

By using the linear combination of CO and HI spectra as the model for the [CII ] spectra,

we maximize the contribution the CO-traced molecular gas and the HI-traced atomic gas have to
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the overall [CII ] emission. Additional contributing ISM components to the [CII ] emission will

be seen in residuals of the �t if the velocity pro�les have a different shape from the CO or HI

pro�les. ISM components that have similar velocity pro�les as the CO or HI will therefore be

attributed to the tracer with the most similar shape. For example, [CII ] associated with the dense

ionized gas from HII regions will likely share a similar spectral pro�le to the CO that is associated

with the dense PDRs. Thus, this dense ionized gas may be assigned to the molecular component.

2.3.2 Evaluation of the decomposition method

In order to evaluate the accuracy of the method, we run a series of simulated [CII ] decom-

position cases to explore how this method changes with different parameters, such as the peak

signal-to-noise ratio (SNR). We produce realistic CO and HI templates by averaging the spectral

pro�les of our existing CO and HI data, normalizing them to a peak of unity. Using a combi-

nation of these CO and HI template spectra, we create simulated [CII ] spectra using different

values ofwCO andwHI , wherewCO + w HI = 1. We then add Gaussian distributed noise that

correspond to the given [CII ] SNR for that trial. The inputwCO parameter ranges from 0.0 - 1.0

in 0.1 increments and the peak SNR ranges from 5 - 30 in increments of 5. Lastly, we use the

� 2 minimization in Equation 2.2 to calculate best �t values forwCO and repeat the process 5000

times.

We �nd the accuracy of the decomposition method by comparing the inputwCO parameter

to the resulting �tted parameter (note that this is a one-parameter problem sincewCO + w HI = 1,

so our results for the molecular fraction also apply to the atomic fraction). We calculate the

standard deviation and median absolute deviation between the �ttedwCO and the respective input
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Figure 2.4: Accuracy of the [CII ] decomposition method: error in the recovery of the input
parameter in Monte Carlo realizations using realistic template spectra and varying SNR. The
orange curve is the standard deviation of the �tted parameter with respect to the input. The
blue curve is the median absolute deviation (MAD) of the �tted parameters. The shaded regions
correspond to the variation of the statistical deviations from thewCO value. A SNR of� 15
is necessary for recovering the fraction of emission from the molecular phase to an accuracy of
� wCO � � 0:10at1� .
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wCO . Figure 2.4 shows both statistics averaged over allwCO input parameters in a given SNR bin

with the distribution of thewCO input parameter represented by the shaded region. The standard

deviation is more sensitive to outliers and consequently can have very large values, such as� =

660 for the SNR = 5 bin (not shown on �gure). The median absolute deviation is not as sensitive

to outliers and returns a value of 0.29 for SNR = 5 (equivalent to 0.41 for standard deviation when

assuming Gaussian distributed data). The MAD value for SNR = 5, however, is much larger than

for other SNR values, indicating that spectra with SNR = 5 do not give accurate results.

The standard deviation represents the 1� Gaussian distributed error expected on the pa-

rameter when decomposing a single spectrum. Thus a peak SNR of about 15 corresponds to a

deviation or error of 0.1 on the �tted parameter when using this decomposition method. Over

most observations in this sample, the [CII ] data have the lowest peak SNR, and therefore their

SNR is the main limit on the ability to decompose the [CII ] spectra accurately.

In addition to the accuracy, we are also interested in determining whether a two-component

model, using both the CO and HI spectra as templates, gives a statistically better result than a

one-component model using either of the templates. This can be thought of as anested model, as

the one-component model is a subset of the two-component model (i.e., it is the two-component

model with one parameter equal to zero). Adding more parameters to a nested model will always

produce a lower� 2, but the improvement may not be signi�cant.

We compare the possible models through theF-test(Mendenhall & Sincich, 2011, § 4.6).

While the F-test is often used in analysis of variance (ANOVA), it can also be used in regression

analysis to test whether the simpler of two models provides a better �t. We calculate the F-statistic

through:

37



Figure 2.5: When is a two-component description statistically better than a one-component
model? A high F-test value shows that the two-component model provides a better descrip-
tion of the data. In turn, the ability to make this distinction requires a minimum SNR from the
data. A two-component model is also more easily distinguishable from a single-component when
both components have similar weights (note thatwCO + wHI = 1). This plot shows that in cases
where one-component contributes 20% of the emission and the other 80% a SNR� 15 is neces-
sary. For40%� 60%contributions this can be relaxed to SNR� 10, but to distinguish between
one and two components when the lesser component contributes only 10% of the signal requires
very high SNR& 30.
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F =
(� 2

1comp � � 2
2comp)=(q � p)

� 2
2comp=(N � q)

(2.4)

where� 2
1comp is the� 2 for the simpler model,p is the number of parameters in the simpler model,

� 2
2comp is the� 2 for the complex model,q is the number of parameters in the complex model, and

N is the number of data points. The F statistic de�ned in Equation 2.4 follows the F-distribution

with (q � p; N � q) = (1 ; N � 2) degrees of freedom. We de�ne a null hypothesis that the more

complex model does not provide a signi�cantly better �t than the simpler model. We can reject

this null hypothesis, implying that the complex model provides a better �t, when the F-statistic is

greater than a given critical value from the corresponding F-distribution.

We show in Figure 2.5 the median F-statistic percentile for the same range ofwCO and

peak SNR as used in the accuracy simulations. The one-component model is de�ned by �tting

the CO and HI template to the simulated data and selecting the �t with the lowest� 2 value. The

F-statistic percentile is dependent on the value forwCO , since it is easier to see the effect of both

components when they contribute approximately equally (note thatwHI = 1 � wCO ). We cannot

statistically distinguish between the two-component model and a one-component model with a

peak SNR of �ve. A peak SNR of ten does a better job, but only forwCO = 0:4� 0:6. The spectra

therefore need to have a high SNR of at least �fteen to distinguish between a one-component and

a two-component model for cases where the lesser component contributes 20% or more of the

signal. The majority of the individual [CII ] spectra from M101 and NGC 6946 have a peak SNR

of less than ten. Combined with the simulations on the accuracy of the decomposition method,

we conclude we need a higher peak [CII ] SNR than that provided by most individual spectra in

this sample: we achieve this through averaging the data (see §2.4.3).
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2.4 Results

In order to identify the dominant phase of the ISM traced by [CII ], we compare the velocity

resolved pro�les of [CII ] from the SOFIA/GREAT data to the pro�les of HI 21 cm emission, a

tracer of the atomic phase, and to COJ = 2 � 1 emission, a tracer of the molecular phase. The

physical spatial resolution of the [CII ], CO, and HI data is� 500 pc for M101 and NGC 6946.

The pro�les carry information about the bulk motions of the given gas phase at this resolution,

and we will use their shape to identify the origin of the [CII ] emission. Early detections of [CII ]

emission from line-of-sight observations of the Milky Way revealed the multi-phase and extended

nature of [CII ] emission (Bennett et al., 1994; Madden et al., 1993; Makiuti et al., 2002; Shibai

et al., 1991; Stacey et al., 1985; Wright et al., 1991). In order to quantify the amount of [CII ]

that is associated with each phase in the plane of the Milky Way, velocity resolved spectra are

required, as performed by Pineda et al. (2013). We apply a similar velocity resolved approach

to decompose the [CII ] emission into the component phases in two nearby galaxies outside of

the local group. The multi-phase nature of the [CII ] emission can be inferred by inspection of

Figure 2.3 (especially region N5-6), where the [CII ] pro�le widths are intermediate between those

for CO and HI.

2.4.1 Linewidth comparison

By �tting the spectral line pro�les of the [CII ], CO, and HI data, we can quantify how

the [CII ] emission is intermediate between the CO and HI emission. We �t each spectra with

a Gaussian pro�le and compare the linewidths between the spectra by examining the �tted full

width at half maximum (FWHM) of each line. Figure 2.6 shows the difference between the
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FWHM of the [CII ] and the CO pro�le (on the y-axis) or the HI pro�le (on the x-axis). Most

points are found in the fourth quadrant, indicating that the [CII ] FWHM lies between those of CO

and HI. There are no strong trends with� SFR , shown through the colorscale, and the difference

between the FWHM of the [CII ], CO, and HI. The mean FWHM for the [CII ] is 27.7 km s� 1 while

the mean FWHM for CO and HI are 22.1 km s� 1 and 35.7 km s� 1, respectively. On average, the

HI FWHM is 29% wider than the [CII ] pro�le and the CO FWHM is 25% narrower than the

[CII ] pro�le. Other studies have also shown linewidth differences between the [CII ], CO, and HI

spectra, with up to a 50% difference between the CO and [CII ] pro�les (e.g. Lebouteiller et al.,

2019; Requena-Torres et al., 2016; de Blok et al., 2016).

Gaussian curves �t most of these spectra well, but there are some instances where the �t

is poor (� 2
red ' 2:5), often when spectra are not symmetric or have a lower peak SNR. These

asymmetries provide motivation for using a [CII ] decomposition method that does not assume a

line shape (see §2.3.1). Additionally, the poor Gaussian �ts are the points in Figure 2.6 that have

higher errorbars.

Note that the kinematic decomposition method would not be effective if the CO and HI

pro�les are too similar. The HI spectra, however, are on average 62% wider than the CO spectra.

Thus the tracers of the molecular and atomic gas are suf�ciently different to provide an accurate

decomposition of the [CII ] emission (see §2.3.2). Further, the difference between the spectral

pro�les of [CII ], CO, and HI are also larger than the velocity resolution of these data.
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Figure 2.6: The linewidth of the �tted Gaussian curves for the HI, CO, and [CII ] data as traced
by the FWHM. Points to the left of the zero line mean that the HI line pro�les are wider than the
[CII ] while points above the zero line show [CII ] line pro�les that are wider than the CO. Most
of the [CII ] pro�les have a width in between the CO and HI (see upper left quadrant), suggesting
a combined origin of the two.
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Table 2.2: [CII ] Gaussian Fits Summary

Galaxy Region A vpeak FWHM
(K) (km s� 1) (km s� 1)

M101 Ma 0.95� 0.04 273.6� 0.6 27.4� 1.3
M101 M3-0 0.20� 0.03 201.6� 2.0 31.1� 4.8

NGC6946 Nd 0.61� 0.06 110.5� 1.7 33.1� 4.0
NGC6946 N5-5 0.24� 0.02 -21.7� 1.4 30.1� 3.3

The Gaussian �tted parameters of the [CII] lines for the
3� sample. A represents the amplitude of the Gaussian,
vpeak is the �tted peak velocity, and FWHM is the full
width half maximum of the Gaussian �t. (This table in its
entirety is available in a machine-readable form online.)

2.4.2 Contributions from ionized gas

The [NII ] 205� m transition arises from ionized gas because nitrogen has an ionization

potential of 14.5 eV, greater than that of hydrogen, and can be used to isolate the contribution the

ionized gas has on the [CII ] emission. The similar critical densities for collisions with electrons,

ne � 32 cm� 3 for [NII ] 205� m andne � 45 cm� 3 for [CII ] (Scḧoier et al., 2005), mean that

the [CII ]/[N II ] line ratio has a weak dependence on the density and ionization state. Therefore,

for a givenN+ =C+ abundance ratio, the observed [CII ]/[N II ] line ratio gives a relatively density-

independent estimate of the contribution of ionized gas on the total [CII ] emission (Oberst et al.,

2006).

[NII ] 205� m is a faint line compared to [CII ], and consequently all the [NII ] observations

we have from SOFIA/GREAT are non-detections. We use the 3� rms of [NII ] to compute a lower

limit on the [CII ]/[N II ] ratio. This ratio can then be used to �nd a lower limit onfneutral , the

fraction of molecular and atomic gas that contributes to the overall [CII ] intensity (or, conversely,

an upper limit to the fraction of emission contributed by the ionized gas). We compare the
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observed [CII ]/[N II ] ratio to the theoretical ratio derived from the ionic abundance ofC+ =N+ and

attribute any excess to the contribution the neutral gas has to the [CII ] emission. The theoretical

[CII ]158� m/[NII ]205� m ratio does depend slightly on density, but ranges between 3.1 at low

densities and 4.2 for high densities (Oberst et al., 2006). We use a [CII ]158� m/[NII ]205� m ratio

of 4, the same as Croxall et al. (2017), in order to compare to their results. This value comes from

calculations of the collision rates ofe� with C+ (Tayal, 2008) andN+ (Tayal, 2011) and assumes

Galactic gas phase abundances for carbon (XC=H = 1:6 � 10� 4, So�a et al. 2004) and nitrogen

(XN=H = 7:5 � 10� 5, Meyer et al. 1997). We calculatefneutral by subtracting the ionized gas

contribution to [CII ]:

f neutral =
I [CII] � Rionized � (3� rms;[NII] )

I [CII]
(2.5)

whereRionized = 4, the approximate theoretical [CII ]/[N II ] ratio.

We present thefneutral lower limits in Figure 2.7, with the colorscale representing the oxy-

gen abundance we estimate from the metallicity gradients found in Pilyugin et al. (2014). All

of the limits show anfneutral greater than 70% with an average offneutral = 88%. There is also

a trend with the [CII ] intensity, suggesting that the regions with brighter [CII ] have a smaller

possible contribution from the ionized gas.

The estimation offneutral assumes aC+ =N+ ratio, which we anchor to the GalacticC=N =

2:13 ratio at log(O/H)� 8.65 (Siḿon-D́�az & Stasínska, 2011). There is an expected variation

of theC=N ratio with metallicity (Nieva & Przybilla, 2012), but Croxall et al. (2017) show that

fneutral varies by only 10% for a change of 0.8 dex in oxygen abundance. Therefore our orig-

inal calculation using a Galactic abundance will only marginally change the already minimal
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Figure 2.7: Lower limits of the contribution the neutral gas has to the [CII ] emission found
through 3� rms [NII ] 205� m measurements. Colors represent the gas phase oxygen abundances.
The average limitfneutral & 88%, suggesting the the contribution of ionized gas to the [CII ]
emission is negligible.

contribution the ionized gas has to the [CII ] emission.

Thefneutral lower limits we compute are very similar to the work by Croxall et al. (2017),

who �nd (74� 8)% of the [CII ] emission comes from the neutral gas in galaxies from KINGFISH

(Kennicutt et al., 2011). A similar result is found for regions in the LMC, wherefneutral & 90%

(Lebouteiller et al., 2019), and in the measurements of low metallicity galaxies in the Dwarf

Galaxy Survey, which estimatefneutral > 70% (Cormier et al., 2019). According to these limits,

we assume that the contribution of the ionized gas to the [CII ] emission is negligible. This allows
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us to spectrally decompose the [CII ] emission using only tracers for molecular and atomic gas.

2.4.3 Decomposition of spectrally averaged data

As discussed in §2.3.2, we need a high peak signal-to-noise ratio (SNR) of 10-15 to ac-

curately spectrally decompose the [CII ] emission. Only three spectra in this dataset have a peak

SNR greater than 10, and these individual spectra are analyzed in §2.4.4. In order to achieve

the SNR required to accurately decompose the [CII ] spectra, we average the bulk of the data by

combining similar spectra together through a process called stacking.

We stack the spectra by aligning them in velocity, with the HI data providing the velocity

reference because the HI spectra have a higher SNR compared to the CO spectra. First, we shift

all of the spectra to the center of the HI Gaussian-�tted peak velocity. We then interpolate over a

velocity grid with a 150 km s� 1 bandwidth and the 5.2 km s� 1 velocity resolution. The centered,

interpolated spectra for the [CII ], CO, and HI are averaged together. This method reduces the

noise of the �nal spectrum by a factor of�
p

Nspec, whereNspec is the number of spectra stacked

in the given cut and sample. The peak SNR of the stacked [CII ] spectra thus increases to about

10 or higher, making a meaningful spectral decomposition possible. For example, stacking 13

spectra together each with an average SNR� 5 produces a stacked spectrum with an SNR� 15.

In the process of stacking the data, we wish to preserve any relation between the envi-

ronmental properties in a region and the results of the [CII ] decomposition. For this study, we

will stack spectra binning by star formation rate surface density (� SFR), metallicity (Z), and nor-

malized galactocentric radius (R=R25). We bisect the data into a “low”� SFR bin and a “high”

� SFR bin, with a cutoff value of� SFR = 6 � 10� 2 M � yr � 1 kpc� 2. We use the same process
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for metallicity by de�ning a cutoff value of 12 + log(O/H) = 8.55 and for the galactocentric ra-

dius with a cutoff value ofR=R25 = 0.4. These values were chosen by splitting the 3� sample

of [CII ] spectra into roughly equal numbered bins. The minimum metallicity for the 3� sample

is 12 + log(O/H) = 8.03 and the maximum is 12 + log(O/H) = 8.65. The� SFR varies between

3:9 � 10� 3 and6:9 � 10� 1 M � yr� 1 kpc� 2. These spectra also span the distribution of galac-

tocentric radii, withR=R25 ranging from 0.1 to 0.9. In addition, we stack all the spectra from

M101 and NGC 6946 separately in order to identify whether there are differences in the results

of the [CII ] decomposition in a given galaxy. Lastly, we produce a stack of all spectra together

regardless of the property or galaxy (labeled “all spec”).

Because the results of the decomposition may depend on the sub-sample of [CII ] spectra

used, we produce different stacks with selections as described in §2.2.7. We include spectra

by using three different criteria: a 3� sub-sample (de�ned as including spectra where the [CII ]

integrated intensity of a given [CII ] spectrum is 3 times the rms noise), an intensity sub-sample

(de�ned as including spectra when the [CII ] integrated intensity is greater than 5 K km s� 1), and

the sample where all the [CII ] spectra are selected, including non-detections (labeled “no cuts”).

The 3� and I> 5 K km s� 1 intensity sub-samples give similar results; therefore we present stacked

data using just the 3� and “no cut” samples.

We then �t the stacked spectra with a two-component model, de�ned as the linear combina-

tion of the CO and HI data, as well as a one-component model, which uses only the CO or HI data

as templates. We compare the goodness of �t of the one-component model with the lowest� 2 to

the two-component model using the F-test, as described in §2.3.2. We �nd that a two-component

model �ts the data statistically better in most instances, except for stacks corresponding to the

low � SFR bin, which has a lower [CII ] SNR than other stacks, and the stacks where both models
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Figure 2.8: Decomposition of stacked spectra from the 3� sub-sample (includes all regions with
integrated [CII ] intensities three times greater than the rms noise). The top two panels show the
sample split by� SFR where the division is� SFR = 6 � 10� 2 M � yr � 1 kpc� 2. The bottom two
panels show the sample split by metallicity, where the division is 12 + log(O/H) = 8.55. Blue
colors represent the stacked [CII ] spectrum, yellow corresponds to the stacked HI spectrum, and
red shows the stacked CO data. The CO and HI spectra are scaled to the amplitude of the [CII ]
spectrum. The black line is the two component decomposition using the scaled HI and CO data
to best reproduce the [CII ] spectrum. The reduced� 2 of the two component �t and the results of
the decomposition are shown in the upper left corner. The agreement between the decomposition
�t (black) and the original [CII ] spectrum (blue) are generally very good.
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provide a bad �t (� 2
red � 3:2).

Figure 2.8 shows an example of the stacked [CII ], HI, and CO spectra for the� SFR and

metallicity property bins as well as the resulting [CII ] spectral decomposition. The full results

are given in Table 2.3 and a summary of the decomposition results forfmol is plotted in Figure 2.9.

We calculate the average� SFR , metallicity,R=R25, and total gas surface density for each bin and

report the result in Table 2.3. We use the HI and CO line intensities at the� 500 pc resolution and

Equations 1 and 2 from Herrera-Camus et al. (2017) to calculate the total gas surface density for

these regions.

Most of the stacked spectra show that the atomic gas has an equal or larger contribution

to the overall [CII ] intensity. For example, the high metallicity (Z) bin yields values offmol =

0:36 � 0:12 and fatomic = 0:65 � 0:15, suggesting that the high metallicity points have [CII ]

emission that is present slightly more in the atomic phase. Similarly, the high� SFR bin contains

[CII ] emission that is equally distributed between the two phases, with afmol = 0:57 � 0:09

and anfatomic = 0:42 � 0:12. When taking into account the uncertainties, all stacked bins are

approximately consistent with a 50% or more contribution from the atomic phase to the [CII ]

decomposition.

We also �nd that the fraction of [CII ] coming from the molecular phase decreases or re-

mains the same when comparing the “no cuts” sample to the 3� sub-sample. The “no cuts”

sample uses all of the spectra in the dataset and consequently contains fainter and non-detected

[CII ] spectra. When there are more non-detections included in a stacked bin, the atomic gas

tends to have a larger contribution to the [CII ] emission. This trend is relatively consistent for the

different properties studied, except in cases wherefatomic stays constant.

There is a clear trend when comparing the stacked bins between the two galaxies. The
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Figure 2.9: Summary of the [CII ] decomposition of averaged spectra. The stacked property is
named on the x-axis and the sub-sample used is colored in blue for the 3� sample and gray
for when no cuts are made. Most stacked bins contain [CII ] with an equal or greater contribution
from the atomic gas. There is also a slight trend of decreasingfmol when the “no cuts” sub-sample
is used. The spectra from NGC 6946 are more dominated by the molecular gas when compared
to the spectra in M101.

molecular gas dominates the [CII ] emission signi�cantly more in NGC 6946 than M101. Addi-

tionally, the contribution of molecular gas to the [CII ] emission stays consistent for the “no cut”

sample in NGC 6946 but decreases for M101.

We �nd high � 2 values of� 2 = 3:29for the low metallicity bin and� 2 = 3:20for the M101

bin in the “no cuts” sample, suggesting that the two component model does not �t these data

well. Figure 2.10 shows the stacked spectrum for the low metallicity bin and there is excess [CII ]

emission not traced by the two-component model. This suggests that the underlying assumption,

that the combination of an atomic phase (as traced by the HI data) and molecular phase (as traced

by the CO data) can completely explain the [CII ] emission pro�le, may not apply. An additional

component, either ionized gas (which we think unlikely in view of the discussion in §2.4.2)

or much more likely CO-faint molecular gas, may be needed to appropriately model the [CII ]

emission.
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Figure 2.10: Spectra of the low metallicity stacked bin when making no cuts on the included
regions. See Figure 2.8 for description of line colors and labels. There is [CII ] emission on the
left wing that isn't traced by the CO or HI data, leading to a high� 2 for the two-component
model. The excess emission may be from CO-dark gas or another contribution not traced in this
work.
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At low metallicities, CO-faint molecular gas can be a large contributor to the [CII ] emis-

sion, hinting that the high� 2 and additional [CII ] emission in Figure 2.10 is likely CO-faint gas

(e.g. Grenier et al., 2005; Jameson et al., 2018; Madden et al., 1997; Wol�re et al., 2010). Fahrion

et al. (2017) also observe wider wings in their [CII ] pro�les, but their origin was not attributed

to the CO or HI gas. Similar work using higher resolution data from the Small and Large Mag-

ellanic Clouds show wide [CII ] pro�les not associated with the atomic, molecular, or ionized

gas (Lebouteiller et al., 2019; Okada et al., 2019, 2015; Requena-Torres et al., 2016). With the

present data, however, we cannot ascertain the exact nature of this component.

There are no clear differences in the [CII ] decomposition when comparing the high and low

cuts of the� SFR and metallicity. The spectra come from� 500 pc regions, which may contain

multiple PDR and HII complexes, and averaging over the 1500beam can dilute trends with metal-

licity or star formation rate. The necessity to stack data may further weaken possible trends by

averaging over multiple spectra from two different galaxies. Interestingly, the largest difference

between the results of the [CII ] decomposition comes from comparing the two galaxies. M101

contains [CII ] emission dominated more by the atomic gas while the [CII ] in NGC 6946 comes

more from the molecular gas. The physical property driving the difference between these [CII ]

decomposition results is uncertain, but is likely not the aggregate star formation rate or metallicity

of these galaxies.

We also investigate the dependence on galactocentric radius and the [CII ] decomposition

and �nd a similar value offatomic � 0:5 for both the low and highR=R25 cuts. There is no

difference in the distribution of galactocentric radius between NGC 6946 and M101, suggesting

that R=R25 is not the reason for the varying [CII ] decomposition results in these two galaxies.

The galactocentric radius does slightly increase with the “no cuts” sample, but because there
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is no difference between the low and highR=R25 bins, the small increase inR=R25 is unlikely

causing the larger contribution of atomic gas to the [CII ] emission seen in the “no cuts” sample.

Lastly, we use bootstrapping techniques to con�rm that the process of stacking the spectra

is accurate. We randomize the regions included in each bin, then decompose the summed random

combination of spectra for that bin, and repeat this process for 500 trials. The results of the

bootstrap technique are very similar to the original results, suggesting that the uncertainties in

the original decomposition are accurate and that one given spectrum in a bin does not dominate

the [CII ] decomposition. Additionally, we do not change the weighting of the original stacked

spectra, which are by nature of summing the data �uxed-weighted. We do not use rms weighting

because the brighter [CII ] spectra tend to have shorter integration times and larger rms values.

2.4.4 Decomposition of individual spectra

There are three spectra in our dataset that have a suf�cient SNR to produce a meaningful

decomposition, as determined by our analysis in §2.3.2. We show the results in Table 2.4. Within

the uncertainties, the results from these regions agree with those from stacked spectra.

All three data points are in the low metallicity property bin, butfatomic ranges from 0.65 to

0.46, suggesting there may be a fair amount of scatter in the decomposition of individual spectra

that make up the bins described in §2.4.3. The individual variation is also seen in similar [CII ]

decomposition work by Mookerjea et al. (2016).
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2.5 Discussion

2.5.1 Thermal Pressure in the Cold Neutral Medium

The spectral [CII ] decomposition allows us to separate [CII ] emission that is directly asso-

ciated with the atomic gas. Using a method proposed by Kulkarni & Heiles (1987) and demon-

strated by Herrera-Camus et al. (2017), we use the [CII ] cooling rate to estimate the thermal

pressure in the cold neutral medium (CNM). The thermal pressure is important in determining

the cooling curve and pressure equilibrium in the atomic medium (Field et al., 1969), has conse-

quences for the amount of cold dense material available for star formation, and it is part of the

cycle of self-regulation of star formation activity in galaxies (Kim et al., 2011; Ostriker et al.,

2010).

In order to estimate the thermal pressure in the CNM, we need to relate the observed [CII ]

emission to the physical properties of the gas that emits the [CII ]. The integrated intensity of [CII ]

for collisional excitation in the optically thin limit with a given collisional partner is (Crawford

et al., 1985; Goldsmith et al., 2012)

I [CII] =
�

2e� 91:2=T

1 + 2e� 91:2=T + Aul =(� Rul;i ni )

�
NC+

� 2:3 � 10� 21 ;

(2.6)

whereI [CII] is the integrated [CII ] intensity in units of erg s� 1 cm� 2 sr� 1, T is the kinetic temper-

ature of the collisional partner in K,NC+ is the column density of ionized carbon in the line of

sight in units of cm� 2, Aul is the spontaneous decay rate of the 158� m [CII ] transition (Aul =
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2.3� 10� 6 s� 1), n is the number density of the collisional partner in units of cm� 3, andRul is the

collisional de-excitation rate coef�cient of a given partner at a kinetic temperatureT. The sum

in the denominator is over all the relevant collisional partners, includingH0, H2, He, ore� . The

focus in this section is collisions with the atomic gas,H0, whereRul is calculated by Goldsmith

et al. (2012)

Rul (H 0) = 4 :0 � 10� 11(16 + 0:35T0:5 + 48T � 1) (2.7)

and is in units ofcm3 s� 1. ForT = 100 K, the collisional de-excitation rate coef�cient for atomic

hydrogen isRul (H 0) = 8 � 10� 10 cm3 s� 1. The atomic gas will also contain helium, which has a

collisional de-excitation rate coef�cient equal to 0.38 times the rate for atomic hydrogen (Draine,

2011).

The total observed [CII ] integrated intensity has components from the neutral gas (including

the molecular and atomic phases) and the ionized gas.

I tot
[CII] = I neutral

[CII] + I ionized
[CII] ; (2.8)

whereI neutral
[CII] = I atomic

[CII] + I mol
[CII] . We de�nef ion as the fraction ofI tot

[CII] that comes from the ionized

gas. As part of the neutral phase there is diffuse “CO-dark” molecular gas phase that is mixed

within the CNM (Grenier et al., 2005; Langer et al., 2014; Wol�re et al., 2010). The kinematics

of the CO-dark gas may match those of the CNM and thus the contribution needs to be removed.

We de�ne f H2 as the fraction of the [CII ] intensity that originates in the CO-dark molecular gas.

Therefore we can write
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I atomic
[CII] = (1 � f H2 )(1 � f ion)(1 � f mol )I tot

[CII] ; (2.9)

where we usef mol calculated from the �tting described in §2.4.3 to �nd the fraction of the total

[CII ] intensity that originates from the atomic gas alone.

The warm neutral medium (WNM) in the atomic phase has a combination of physical con-

ditions (T� 8000 K, n� 0.5 cm� 3) and an overall low mass fraction to not produce appreciable

[CII ] emission (see also Fahrion et al., 2017; Herrera-Camus et al., 2017; Pineda et al., 2013).

Therefore the [CII ] emission associated with the atomic gas is due to CNM. In the equation above

I atomic
[CII]

�= I CNM
[CII] .

[CII ] emission is the dominant cooling source in the CNM (Draine, 2011; Wol�re et al.,

1995, 2003). The cooling rate per H nucleon is

� [CII] =
4�I tot

[CII]

NHI
(2.10)

whereNHI is the column density of the HI gas in cm� 2 derived from the 21 cm spin-�ip transition,

to which both the WNM and CNM contribute. The fraction of HI column density in the CNM is

f CNM = N CNM
HI =NHI , with values likely in the rangef CNM = 0:3� 0:7 (Heiles & Troland, 2003).

Therefore,

� CNM
[CII] =

4�I CNM
[CII]

f CNM NHI
: (2.11)

We can then relate the observed cooling rate as de�ned in Equation 2.10 to the CNM

cooling rate using
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� [CII] = � CNM
[CII]

f CNM

(1 � f ion)(1 � f mol )(1 � f H2 )
: (2.12)

With Equation 2.6 as the expression for the [CII ] intensity, we rewrite the cooling rate as

� CNM
[CII] =

2:9 � 10� 20KN CNM
C+

f CNM NHI
; (2.13)

whereK is

K =
2e� 91:2=T

1 + 2e� 91:2=T + Aul =(� Rul;i ni )
: (2.14)

Assuming the carbon abundance is the same for the CNM and WNM, and assuming all

gas-phase carbon is C+ , thenN CNM
C+ =(f CNM NHI ) = (C =H)CNM , and the �nal expression for the

observed cooling rate is

� [CII] =
2:9 � 10� 20K (C=H)CNM f CNM

(1 � f ion)(1 � f mol )(1 � f H2 )
: (2.15)

We then solve for the density,ni , in Equation 2.14. The collisional partners withC+ in

the CNM will be atomic hydrogen and helium. Assuming the cosmic abundance ratio of 10

to 1 for hydrogen to helium, the sum over collisional partners in Equation 2.14 simpli�es to

1:038Rul (H 0)nCNM (Draine, 2011). The thermal pressure of the CNM is

Pth = nCNM T K cm� 3 (2.16)

To calculatePth in the CNM, we assume a temperature ofTCNM = 100 K (e.g., Gerin et al.,

2015). A variation ofTCNM of a factor of 2 will alter the thermal pressure by� 30%. We obtain
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the gas-phase carbon abundance through the oxygen abundance gradients measured for these

galaxies (Pilyugin et al., 2014) and convert these oxygen abundances into carbon abundances

through the relation used in MAPPINGS (Nicholls et al., 2017)

log(C=H) = log(O =H) + log(10 � 1:00 + 102:72+log(O =H) ): (2.17)

Herrera-Camus et al. (2017) normalize the expression above to recover the local Galactic ISM

gas phase carbon abundance ofC=H = 1:5 � 10� 4 (Gerin et al., 2015) with an input oxygen gas

phase abundance of 12 + log(O/H) = 8.65 (Simón-D́�az & Stasínska, 2011). We set the fraction of

CNM in the atomic gas tof CNM = 0:5, which is consistent with the results of Heiles & Troland

(2003) and Pineda et al. (2013). The fraction of H2 is uncertain but we set it tof H2 = 0:3,

motivated by Pineda et al. (2013) who use [CII ] observations of the plane of the Milky Way to �nd

that the CO-dark gas contributes� 30%of the total [CII ] emission. Our [NII ] SOFIA/GREAT

observations have an average upper limit off ion = 0:12 for the [CII ] emission from ionized gas

(c.f., Figure 2.7), although we also include the result of settingf ion = 0:3, as in Herrera-Camus

et al. (2017).

In addition to the assumptions described above, we use the results in Table 2.3 for the value

of f mol . We then estimate the thermal pressure of the CNM for each stacked bin through the

[CII ] cooling rate given in Equation 2.15. Those results are compared to the calculated thermal

pressures found in Herrera-Camus et al. (2017) and shown in Figure 2.11.

The thermal pressure of the CNM calculated in this study range fromlog(Pth =k) = 3 :8 �

4:6 [K cm� 3]. These pressures correspond to a density range of 75cm� 3 to 400 cm� 3 when

assumingTCNM = 100 K. The effect of increasingf ion from 0.12 to 0.3, the value Herrera-
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Figure 2.11: The thermal pressure vs. star formation rate wheref ion = 0:12andf H2 = 0:3. The
KINGFISH data from Herrera-Camus et al. (2017) are circles and the 3� stacked data bins in this
study correspond to squares. The color coding represents the gas surface density, with the total
presented (� gas = � HI +� H2 ) on the left panel and the HI gas surface density (� HI ) shown on the
right. The horizontal lines to the left of the square points show how the pressure would change
if f ion = 0:3, as is set in the KINGFISH data. The vertical lines on the plot represent theortical
predictions from Wol�re et al. (2003) for different values of� gas. Our estimates follow the same
trends as the KINGFISH data but they are localized on the higher pressure region rather than the
median, likely due to the bias towards regions of higher� SFR and� gas.

Camus et al. (2017) uses for the KINGFISH sample, decreases the thermal pressure by 0.1 dex

on average.

These pressures are slightly higher than those derived in the atomic disk for the KINGFISH

sample, but broadly follow the same trends with gas surface density and� SFR . Herrera-Camus

et al. (2017) identify atomic-dominated regions by �nding where the surface density of atomic

gas is larger than that of molecular gas and thus are biased towards quiescent regions with lower

gas surface densities (� gas). The technique in this work spectrally identi�es the [CII ] coming only

from the atomic gas and allows us to calculatePth =k for a wider range of regions with higher

� SFR and� gas. Figure 2.11 shows that this work has much larger total gas surface density values

due to the inclusion of regions with appreciable molecular gas. The atomic gas surface density

values of these regions, however, are comparable to those in Herrera-Camus et al. (2017). The
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KINGFISH data and analytic work by Wol�re et al. (2003) show that an increase in� SFR leads

to higher thermal pressures. At �xed� SFR , however, larger gas surface densities decrease the

thermal pressure, leading to different predicted slopes for the relationship between the� SFR and

Pth =k as seen in Figure 2.11. Because the regions in this work have high� SFR and� gas, these

data are on the upper end of the trend between star formation rate and thermal pressure. Similar to

Herrera-Camus et al. (2017), the trends here generally agree with the theory, but there is a wider

dispersion in the relationship between� SFR , � gas, Pth =k, possibly due to regions continuing to

evolve to equilibrium or observational uncertainties in these measurements.

Gerin et al. (2015) compute thermal pressures in Milky Way star-forming regions using

[CII ] and [CI] far-infrared/sub-mm observations toward bright dust continuum regions on the

Galactic plane, and �nd a median oflog(Pth =k) = 3 :8 K cm� 3 and a maximum oflog(Pth =k) =

4:3 K cm� 3, comparable to our result. Jenkins & Tripp (2011) use CI ultraviolet absorption mea-

surements toward Milky Way stars within 3 kpc to estimate a median pressure oflog(Pth =k) =

3:6 K cm� 3 with a log-normal distribution, although �nding an excess oflog(Pth =k) > 4:0 K cm� 3

of pressures and a positive correlation with radiation �eld (and star formation activity). Gold-

smith et al. (2018) use velocity resolved [CII ] observations and 21 cm absorption spectra and �nd

a pressure range oflog(Pth =k) = 3 :3� 4:0 [K cm� 3] in atomic gas dominated lines of sight. Also

using [CII ] observations, Velusamy et al. (2017) compute the pressure by isolating the H2 gas and

�nd areas of higher pressure,log(Pth =k) > 4 K cm� 3, in high star-forming regimes.

Outside of the Milky Way, Welty et al. (2016) use CI ultraviolet absorption measurements

to identify the CNM thermal pressure in sight lines of Magellanic Clouds and compute pressures

that range fromlog(Pth =k) = 3 :6 � 5:1 [K cm� 3], agreeing well with the range of thermal pres-

sures we �nd for M101 and NGC 6946. The authors hypothesize that the higher pressures may
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be due to the enhanced radiation �elds in the CNM of the Magellanic Clouds. Energetic feedback

from stellar winds, supernova remnants, and star formation may also play a role in increasing the

overall thermal pressure of in the Magellanic Clouds. It is possible that the same effects may be

contributing to the higher thermal pressures found in M101 and NGC 6946.

The trends we �nd with� SFR and gas surface density generally agree with the observational

work of Herrera-Camus et al. (2017) and the analytic modeling work by Wol�re et al. (2003). The

thermal pressure increases with increasing� SFR , possibly caused by the relation between� SFR

andG0, the far-ultraviolet (FUV) intensity �eld (Dopita, 1985; Ostriker et al., 2010), or through

stellar feedback from winds or supernovae (Barrera-Ballesteros et al., 2021; Hayward & Hopkins,

2017).

2.5.2 Origins of the [CII] emission

Studies that explored the multi-phase nature of [CII ] emission in NGC 6946 did so initially

based on spatial information rather than spectral pro�les. Using theKuiper Airborne Observa-

tory, Madden et al. (1993) found an extended component of [CII ] emission that they attribute to

the atomic gas. Following up that study, measurements of NGC 6946 using the Infrared Space

Observatory found that/ 40% of the [CII ] emission comes from the diffuse galaxy disk (Contursi

et al., 2002). Through PDR modeling, these authors �nd that the majority of the [CII ] emission

associated with the HI gas arises from dense HI, likely from the photodissociation of H2 on

molecular cloud surfaces, and is consistent with the density and pressure computed in our study.

More recently, Bigiel et al. (2020) use [CII ] SOFIA/FIFI-LS data of NGC 6946 to �nd that 73%

of the [CII ] luminosity comes from the spiral arms, 19% is from the central regions, and 8% is in
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the interarm regions. It is dif�cult to compare directly to this work, because we separate our re-

gions based on star formation rate and metallicity, but these spatial results are broadly consistent

with what is measured here.

Previous work studying the origin of [CII ] emission with velocity resolved [CII ] data and

some form of pro�le decomposition are broadly consistent with our conclusions. Fahrion et al.

(2017) use SOFIA/GREAT observations of the dwarf galaxy NGC 4214 and a similar spectral

decomposition method to identify the origin of [CII ] emission in �ve regions at a resolution of

� 200 pc. They �nd on average that 54% of the [CII ] emission is associated with the CO pro�les

and 46% is associated with the HI pro�les, in agreement with our �nding (see Table 2.3). The

authors state, however, that only about 5 - 11% of the [CII ] emission originates in the CNM

because they take a narrower de�nition of the CNM than we use here. In order to reproduce

the [CII ] emission associated with the HI gas in NGC 4214, Fahrion et al. (2017) calculate a

density of� 1000 cm� 3 at a temperature of 80 K, concluding there is a denser atomic phase than

the classical CNM associated with the [CII ] that has similar broad wings to the HI pro�le. Our

pressures in fact suggest that this “high pressure CNM phase” is fairly common in star-forming

regions.

Mookerjea et al. (2016) useHerschel/HIFI velocity resolved [CII ] data of M33 at 50 pc

resolutions and a method of combining the CO and HI pro�les to reproduce the [CII ] spectra

that is identical to the method presented in this study. In 20 different regions that cover the

center of M33 and one of its large HII regions, they �nd that 8-85% of the [CII ] emission comes

from the atomic gas. They calculate CNM densities that range from 150cm� 3 to 1500cm� 3,

depending on the given region in their sample. With these high densities, they conclude that the

[CII ] originating from the majority of the atomic medium comes from the atomic envelopes of
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molecular PDRs. Therefore, Mookerjea et al. (2016) is consistent with other studies (e.g. Contursi

et al., 2002; Fahrion et al., 2017), including the work in this paper, that associate portions of the

[CII ] emission with a dense, high pressure, atomic phase.

Studies that focus on [CII ] in the Magellanic Clouds have higher spatial resolutions, on

the order of a few parsecs compared to the� 500 pc regions in this work. Okada et al. (2019,

2015) use spectrally resolved SOFIA/GREAT observations of CO and [CII ] in the LMC at spatial

resolutions of� 4 pc to show that the CO spectra alone cannot explain 30% - 60% of the [CII ]

emission in the LMC, suggesting the presence of CO-dark gas. By matching the wide wings in

the [CII ] spectra with the HI pro�le, they �nd that less than 15% of the [CII ] emission comes

from the atomic phase on average. Other studies in the SMC that use velocity resolved [CII ] data

also observe a small contribution from the atomic gas to the overall [CII ] emission (Requena-

Torres et al., 2016). Lebouteiller et al. (2019) use SOFIA/GREAT data of the LMC and employ

a Bayesian approach to decompose the line pro�les of each tracer into multiple components per

region, which are analyzed individually. In order to �nd the contribution from atomic gas, they

estimate the density using the HI column density and the average cloud sizes in the LMC found by

Indebetouw et al. (2013), computing densities that range between a few cm� 3 to 103 cm� 3. With

this method, the atomic phase contributes about 30% of the total [CII ] emission in regions with

faint [CII ] emission. In bright regions, CO-dark gas associated with [CII ] dominates, contributing

95% to the emission.

In this study we �nd that the atomic gas contributes� 50% or more to the overall [CII ]

emission, similar to the other spectral decomposition studies on scales between 50 and 200 pc

(Fahrion et al., 2017; Mookerjea et al., 2016). At these resolutions, multiple HII regions, PDR

complexes, and extended gas are averaged into one beam. It is likely that the discrepancy of
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the importance of the contribution from the atomic phase between the Magellanic Clouds (where

atomic gas contributes less to the [CII ] emission) and other studies is caused by the difference in

spatial scales, as we would expect the more extended components to contribute more on the larger

scales. In the literature, as well as in our study, there is a tendency to �nd that the contribution of

the atomic gas to the [CII ] emission increases in regions with fainter [CII ] emission (Fahrion et al.,

2017; Lebouteiller et al., 2019). Neither the literature nor this study �nds that the origin of [CII ]

emission has a consistent dependence on the star formation rate, metallicity, or galactocentric

radius of the region.

2.6 Summary & Conclusions

We present two cycles of SOFIA/GREAT velocity resolved 158� m [CII ] and 205� m [NII ]

observations of the nearby galaxies M101 and NGC 6946. These observations have a spatial res-

olution of � 500 pc and probe a variety of regions that range in star formation rate and metallicity.

We compare the velocity resolved [CII ] spectra to ancillary HI spectra from the THINGS survey

and CO spectra from the HERACLES survey. The goal of this study is to determine the origin

of the multi-phase [CII ] emission through spectral decomposition using HI as a tracer of atomic

gas and CO as a tracer of molecular gas. We model the [CII ] emission as a linear combination of

the HI and CO spectra and identify the fraction of the [CII ] emission associated with each phase.

After isolating only the [CII ] emission coming from the atomic phase, we compute the cooling

rate per hydrogen nucleus (Equation 2.15) in order to solve for the thermal pressure of the CNM.

Our main results are as follows:

1. We �nd that the HI spectral pro�les are on average 29% wider than the [CII ] spectra, while

66



the CO spectra are 25% narrower than the [CII ] spectra (Figure 2.6). The [CII ] linewidths

lie in between the CO and HI (see also Lebouteiller et al., 2019; Requena-Torres et al.,

2016; de Blok et al., 2016), suggesting that the [CII ] originates from both molecular and

atomic gas.

2. We �nd that the neutral gas (atomic and molecular) contributes at least 88% to the [CII ]

emission on the average of our pointings, based on the [NII ] 205� m upper limit data ac-

quired by GREAT (Figure 2.7). This agrees with other studies that use [NII ] observations

to model the ionized gas contribution (Croxall et al., 2013; Lebouteiller et al., 2019; Pineda

et al., 2013). Thus the ionized gas has a negligible contribution to the [CII ] emission.

3. To quantify the reliability and uniqueness of our [CII ] decomposition methodology we use

template spectra derived from our data to run a series of simulations. We �nd that a peak

SNR� 10� 15is required to accurately decompose the [CII ] emission into the atomic and

molecular components using our linear combination methodology (§2.3.2, Figures 2.4 and

2.5).

4. We perform our analysis on spectra stacked in bins of� SFR , metallicity, and normalized

galactocentric radius for different samples based on SNR and intensity. We �nd that over all

the spectra the atomic phase contributes&50% or more to the the [CII ] emission (f mol '

48%, f atomic ' 52%when stacking all� 3� spectra), with a weak but consistent trend

for the fainter [CII ] emission to have an increasing contribution from the atomic medium

(Table 2.3, Figure 2.9). We also perform our decomposition on the three individual spectra

with suf�cient SNR to produce meaningful results, and con�rm this �nding that on average

45%� 55%of emission arises from molecular and atomic gas, respectively (Table 2.4).

5. While the fraction of atomic or molecular gas associated with the [CII ] emission has no
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clear dependence with� SFR , metallicity =or galactocentric radius, there is a signi�cant

difference in the results of the [CII ] decomposition when comparing spectra in M101 and

NGC 6946. The [CII ] pointings in M101 are more dominated by the atomic gas (fmol '

0:28 � 0:09) while those in NGC 6946 appear more associated with the molecular gas

(fmol ' 0:59� 0:10).

6. At the lowest metallicities probed and in the faintest [CII ] spectra of M101 there is a ten-

tative hint of an extra component in the [CII ] emission which may be associated with a

“CO-dark” phase (Figure 2.10). Evidence of [CII ] tracing CO-dark gas is also seen in a va-

riety of other [CII ] studies, especially in regions with low metallicities (e.g. Fahrion et al.,

2017; Lebouteiller et al., 2019; Pineda et al., 2013).

7. From the [CII ] emission, we �nd a thermal pressure oflog(Pth =k) = 3 :8� 4:6 [K cm� 3] in

the atomic gas in our pointings (Figure 2.11). This is somewhat higher than other estimates

of the thermal pressure in the atomic phase (Gerin et al., 2015; Herrera-Camus et al., 2017;

Jenkins & Tripp, 2011). We suspect this is likely due to the comparatively high� SFR

in our regions. Other studies of the origin of [CII ] also report a signi�cant contribution

from atomic gas that is at higher densities and pressures than the traditional Cold Neutral

Medium (Contursi et al., 2002; Fahrion et al., 2017; Mookerjea et al., 2016).

Because SNR& 10-15 are needed for a meaningful decomposition of the velocity resolved

[CII ] emission, we highlight the importance of acquiring high SNR observations of extragalactic

[CII ], which can be time-consuming. As demonstrated in this work, however, velocity resolved

[CII ] observations that enable kinematic decomposition of the emission are a useful tool for

understanding the origin of [CII ] and the physical conditions in the ISM.

68



Chapter 3: Modeling Ionized Gas at Low Metallicities: The Wolf-Rayet Nebula

N76

3.1 Introduction

Massive stars inject energy into their surrounding gas, heating and in�uencing the chem-

istry of their nearby interstellar medium (ISM). The effects massive stars have on the ISM depend

on a variety of factors, including the metallicity of the surrounding material. Lower metallicity

stars have harder radiation �elds and a decreased mass-loss rate (e.g. Hurley et al., 2000; Vink

et al., 2001). At the same time, the low metallicity ISM contains less dust, which consequently

leads to a more porous structure allowing radiation �elds to penetrate deeper into the ISM (e.g.

Cormier et al., 2015; Poglitsch et al., 1995). The chemistry and physical processes governing the

interaction between massive stars is thus highly affected by the metallicity of the medium.

Investigation of ionized gas tracers are used to determine the properties of the ionized gas

across galaxies. In particular, the infrared (IR) lines such as [NeII], [SIII], [OIII], [NeIII], and

[SIV], accessed by theSpitzerandHerschelspace telescopes (and now theJames Webb Space

Telescope) trace a variety of conditions in the ISM, including the ionizing radiation �eld strength

and hardness, the ionization parameter, the density and temperature of the ionized gas, and the

heating mechanism of the gas (e.g. Baldwin et al., 1981; Cormier et al., 2019, 2015; Kaufman
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et al., 2006; Polles et al., 2019). The IR �ne-structure lines are less affected by extinction and

dust attenuation and are therefore ideal for studying star-forming regions.

Previous studies of mostly spatially unresolved infrared spectroscopy in low metallicity

star-forming galaxies �nd harder radiation �elds, extended, bright [OIII] emission, and an over-

all more porous structure (Cormier et al., 2019, 2015; Hunt et al., 2010). Spatially resolved

studies, on the other hand, bring additional information and can be considerably more powerful

at constraining physical conditions. Of course, they can only be carried out in nearby sources.

The Small Magellanic Cloud (SMC), at one-�fth solar metallicity and only 63 kpc away pro-

vides the ideal laboratory for studying the low metallicity ionized gas in spatially-resolved detail

(Dufour, 1984; Russell & Dopita, 1992).

This paper focuses on studying the ionized gas emission around one of the hottest and

most luminous stars in the local universe, a Wolf-Rayet (WR) star. After an O-type star loses its

hydrogen-rich envelope (either from binary stripping and accretion, or via stellar winds removing

the outer layers of the star), the inner, hot core is exposed and forms a WR star. WR stars are

characterized by effective temperatures ofT� � 50 - 110 kK, luminosities oflogL � 5� 6:2 L� ,

have strong stellar winds with velocities that range fromv1 � 1500� 5000km s� 1, and mass

out�ow rates of _M � 10� 4 � 10� 5 M � yr � 1 (Crowther & Had�eld, 2006). These stellar winds

compress the surrounding material, forming a stellar wind blown bubble (Weaver et al., 1977).

Simultaneously, the bright ultraviolet (UV) �ux from the WR star creates a highly ionized HII

region, forming a structure often called a WR nebula (e.g. Chu, 1981). Since WR stars inject

massive amounts of energy into the surrounding medium, they can have a profound in�uence on

shaping the nearby ISM and energy exchange in a galaxy (e.g. Sokal et al., 2016).

Observations of Milky Way WR nebulae show that they vary in morphology, but often
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appear as thin, bubble structures, or disrupted shells (Chu, 1981; Chu et al., 1983; Toalá et al.,

2015). In particular, the well-studied WR nebula NGC 6888 shows a double shell model with a

denser inner shell (ne � 400 cm� 3) and a thinner outer shell (ne � 180 cm� 3) (Ferńandez-Mart́�n

et al., 2012; Rubio et al., 2020). Due to the rarity of Wolf-Rayet nebulae, there have been few

observations investigating the properties of WR nebulae at low metallicities. It is possible that

the lower dust abundance and harder radiation �elds at low metallicities will allow high energy

photons to penetrate deeper into the low metallicity ISM, forming larger, lower density nebulae

with high ionizing photon escape fractions. Further, understanding how WR stars directly affect

their surrounding environment and host galaxies is essential to deciphering the nature of extreme

emission line galaxies (EELGs). These are local analogues to galaxies during the Epoch of

Reionization, characterized by bright emission lines from high ionization species (such as [O

III], C III], C IV, and He II), low metallicities, and highly ionized gas (e.g. Atek et al., 2011;

Berg et al., 2019; Maseda et al., 2013; Olivier et al., 2022; Rigby et al., 2015; Senchyna et al.,

2017). The ionization source for the extreme emission found in these galaxies is unclear, but

radiation from WR stars is a possible explanation. Investigating WR nebulae in low metallicity

environments can help us gain insight on possible physical conditions in these EELGs, as well as

enabling us to explore how the most extreme stars affect their surrounding environment.

This paper focuses on the WR nebula N76 that harbors one of the hottest, most luminous

WR stars in the SMC (Shenar et al., 2016). First classi�ed by Henize (1956) as an HII region,

Garnett et al. (1991) identi�ed broad He II emission in N76, indicative of a WR nebula. N76

is powered by a well-studied binary system consisting of a WN4 and a O6 I(f) star (Niemela

et al., 2002; Shenar et al., 2016). The goal of this work is to model the physical conditions of

the ionized gas in N76 using mid and far infrared spectroscopy and theCloudy photoionization
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code. In Section 3.2, we describe theSpitzerandHerschelobservations and the methods of pro-

ducing line-integrated spatially resolved emission line maps. Section 3.3 describes theCloudy

photoionization model input conditions and N76 geometry. We then compare the photoioniza-

tion models to the spatially resolved IR data in Section 3.4. We discuss the implications of these

results, putting N76 in context with other low metallicity galaxies and WR nebulae in Section

3.5. Lastly, our conclusions are described in Section 3.6.

3.2 Observations

3.2.1 Spitzer IRS observations and spectral line images

TheSpitzerdata come from the InfRared Spectrograph (IRS) as part of theSpitzerSpec-

troscopic Survey of the Small Magellanic Cloud (S4MC). The full observations are described by

Sandstrom et al. (2012), but we summarize them brie�y here. We downloaded the raw Basic

Calibrated Data (BCD) �les from theSpitzerHeritage Archive from project GO 30491 (PI: A.

Bolatto) with pipeline version S18.18. We use the long-low (LL) and short-low (SL) modules of

the IRS to cover the 5.2� m - 38.4� m range with a resolving power ranging fromR � 60� 120

(coverage of the modules is shown in Figure 3 of Sandstrom et al., 2012). The spatially resolved

maps are produced by stepping the IRS slit perpendicular and parallel to the source in steps of

half a slit width for the LL module (500.08) and the full slit width for the SL module (300.7). The

LL maps for N76 had75� 6 steps (37600� 39500) with a 14 s integration time per position. The

SL maps are created similarly, except the steps are using the full slit width in order to increase

coverage and have120� 5 steps (22000� 20800).

Each set of observations has an associated background observation taken at R.A.1h9m40s
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Dec. � 73� 3103000(J2000), a region chosen from the Multiband Imaging Photometer for Spitzer

(MIPS) and Infrared Array Camera (IRAC) observations of the SMC to have negligible emission

from the SMC itself (Bolatto et al., 2007; Leroy et al., 2007; Sandstrom et al., 2010). We subtract

the background from the BCD �les, which removes emission from the zodiacal light the Milky

Way cirrus, and reduces the number of “hot” pixels that contaminate the IRS data.

3.2.1.1 Constructing the data cubes

The BCD �les are assembled into cubes using the software CUBISM (Smith et al., 2007a,

we use version 1.8). CUBISM processes the two-dimensional slit spectral images created by

scanning the IRS slit across the source into three-dimensional spectral data cubes through polygon-

clipping-based re-projection. This algorithm is �ux-conserving and is specially adapted for the

IRS onSpitzer. For the extended sources analyzed in this work, we apply a slit-loss correction

when constructing the cubes to ensure that the extended source �uxes are not underestimated.

The IRS is susceptible to hot, “rogue”, or bad pixels that represent themselves on the cube im-

ages as repeating stripes, resulting from the bad pixel scanning across the image through the grid

of positions. These pixels are often caused by the IRS CCD array malfuctioning due to interac-

tions with solar wind particles. The positions and intensity of the rogue bad pixels can vary on

scales of hours to days, making them unpredictable. Some bad pixels can be �agged automati-

cally through CUBISM, but many must be �agged by hand. We perform extensive �agging of

the bad pixels in each data cube (� 7%of data), with particular focus on the emission from the

spectral lines we plan to model, in order to produce the cleanest spectral line maps.
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3.2.1.2 Fitting spectral line maps

We use the program PAHFIT (Smith et al., 2007b) to create integrated line maps for each

emission line in the IRS bandpass. PAHFIT uses a physically motivated model to simultaneously

�t multiple components in an IRS spectrum. Its model includes dust continuum in �xed equilib-

rium temperature bins, starlight background, bright emission lines, individual and blended PAH

features, and extinction from silicate grains. In our �ts we do not include extinction because the

SMC has very low levels of mid-IR dust absorption, due to its low gas-to-dust ratio (Lee et al.,

2009). The mapping strategy produces maps for both the SL and LL modules, but the placement

of the slits creates an offset of the mapping area between the different modules and orders, re-

sulting in different coverage for SL1, SL2, LL1, and LL2 (see Fig. 3 in Sandstrom et al., 2012,

for an illustration of the coverage on N 76). To maximize the area of the line maps, we �t each

IRS module and spectral order separately with PAHFIT.

In order to create the integrated emission line map, we �rst extract the spectrum for each

pixel in the data cube. We pass the spectrum into PAHFIT with a custom emission line �tting list

to ensure the fainter lines not included in the default �tting list are incorporated. Then we extract

the result of the line �t and construct the resulting line map using the �ts for the individual pixels.

The line maps of all emission lines (excluding PAHs and quadrupole H2 transitions) found in

N76 are presented in Figure 3.1.

3.2.2 Herschel PACS observations and spectral line images

In addition to theSpitzerIRS data, we also report far-infrared observations from theHer-

schelPhotodetector Array Camera and Spectrometer (PACS) project 1431 (PI: R. Indebetouw).
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We downloaded the data from the ESAHerschelScience Archive and use the level 2 pipeline

reduced data, which contains spectral data cubes of the [CII] 158� m, [OI] 63 � m, and [OIII] 88

� m lines. To produce the spectral line maps, we �t a polynomial of order one to the baseline,

remove the continuum, and integrate over the spectral line. This process was repeated pixel-by-

pixel over the full datacube to produce a line intensity image for [CII], [OI], and [OIII]. Lastly, we

convert to the same surface brightness units10� 8 W m� 2 sr� 1 used with the IRS. We compared

this reduction to a independent reduction using the procedure in Cormier et al. (2015) and found

excellent agreement within the uncertainties (priv comm, D. Cormier).

3.2.3 Estimation of uncertainty in emission line surface brightness

For theSpitzerIRS data, CUBISM provides a uncertainty cube that corresponds to the

statistical uncertainty of the IRS measurement. These uncertainties are then propagated into

the PAHFIT code, where they are used for the chi-squared minimization �tting. The resulting

uncertainty from the PAHFIT output is propagated into our emission line images. These estimates

of the uncertainties, however, are only statistical and do not include systematic errors. For the

HerschelPACS data, we compute the RMS noise outside of the signal integration per each pixel

as a 1� statistical uncertainty for each channel. We then propagate the channel rms to calculate

an uncertainty for the integrated signal. This process is repeated per pixel to create a map of the

statistical uncertainties for [CII], [OI], and [OIII].

In addition to the statistical uncertainties, we also calculate a “background” level for each

emission line. We concentrate on modeling the emission from the HII region created by the Wolf-

Rayet/O star binary ionization source AB7. There are other ionization sources across the SMC
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Figure 3.1: Images of infrared line emission in N76 where the color scale corresponds to the line
brightness in10� 8 W m� 2 sr� 1. The location of the WR-O star binary AB7, the ionization source
of N76, is illustrated by a gray star in the center of each image. The supernova remnant (SNR)
E0102-72 is located NE, on the upper left of N76, and is seen in some of the emission lines
([OIV], [NeV], [NeIII], [NeII]). The full width at half maximum (FWHM) of the point spread
function (PSF) is shown in the upper right corner of each panel, and the ionization potential of
the ion is displayed in the lower left corner together with the wavelength of each transition. These
images show how the structure of N76 changes depending on the ion.
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Figure 3.2: Example spectrum showing the ionized gas lines in N76 we model withCloudy , at
one line of sight towards 01h03m40s -72d03m20s in a singular pixel aperture. Line labels are
in blue and the orders of the IRS instrument are presented through the background color. This
position corresponds to the peak of the faintest lines in the N76 nebula, [NeV] and [SI], and is
close to AB7 in an area of high ionization.

that can produce diffuse ionized gas throughout the galaxy (e.g. Haffner et al., 2009). In order

to quantify and remove this extraneous emission, we identify a blank part of the map that is not

contaminated by emission from the HII region (typically� 80 pc away from AB7). We calculate

the median surface brightness in this patch of sky and consider it the “background” for the given

emission line. The background is very low, typically. 5%of the emission line intensity.

3.2.4 PSF matching

The spatial resolution of theSpitzerIRS changes as a function of wavelength as the tele-

scope is diffraction limited, with a point spread function (PSF) full width at half maximum
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(FWHM) ranging from 7.600at 34.8� m for [SiII] to 2.4 00at 10.5� m for [SIV]. In order to properly

model the spectra, we need to convolve the spectral line images to a common PSF (e.g. Sandstrom

et al., 2009; Smith et al., 2009). We follow the procedure described by Aniano et al. (2011) to

create custom convolution kernels that will transform an image with a narrower PSF to a broader

PSF. Mathematically, we generate a kernel,K , that when convolved transforms	 B , the narrower

PSF, to	 A , the broader PSF:

	 A = 	 B � K (B ! A): (3.1)

To calculate the convolution kernel,K , we take the Fourier Transform (FT) and solve:

K (B ! A) = FT � 1

�
FT(	 B) �

1
FT(	 A )

�
: (3.2)

Computing this kernel numerically while ensuring its accuracy and stability requires several

steps outlined in Aniano et al. (2011) and are summarized below for completeness.

3.2.4.1 Preparing the PSFs

The IRS PSFs are from version 2.0 of theSpitzerTiny Tim software1. We create model

PSFs for the full wavelength range of IRS, 5� m - 38� m. We note that these are simulated PSFs

and there are some differences between the predicted PSF for IRS and the measured PSF from

calibration stars, but these differences are neglgible for our application (Pereira-Santaella et al.,

2010). The PSFs range in pixel scale and image size, depending on the module. In order to

1https://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/
contributed/general/stinytim/
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calculate the convolution kernel,K , we regrid all PSFs to a common pixel scale of0:200and an

image size of1859 � 1859pixels. The PSF matching algorithm outlined in Aniano et al. (2011)

works best when the PSFs are rotationally symmetric. We circularize the PSFs by rotating the

PSF 14 times and averaging after each rotation in order to make the �nal PSF invariant for any

angle that is a multiple of360o=214 = 0:022o.

3.2.4.2 Creating the convolution kernel

We compute the Fourier Transform (FT) of the narrower PSF,	 B , and the broader PSF,

	 A . We use thePYTHONpackageFFTPACKfor all FT calculations. The FT of the target PSF is

in the denominator (see Equation 3.2) and will amplify any small high-frequency components of

the FT when creating the convolution kernel,K . We account for this by introducing a low-pass

�lter, f , in kernel construction:

f (k) =

8
>>>>>>>>><

>>>>>>>>>:

1 for k � kL

1
2 �

�
1 + cos

�
� � k� kL

kH � kL

�
�

for kL � k � kH

0 for kH � k

(3.3)

where k is the spatial frequency in the Fourier domain,kH is the high frequency cutoff for the

�lter, and kL = 0:7 � kH is the low-frequency cutoff. We create the convolution kernel by

modifying Equation 3.2 with the low-pass �lter:

K (B ! A) = FT � 1

�
FT(	 B) �

1
FT(	 A )

� f(k)
�

: (3.4)
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repeating the process by looping over the narrower PSFs for	 B . Lastly, we normalize the kernel

to unity to ensure �ux conservation.

3.2.4.3 Testing the kernel

We test the convolution kernel for accuracy and stability through the metrics de�ned by

Aniano et al. (2011). The convolution of the narrower PSF,	 B , and the kernel,K (B ! A),

should reproduce the broader PSF	 A (see Equation 3.1). Further, kernels with many negative

values, which redistribute �ux, can be unstable. Aniano et al. (2011) de�ne two parameters,D

(their equation 20), the integral of the difference between the convolved PSF and the target PSF,

andW � , a sum of the negative values in the kernel, to evaluate the kernels. We calculate these

metrics and �nd very low values forD (< 0.01 for all kernels) and satisfactory values forW �

(ranges between 0.2 - 1.0). Aniano et al. (2011) report thatW � < 1:2 are stable. Further, the

value chosen for the �ltering functionkH affects these metrics, where an increase ink leads to a

lowerD but a higherW � . When constructing kernels for each wavelength, we use a range ofkH

values and select akH with the minimum of bothW � andD. ThekH �ltering value ranges from

0:7 � 1:0 for the �nal convolution kernels.

3.2.4.4 The �nal PSF matched images

We produce two sets of PSF matched line images: one that provides maximum uniform

resolution by matching to the PSF of the [SiII] transition (our longest wavelength line), and one

that matches everything to a 1200Gaussian for ease of comparison with other data. In our analysis

we use the 1200Gaussian PSF. The broadest PSF out of the spectral lines detected withSpitzer
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IRS is the [SiII] 34.8� m line with a FWHM of 7.600. First, we match each narrower IRS PSF to

the PSF of the [SiII] line. Then, we create and apply a convolution kernel to go from the [SiII]

PSF to a 2D Gaussian PSF. We �nd that a 2D Gaussian with a FWHM of 1200best matches the

[SiII] PSF while balancing kernel stability.

Each emission line image is convolved with its custom kernel using theASTROPYpackage

CONVOLUTION. We then regrid each image to the coordinates of the [SiII] image to match

its pixel scale and to simplify the analysis. For the analysis we also mask non-physical bright

artifacts and the emission from the SNR E0102-72. We use 1200Gaussian PSF-matched �nal

images for the analysis in this work. Note that Figure 3.1 presents the original resolution images

to show the maximum detail in the morphology of N76.

In addition to creating the PSF matched line maps that are described inx3.2.1, we also

produce a PSF matched cube for the full IRS spectrum, including all orders: SL1, SL2, LL2,

LL1. We follow the same procedure on each frame of the original data cubes. A spectrum of the

PSF matched cube is presented in Figure 3.2.

We PSF match the IRSSpitzerdata, but not theHerschelPACS images (seex3.2.2). The

emission line images from PACS have larger PSFs that would degrade too much the resolution of

the IRS maps if we were to match each image to the largestHerschelPSF.

3.2.5 Radial pro�les

We utilize the spatial information in the infrared observations of N76 when modeling with

the photoionization codeCloudy to best differentiate models.Cloudy simulates HII regions

as 1-dimensional (1D) objects that are spherically symmetric. In order to properly compare with
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the models, we average the spectral line images to create surface brightness radial pro�les. N76

is an ideal region for this method because it is approximately spherically symmetric and mostly

isolated from other bright regions (see Figure 3.1). We use the location of AB7 as the center

of N76 and compute an azimuthal average with a radial bin size corresponding to one pixel or

500. The radial pro�les show how the line emission varies with distance away from the ionization

source, thereby preserving some of the spatial information from the spectral line images but

making it simple to compare to properly integrated 1DCloudy models. The radial pro�les

measured for each line are shown in Figure 3.5, showing that higher ionization lines generally

peak closer to AB7. We also report the standard deviation in a given azimuthal bin as the gray

uncertainty bars in the pro�le.

3.2.6 Integrated Intensities

In addition to examining the resolved surface brightness of the infrared emission lines

through radial pro�les (x3.2.5), we also record the total intensities by integrating across the full

size of the nebula. Since each line has a different morphology, we create independent regions for

each map that isolate the �ux coming from N76. The results are given in Table 3.2. The lines

from HerschelPACS ([CII], [OI], and [OIII]) only cover a strip of the N76 nebula. We correct

for the missing emission by identifying theSpitzerIRS emission line that has the most similar

radial pro�le, and multiplying by the ratio of total �ux to �ux contained in the PACS footprint.

For [CII] and [OI] we use [SiII], and for [OIII] we use [NeIII].

The uncertainties in the integrated intensities are derived from the statistical uncertainties

propagated through the total intensity calculation (seex3.2.3). They are likely an underestimate
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of the uncertainty since they do not take into consideration how changing the integration region

can affect measurements.

3.3 Photoionization models

3.3.1 Cloudy model parameters

We use version C17.01 ofCloudy (Ferland et al., 2017) to model the properties of the

ionized gas in N76.Cloudy is a spectral synthesis code designed to simulate physical conditions

and resulting spectrum from gas and dust that is exposed to an ionizing radiation �eld. In order

to produce a model, a variety of input parameters are required and listed below.

Ionizing source SED:The shape of the source spectrum as a function of photon energy

must be speci�ed inCloudy , which for N76 corresponds to the spectral energy distribution of

the central binary. We use the spectral classi�cation of the two stars in the AB7 binary from

Shenar et al. (2016), which classi�es them as a WN4 star and an O6 I(f) star. We take the SED

of each star from the Potsdam Wolf Rayet (PoWR) database2, which provides grids of hot stars

with expanding atmospheres (Gräfener et al., 2002; Hainich et al., 2019; Hamann & Gräfener,

2003, 2004; Sander et al., 2015). For the WN4 SED, we select a model with SMC abundances,

a low (X H � 0:2) hydrogen fraction, a transformed radius of logRt = 0:7, a temperature of

T� = 112 kK, and a wind speed ofv1 = 1; 700km s� 1. For the O6 star, we select a model with

SMC abundances, a moderate mass loss rate (corresponding to logQ = � 13), a temperature of

T� = 36 kK, surface gravity logg = 3:6 cm s� 2, and luminosity of logL = 5:6 L� . We use

these parameters to match the values found by Shenar et al. (2016). We scale the SEDs by the

2http://www.astro.physik.uni-potsdam.de/PoWR.html
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Figure 3.3: The SED of the AB7 system forCloudy input. We use the Potsdam Wolf Rayet
database models for the WN Wolf Rayet (Hamann & Gräfener, 2004; Todt et al., 2015) and O6
(Hainich et al., 2019) stars in the AB7 binary and combine them into one input SED. The full
SED for AB7 is in blue, the WR is green, and the O star is orange.
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Table 3.1: Adopted SMC Abundances

Element Abundance (X/H) Reference

He 8.13� 10� 2 2
C 1.45� 10� 5 1
N 4.27� 10� 6 2
O 1.07� 10� 4 2
Ne 1.86� 10� 5 2
Al 2.51 � 10� 6 2
Si 4.88� 10� 6 3,4
S 3.89� 10� 6 2

References are (1) Dufour (1984) (2)
Russell & Dopita (1992), (3) Tch-
ernyshyov et al. (2015), and (4) Jenkins
& Wallerstein (2017).

reported luminosities oflog(L� ) = 6 :1 for the WN4 andlog(L� ) = 5 :5 for the O6 components.

We then add the luminosity weighted WN and O6 SEDs together to produce a total SED for the

AB7 binary system, shown in Figure 3.3. The feature at 40 eV in the spectrum is due to a strong

FeV emission line at 305.31	A.

Elemental abundances:Instead of scaling gas-phase Milky Way abundances to the metal-

licity of SMC, we employ the best gas-phase abundances available for SMC HII regions. Relative

abundances of elements are different in the Magellanic Clouds and the Milky Way due to different

nucleosynthesis histories (Russell & Dopita, 1992). Since our focus is to model the ionized gas,

we adopt the values provided in Dufour (1984) and Russell & Dopita (1992) for HII regions. For

elements where only a photospheric abundance is given, we searched the literature for elemental

depletion studies in the SMC and calculated the median gas phase abundance for each element

(Jenkins & Wallerstein, 2017; Tchernyshyov et al., 2015). This turns out to be particularly impor-

tant for predicting [SiII] (see discussion inx3.4.4). Our adopted abundances and the references

used are in Table 3.1.
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Stopping criteria:We are interested in modeling the ionized gas properties of N76 and do

not run theCloudy model through the PDR. We use a range of stopping conditions, but �nd

that an electron temperature cutoff of 2000 K accurately probes the ionized gas to the edge of the

ionization front.

Geometry: We assume a spherical geometry to approximate the geometry of N76. The

sphere command inCloudy sets the geometry to be closed and assumes that the gas fully covers

the ionization source.

Inner radius: The inner radius is de�ned as the distance between the gas and the ionization

source. As we discuss in §3.4.2.1, the region closest to AB7 has been shocked by the wind and

is occupied by a tenuous very hot plasma. For the purposes of our modeling, this effect is best

reproduced by a central cavity in the gas. We will vary the gas inner radius to best reproduce the

observed emission lines.

Hydrogen density: The density input inCloudy is the total hydrogen density. This pa-

rameter is varied fromnH = 1 � 50 cm� 3 in order to best constrain the density in N76 with the

observed emission lines. The range of hydrogen densities betweennH = 4 � 12 cm� 3 that �t the

data best are presented in this work.

Since the binary at the center of N76 is well-studied, most of the inputs in theCloudy

model are usinga priori knowledge of the ionization source, abundances, and geometry.

3.3.2 Calculating predicted radial pro�les

N76 is an approximately spherical shell, also known as a bubble nebula, with a radius of

about 40 pc. Because of the approximately symmetric nature of the nebula, we compare the
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Figure 3.4: Schematic showing the geometry of calculating the projected intensity fromCloudy
models whered is the projected distance,r is the physical distance, anddr is the differential
distance between shells.

Cloudy models and the observations using radial pro�les.Cloudy models report the volume

emissivity of each transition as a function of depth into the nebula. In other words, they provide

the radial pro�le of emissivity in a sphere. To compare with the observations, we need to appro-

priately project these pro�les to compute the azimuthal average surface brightness as a function

of projected distance from AB7 for each of the emission lines. A point that is at a distanced

from the source in projection has contributions from shells that have radii betweend and in�nity

in proportion to their emissivity and projected thickness. Figure 3.4 shows the geometry of the

N76 Cloudy model and the relationship between different shells, the projected distanced, and

the physical distancer . The projected surface brightness for theCloudy model then is:

I (d) =
1

4�

Z 1

d

� (r )
sin�

dr ; (3.5)

wherer is the physical 3D distance from AB7,� (r ) is the radial dependence of the line volume
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emissivity,d is projected distance from AB7, and� is the angle betweend andr . We convert

Equation 3.5 to eliminate� resulting in

I (d) =
1

4�

Z 1

d

� (r )
p

1 � d2=r2
dr ; (3.6)

and calculate the surface brightness predicted from theCloudy model,I (d), as a function of the

projected distance in order to compare to the observed data.

TheCloudy models use AB7 as the only ionization source, but there may be contributions

of low ionization ionized gas from the warm ionized medium to our observed emission lines (e.g.

Haffner et al., 2009). To account for this, we add a background level described inx3.2.3 to each

Cloudy model. This background is typically very low representing. 5% of the total surface

brightness. Lastly, the �nalCloudy pro�les are convolved with a Gaussian kernel with a FWHM

of 1200to make an equal comparison to the 1200PSF matched emission line images.

3.4 Results

3.4.1 Comparison of models to observations

Figure 3.5 shows the results of the constant densityCloudy model with hydrogen densities

nH = 4 � 12 cm� 3. We compare the models projected on the plane of the sky (§3.3.2) with the

measured emission line radial pro�les (§3.2.5). Therefore we compare not only the integrated

intensity of the emission line, but also how well its predicted distribution matches the data. The

emission lines we sample are at a variety of ionization energies and therefore trace the different

ionization zones in the nebula. For example, the [OIV] line (Eion = 55 eV) peaks at 10 pc while
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Figure 3.5: Radial pro�les of observed emission line brightness andCloudy photoionization
models. The black circles represent the average line brightness of a given emission line as a
function of distance away from AB7, the gray region is the standard deviation in a given bin, and
the dotted line represents the background diffuse contribution to the emission line (seex3.2.3).
The Cloudy models vary with hydrogen density and are represented by the colored lines and
symbols. The ions that originate from the dense photoionized gas (excluding emission lines that
can be produced through neutral material ([CII], [OI]), shocks ([OIV], [NeV], [SI]), see section
3.4.2, or the diffuse ionized gas,x3.4.3) are well predicted by theCloudy models that range in
density fromnH � 4 cm� 3 � 12 cm� 3. Both the surface brightness and the shape of the radial
pro�les are well predicted in these cases.
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the [SIII] line (Eion = 23 eV) peaks at 20 pc. A model that predicts an emission line well will

have a similar peak, spatial gradient, and ending position as the observed radial pro�le

There is not a single constant density model that is able to predict the shape and intensity

of all of the emission lines, but the density range ofnH = 4 cm� 3 to nH = 12 cm� 3 does a very

satisfactory job at matching the majority of the ionized emission lines. In some cases, the spatial

distribution of the pro�le is better matched by a model that does not predict the intensity as well.

For example, in the [SIII] pro�le, the 10 cm� 3 model predicts the shape very well but is about

50% more luminous than the observations. Similarly, in [NeIII],Cloudy predicts thatNe++

should peak about 5 pc earlier in the nebula than is observed. These small discrepancies are

likely due to our constant density and spherical symmetry simplifying assumptions. While there

are small differences between the models and observed emission line pro�les, overallCloudy

predicts the emission from ionized gas very well with simple models in a narrow density range,

except for a few transitions that we will discuss in detail.

In addition to the projected surface brightness pro�les from theCloudy models, we also

report the predicted total intensities in theCloudy models in Table 3.2 for the4 cm� 3 and

12 cm� 3 models. Overall the radial pro�les of the surface brightness provide a much more

precise way of differentiating between the constant densityCloudy models than examining the

integrated intensity. For example, the integrated intensity of [NeIII] varies between the4 cm� 3

and12 cm� 3 models by 29.08 to 29.37W m� 2, a< 1%difference. In contrast, the radial pro�le

of the 4 cm� 3 model peaks 20 pc after the12 cm� 3 does, clearly showing it does not match

the spatial distribution of the [NeIII] emission. Thus a comparison between the spatial resolved

radial pro�les provides much more information than using just integrated intensities.

To produce both theCloudy models and the measured radial pro�les we assume that
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Figure 3.6: The ionization structure of sulphur, oxygen, neon, silicon, carbon, and helium from
the 10cm� 3 constant densityCloudy model beginning at the photoionized region (r = 15pc).
Ions that are presented in this paper are bold, and we also show the structure of ionized hydrogen
in black. The various ionization zones can be seen throughout these elements in physical distance,
similar to the projected distance seen in Figure 3.1.
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N76 is spherically symmetric with AB7 in the center of the nebula. This is approximately true,

but not precisely correct. Figure 3.1 shows that AB7 appears offset in the eastern direction.

Additionally, there is an overall trend for the ionized gas lines to be much brighter on the eastern

edge of the nebula in comparison to some of the neutral gas lines ([CII ] especially) that have

brighter emission on the western edge. We explore the effects of the asymmetries on our results in

Appendix A. Images of the H2 S(1) transition and ancillary ALMA CO data (Figure 3.7) con�rm

that there is a molecular cloud complex on the western side of N76. Therefore, there are likely

internal density gradients as well as a wall of dense gas on the western side of the nebula breaking

the symmetry assumption. For example, because AB7 is slightly offset from the center, the radial

averaging produces �atter slopes with respect to the models. We have attempted to account for

some of this offset by showing the pro�les as a strip instead of radially in Appendix A. These

show the structure in the different sides of the nebula and how a particular density is a slightly

better predictor for one side compared to the other.

We also report the ionization structure predicted byCloudy of each element in Figure 3.6

to complement the projected pro�les of surface brightness. The panels show the ionization state

of the relevant elements as a function of the physical distance from AB7. In addition to the ions

that are studied in this paper, we also plot the ionization structure of helium. As the most abundant

element after hydrogen, helium can have a signi�cant impact on the ionization equilibrium of HII

regions. This impact is most pronounced in HII regions illuminated by hard radiation �elds, due

to the fact that their central sources produce a lot of photons capable of ionizing and doubly

ionizing helium: the ionization potentials ofHe0 andHe+ are 24.6 eV and 54.4 eV respectively.

Ionization cross-sections are sharply peaked at the ionization energy: the cross-section ofHe0 to

24.6 eV photons is ten times higher than that ofH0, therefore these photons will preferentially
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Figure 3.7: The neutral gas tracers in N76, with the H2 S(1) quadrupole transition in the blue
color scale, CO contours from Tokuda et al. (2021) in black (in levels of 1, 6, 11, 16 Jy/beam),
and the [SiII] emission in magenta contours (in levels of 1, 1.5, and 3� 10� 8 W m� 2 sr� 1). The
beam/PSF size of each map is in the bottom left corner. The [SiII] emission primarily traces the
outer shell of N76, suggesting [SiII] originates mostly from the ionized gas. The CO and H2

emission is brightest when AB7 illuminates the molecular ridge north and north-east of N76.

ionize helium over hydrogen. For sources with a hard enough spectrum, characterized by the ratio

of the rate of production of He-ionizing photons (Q1) to H-ionizing photons (Q0), this can lead

to theHe+ region extending slightly past theH+ region. In fact,Q1=Q0 � 0:15 is needed for the

HII and HeII regions to be equivalent sizes (Draine, 2011), while for N76Q1=Q0 � 0:55matches

the slightly larger HeII emitting region. A similar effect is seen in the ionization structure of

neon, where the [NeII] emission extends slightly past the hydrogen ionization front.

3.4.2 The high ionization lines: [NeV] and [OIV]

One of the largest discrepancies between models and observations are the very high ioniza-

tion lines. As seen in Figure 3.5, the highest ionization lines [NeV] and [OIV], with ionization
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potentials of 97 eV and 55 eV respectively, are severely underpredicted by the photoionization

models. There are two main explanations for this: either these species are produced by pho-

toionization and the WR SED is considerably harder than the PoWR models predict, or the high

ionization species are shock ionized by the fast stellar winds.

Note that Naźe et al. (2003) report narrow-band optical imaging of N76 and �nd a similar

excess of emission in HeII that cannot be explained by the hottest WR atmospheric model. It

is very likely that the whatever causes our [NeV] and [OIV] emission is also causing the excess

He II emission.

The ionizing spectrum of WR stars at energies greater than 13.6 eV is uncertain due to the

absorption from intervening neutral hydrogen (e.g., Martins, 2011). Nevertheless, bright [OIV]

emission has been seen in the stellar winds around WR stars (Ardila et al., 2010; Morris et al.,

2004). It is possible that the SED for AB7 is much harder than predicted by the PoWR models.

Reproducing the intensities we observe would require extending the SED of the WN4 star to

� 100 eV at approximately constant luminosity integrated over all wavelengths. This model,

however, would still require a� 10 pc wind-blown bubble to explain the size and distribution of

the [OIV] and [NeV] emission.

Photoionization models of the galaxies NGC 5253 and II Zw 40 show that the observed

[OIV] emission can be produced through hot, low metallicity WR stars (Schaerer & Stasińska,

1999; Schaerer & Vacca, 1998). Further, Crowther et al. (1999) suggest that WNE-w stars, a

special class of WR stars that have weak spectral lines, can produce substantial [NeV] emission.

It is possible that AB7 should be reclassi�ed as a WNE-w star and may be able to reproduce the

observed emission of these high ionization lines. An alternative explanation, which we outline

below, is the high ionization lines are produced in the stellar wind blown bubble of the WR
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nebula.

3.4.2.1 A wind-blown nebula and shock-heated gas

There are two possible sources of shocks in the AB7/N76 system: the colliding stellar

winds from the WR and O star or the shock from the winds interacting with the ambient medium.

There is ample evidence of shocks originating from colliding wind systems, such as the winds

produced by the WN4 and O6 star in AB7 (e.g. Parkin & Pittard, 2008; Stevens et al., 1992;

Tuthill et al., 1999). In order to determine whether the wind collisions from AB7 can produce

shocks that can create theO3+ andNe4+ ions, we compute the physical scale of the wind collision

zone. From Usov (1991), the wind collision zone of AB7 occurs� 10� 6 pc away from the O6

star. The X-ray emitting gas from AB7 attributed to the colliding winds is� 3.5 pc in radius,

much smaller than the full extent of the [OIV] and [NeV] (Guerrero & Chu, 2008). The [NeV]

and [OIV] emission extend out to10� 20pc, much further than other effects due to wind collision,

suggesting that their source is not the shock associated with colliding winds.

Early-type stars, like the WR and O star in AB7, create stellar wind-blown bubbles in the

surrounding ISM. The resulting nebula consists of an onion like structure (see Figure 1 in Freyer

et al., 2003; Weaver et al., 1977) with four layers, including (1) an innermost, free-�owing super-

sonic wind that travels into (2) a hot (� 106 � 108 K), shocked gas region that will expand into

(3) the photoionized shell of swept up interstellar gas, and �nally into (4) the ambient interstellar

medium. The hot, shocked material in shell 2 is typically at much higher pressures than shell 3,

and will expand as a function of time. Assuming a uniform density spherical shell with equal

pressure throughout and that the thermal energy contained within shell 2 is much higher than the
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kinetic energy, Weaver et al. (1977) derived a relationship between the radius of hot, shocked gas

bubble (shell 2) as a function of time, such that

r s2(t) =
�

125
154�

� 1=5

L1=5
w � � 1=5

0 t3=5 ; (3.7)

where� 0 = n0mH is the density of the ambient medium andLw = 1
2

_Mwv2
w is the stellar wind

luminosity where _Mw is the mass loss rate andvw is the terminal velocity of the stellar wind. We

calculate the size of the bubble blown by the WR star in AB7 through the values characterized

by Shenar et al. (2016),_M = 10� 5 M � yr � 1, vw = 1:7� 103 kms� 1, and assumen0 = 10 cm� 3.

Using these parameters, a 15 pc radius bubble (the size of the [OIV] and [NeV] emitting region)

is created after 0.4 Myr of free expansion. Thus it is reasonable that the high ionization lines are

produced by shocks throughout the wind blown bubble and do not originate from photoionization.

In order to test whether the [NeV] emission can be produced from the shocked, hot plasma

in zone 2, we calculate the velocity and postshock temperature needed to ionize Ne+3 into Ne+4 .

We estimate a temperature ofT � Eion=kB � 106 K by taking the ionization energy of [NeV].

Using the relationship between the postshock temperature (equation 36.28 of Draine, 2011)

and the shock velocity, we �nd the minimum velocity for the shock isv � 290km s� 1. Toaĺa

et al. (2017) study the Wolf–Rayet Nebula NGC 3199 in the Milky Way and �nd diffuse X-

ray emission that corresponds to a plasma temperature ofT � 1:2 � 106 K, very similar to

the temperature required to produce the [NeV] emission observed in N76. Further, the models

of a stellar wind blown bubble from Freyer et al. (2003) show expansion velocities of the hot

bubble shortly after creation that range from 250 - 500 km s� 1, agreeing with the estimated shock

velocity needed to produce the [NeV] emission.
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3.4.3 Production of [NeII] in N76

TheCloudy models predict a modest amount of [NeII], about 20% of the observed [NeII].

At an ionization potential of 21.56 eV, [NeII] traces lower energy photons. Figure 3.6 shows how

the ionization state of Neon transitions toNe+ at the very edge of N76, suggesting that the bulk

of the Neon is in higher ionization states, mostly [NeIII] which is well predicted by theCloudy

model. The excess of observed [NeII] emission could be associated with other ionization sources

besides AB7, such as smaller HII regions. A density contrast between the gas in the WR nebula

(ne � 10 cm� 3) and the diffuse ionized gas (ne . 0:1 cm� 3) may also produce the excess

[NeII] emission. In the nearby dwarf galaxy IC 10, Polles et al. (2019) �nd that their models

underpredict the [NeII] observations by a factor between three and four, suggesting that [NeII]

may be a tracer of the diffuse ionized gas in low metallicity galaxies.

3.4.4 The neutral-dominated lines: [OI], [CII], and [SiII]

We de�ne the neutral-dominated lines as ions or atoms that can come from neutral gas, i.e.

those ions that have an ionization potential less than that of hydrogen. Most of these neutral-

dominated emission lines are under-predicted by theCloudy models. TheCloudy models

were designed to model the ionized gas and do not probe farther than the ionization front after

the transition from ionized to neutral material. Further, Figure 3.6 shows the ionization structure

of carbon and oxygen, suggesting that the radiation �eld of AB7 is too hard forO0 andC+ to exist

in the interior of the HII region where oxygen and carbon are in higher ionization states. Thus the

bulk of emission from [OI] and [CII] comes from the neutral phases; future photo-dissociation

region (PDR) modeling is needed to understand the nature of these neutral lines, which is beyond
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the scope of this study.

The �ne-structure transition of silicon, [SiII], however, is reasonably well predicted by the

ionized gasCloudy models. With an ionization potential of 8.15 eV forSi0, [SiII] can come

from the neutral gas. However,Cloudy modeling of just the HII region reproduces both the total

intensity and the surface brightness distribution of the [SiII] line (see Table 3.2 and Figure 3.5),

unlike for the other neutral gas tracers. Figure 3.6 shows that the modeled abundance of Si+

grows faster toward the edge of the HII region than that of C+ .

Why are there dominant PDR contributions for [CII] and [OI] but not [SiII]? The [SiII] 34

� m �ne-structure transition is at shorter wavelengths, and its excitation requires higher tempera-

tures than [OI] 63� m or [CII] 158� m. Further, the [CII] and [OI] lines are also major coolants in

the Warm and Cold Neutral Medium (Wol�re et al., 1995, 2003) and contributions from that can

increase the total intensity of these lines by peering through the atomic gas in projection towards

the SMC. In contrast, the cooling from [SiII] is two orders of magnitude lower than that from the

[CII] and [OI] lines, which leads to a much fainter neutral gas contribution for the [SiII] emission.

The intensity of the [SiII] emission is also highly dependent on the silicon gas abundance. Silicon

is depleted heavily into dust, and in order to determine its gas phase abundance we used depletion

studies in the SMC (Jenkins & Wallerstein, 2017; Tchernyshyov et al., 2015). The dust depletion

of gas phase silicon with respect to the photospheric abundances in the SMC (Russell & Dopita,

1992) has a large range, factors from 1.25 to 0.05 (0.1 to -1.3 dex, our preferred abundance cor-

responds to 0.4, or -0.4 dex). While we assume some silicon depletion in the ionized gas, our

results suggest that even more silicon is depleted in the neutral phase, especially when compared

to carbon or oxygen. These combined effects likely explain the much smaller contribution of

PDRs toward the observed [SiII] emission.
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We present images of the other neutral gas tracers in N76 in Figure 3.7. TheSpitzerIRS

covers the quadrupole transitions of molecular hydrogen, H2. Our PAHFIT pipeline simultane-

ously �ts these lines and we show the brightest H2 line, S(1) at 17� m, in Figure 3.7. This line

hasE=k � 1000K, traces H2 at T > 300K, and its presence indicates molecular material that

is heated by a strong FUV �eld or through shocks from the central WR star. We compare the H2

S(1) and [SiII] lines to the ACA CO(2-1) data presented in Tokuda et al. (2021). Interestingly,

these neutral gas species are not always spatially coincident. As discussed above, the [SiII] emis-

sion originates mostly from the ionized gas and therefore traces the the outer shell of N76. The

H2 and CO emission is brightest where AB7 illuminates the molecular ridge region that is north

and north-west of N76.

3.4.5 How changes in the model affect the inferred conditions

Besides the density, for which we produce a grid of models, a variety of otherCloudy

inputs can affect the �nal results of the modeling. TheCloudy models are most sensitive to the

input luminosity and SED.

For example, decreasing the luminosity of the WR by 50% leads to a 56% reduction in the

total intensity of the spectral lines at a constant density ofnH = 10 cm� 3. Naively, this reduction

in the total intensity provides a slightly better �t for some lines, but it is at the cost of producing

emission over a region with a smaller radius and a spectral line radial pro�le that does not match

the data. Thus the strength of comparing theCloudy models to the spatially resolved data shines

through; using thea priori values for the spectrum and luminosity provide an overall better �t

than if one were to directly match the total intensities.
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We also experimented with using different stopping conditions, starting radii, abundances,

and the presence of dust. All of these parameters have a negligible impact on the overall results

of the model, except for the abundances which we �xed in the manner described inx3.3.1 and

Table 3.1.

3.4.6 Presence of [SI] in the center of N76

One peculiar detection fromSpitzerIRS is a spectral line at 25.25� m in the center of N76

that we tentatively identify as [SI]. The spectrum of this line can be seen in Figure 3.2 and the im-

age in Figure 3.1. Our �tting procedure from PAHFIT identi�es a spectral line between 25.2 and

25.3� m throughout the central region of N76. The neutral sulphur line is directly in the middle of

this range, at 25.245� m. Using the NIST atomic spectral database, the nearest possible spectral

lines correspond to Mg II at 25.05� m and Si I at 25.38� m. The redshift of these wavelengths

due to the systemic velocity of the SMC is0:01� m. The average uncertainty PAHFIT reports on

this spectral line wherever there are detections is 0.017� m, which corresponds to� 10%of the

wavelength step between spectral pixels in this region of the LL1 map (0.178� m).

The existence of neutral sulphur (or for that matter any line corresponding to ions found in

neutral gas, such as Mg II and Si I) in the center of such a high ionization HII region is a mystery.

If the line is con�rmed as [SI], then it is the �rst detection of such a feature in the center of the

highly irradiated environment of a WR nebula. Previous observations show [SI] resides in dense,

neutral gas and can be produced through fast, dissociative J-shocks (Haas et al., 1991; Rosenthal

et al., 2000). These observations, however, consistently show the presence of other neutral lines,

such as H2 and [OI]. In N76, there is no corresponding neutral emission where we observe [SI],
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making the production of this line a mystery. We explore possible explanations for this emission

in x3.5.2.

3.5 Discussion

3.5.1 Ionized gas contributions to the neutral lines: [SiII], [CII], and [OI]

The ions and atoms that can exist in the neutral gas,Si+ , C+ , andO0, all have ionization

potentials less than that of hydrogen, but their next ionization stage is above or close to 13.6 eV.

The emission from these ions can therefore be present in both the neutral and ionized gas phases.

Although this work is focused on modeling only the ionized gas, understanding the proportion

the ionized gas contributes to the overall intensity of the neutral-dominated lines is of interest for

using these lines as neutral gas tracers. OurCloudy simulations were designed to end after the

ionization front, the position where the ionized gas transitions into fully neutral gas. Similar to

Cormier et al. (2019), we compute the contribution the neutral gas has on [SiII], [CII], and [OI]

by de�ning a more conservative “end” of the ionized gas region as the point in which the electron

fraction and neutral fraction are equal to 0.5. We use this value to de�ne the end of the ionized

gas region.

As described inx3.4.4, theCloudy models underpredict the emission from [OI] and [CII]

that is observed in the direction of the nebula, because the neutral gas regions that surround the

ionized gas but are not included in ourCloudy models contribute the bulk of the emission in

these lines. In contrast, the [SiII] intensity is well matched to the predicted emission from ionized

gas in theCloudy models, suggesting a substantial amount of [SiII] is produced in the HII region

itself. We quantify this by calculating the fraction of the intensity originating from the ionized
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gas for these lines in our models. We �nd that for N76 96% of the [SiII] emission originates

from the ionized gas while the [OI] and [CII] have an ionized gas contribution of 4% and 2%,

respectively. Cormier et al. (2019) use theirCloudy models of the Dwarf Galaxy Survey (DGS)

to perform a similar calculation and report that. 10% of the [CII] and. 40% of [SiII] emission

originates from the HII regions. Although we see a much higher HII region contribution to the

[SiII] emission in N76 than in the galaxy-wide integrated measurements in the DGS, keep in

mind that N76 is a Wolf-Rayet nebula and thus not representative of most HII regions.

3.5.2 Production of [SI] in the center of N76

We discussed inx3.4.6 the surprising identi�cation of a line in the central regions of N76

as neutral sulphur. Below we go over some possible ideas about the origin of this transition.

Velocity shifted [OIV] emission: The nearest emission line in wavelength to our possible

[SI] emission that is bright and clearly identi�ed in N76 is [OIV] at 25.93� m. We considered

whether the line we identify as [SI] could be high velocity [OIV] emission. The velocity required

to shift [OIV] to the observed wavelength of 25.25� m is 7,600 km s� 1. While the WR and O

stars in AB7 produce stellar winds, the speed of these winds is below 2,000 km s� 1 (Shenar et al.,

2016). The X-ray emission observed in N76, resulting from the colliding WR and O star winds,

also implies a wind speed of 2,000 km s� 1 (Guerrero & Chu, 2008). Thus it is extremely unlikely

that the emission is [OIV] shifted to 25.25� m. Further, the wind would have to be asymmetric,

since we do not see a corresponding redshifted component. Moreover, instead of discrete com-

ponents we would expect a symmetric, broadened [OIV] pro�le because the emission should be

optically thin.
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Dust destruction through stellar winds: The main mystery of the origin of [SI] at the center

of this nebula is how sulphur can remain in a neutral state where we also observe ionized species

caused by> 55 eV photons. It is possible that the winds and radiation from AB7 can interact with

the surrounding dust, destroy dust grains, and move their constituent atoms, including neutral

sulphur, into the gas phase. We then observe the [SI] emission before neutral sulphur is ionized

into higher states. We evaluate whether this is possible by performing a back-of-the-envelope

calculation. First, we estimate the timescale it would take to ionize sulphur in the hard radiation

�eld of AB7. We integrate the ionizing spectrum over the ionization potential of sulphur (10.36

eV) to �nd the rate of sulphur-ionizing photons at a given distance of the [SI] emitting region.

We calculate a timescale of 1.7 years to ionize sulphur after assuming a cross-section of3 �

10� 18 cm� 3 (Draine, 2011) and a radius of 10 pc. We next calculate the mass of neutral sulphur

that must be replenished within this time. From the observed [SI] intensity we �nd the column

density by assuming collisional excitation and use the equation given in Crawford et al. (1985), a

critical density for collisions withe� of n = 1:55� 105 cm� 3 (Draine, 2011), a spontaneous decay

rate ofA = 1 :40� 10� 3 s� 1 (Froese Fischer et al., 2006), a temperature ofT = 1 :4 � 104 K, an

abundance of3:89� 10� 6 (Russell & Dopita, 1992), and a density ofn = 40 cm� 3. The density

is chosen by assuming a strong shock wave will have four times the density of the pre-shocked

medium of 10cm� 3(e.g., Draine, 2011). We calculate a column density ofNS0 = 4:9� 1014 cm� 2

and consequently a mass ofMS0 = 3:7� 10� 2 M � over a 10 pc radius. Thus our estimate suggests

that3:7 � 10� 2 M � of sulphur will need to be lifted off of destroyed dust grains every 1.7 years.

Given the low abundance of sulphur relative to other elements that make the bulk of the dust mass

(C, Si, O), this represents a very large dust mass destroyed every year, and it seems impossible

this reservoir would exist over the life of the nebula (or be in some way replenished by the central
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source mass loss rate).

Unidenti�ed spectral line: We used the NIST atomic spectral database to search for lines

near the 20.0-20.5� m range and did not identify any possible candidates besides [SI] (see discus-

sion inx3.4.6). It is possible that the 25.25� m emission originates from a molecular compound,

but a molecule would have similar dif�culties surviving the intense radiation �eld of AB7. In-

stead of [SI], however, this line could be an unidenti�ed spectral line that corresponds to a very

high ionization state not in the NIST catalog. Clearly more investigation is needed to determine

the origin of this line.

3.5.3 Quantifying the escape of ionizing photons from HII regions

Previous studies use a variety of methods to determine the escape of ionizing radiation

from HII regions. In Polles et al. (2019), the authors calculate the ionization front as the depth

where the hydrogen ionization fraction (H+ =Htot ) is below 0.01. They runCloudy models

with the stopping depth as a free parameter in order to determine regions where ionizing photons

escape. Radiation-bound regions are de�ned as regions whereinCloudy models end at the

ionization front while matter-bound regions end before the front, allowing ionizing photons to

escape. Across IC10, Polles et al. (2019) �nd a depth ranging from 0.75 to 0.90, suggesting a

large portion of ionizing photons are escaping the HII regions in this galaxy.

Pellegrini et al. (2012) use optical maps of the [SII]/[OIII] ratio in the Magellanic Clouds

to determine the optical depth throughout the HII regions in the LMC and SMC. The authors

classify regions as optically thin, optically thick, or blister (showing features of both optically thin

and thick) and assign each region an escape fraction of Lyman-continuum (LyC) photons. After
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luminosity weighting and integrating across the LMC and SMC, they �nd escape fractions of 42%

and 40%, respectively. These authors classify N76 as an optically thin HII region, suggesting that

N76 has a non-negligible photon escape fraction.

The models of N76 presented here are radiation-bounded, suggesting that few ionizing

photons escape the HII region. When we run a matter-bounded model by stopping theCloudy

model before the ionization front, the predicted surface brightness for the lower ionization lines

like [SIII] decreases and does not represent well the radial pro�les seen in Figure 3.5. However,

the Cloudy models all assume spherical symmetry. It is clear through Figure 3.1 and in Ap-

pendix A that the western side of N76 is denser than the eastern. It is possible that a portion of

the ionizing radiation from AB7 may escape through this edge, leading to its diffuse morphology.

A similar morphology is seen in N76's HII region neighbor, the supergiant HII region N66 (Geist

et al., 2022). Nevertheless, the exact escape fraction of ionizing photons is dif�cult to quantify

due to the spherically symmetric nature of theCloudy models and the limited �eld of view of

the IRS and PACS measurements.

3.5.4 Physical conditions in N76

Figure 3.8 presents how the electron temperature and electron density vary for each con-

stant density model as a function of physical distance from AB7. The electron density is slightly

higher at the center of N76, due to the contribution from theHe++ region that forms around very

hot WR stars (see also sixth panel in Figure 3.6). In our constant density modelingne stays con-

stant up to the ionization front, where the gas transitions from ionized to neutral hydrogen. The

temperature pro�le is smooth distribution, with a central peak near the edge of the photoionized
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region reaching 16,000 to 18,000 K, which then stays approximately constant at around 14,800 K

until reaching the hydrogen ionization front. Note that the inner regions close to the star are sim-

ply a cavity of radius 15 pc in the photoionization models, so the precise details of the transition

between shock-ionized and photoionized gas are not accurately represented in these models.

The ratio of [SIII] 18� m/ [SIII] 33 � m also provides an estimate forne of an HII region.

However, this ratio is only sensitive to gas with densitiesne > 100 cm� 3 (Dudik et al., 2007),

thus it does not probe the diffuse ionized gas in N76. Our photoionization modeling of N76,

however, is able to explore a wider region of parameter space than line ratios alone. Figure 3.8

shows how dramatically the size of the HII region changes for small changes in hydrogen density,

illustrating the usefulness of spatially resolved data for characterizing HII regions.

We also calculate the ionization parameter,U, de�ned as the dimensionless ratio of the

hydrogen-ionizing photons to the total hydrogen density. This parameter is often used to charac-

terize HII regions, and is de�ned as:

U =
Q(H )

4�r 2
on(H )c

; (3.8)

wherero is the ionized region radius in units of cm,n(H ) is the total hydrogen number density

in units ofcm� 3, c is the speed of light, andQ(H ) is the number of hydrogen-ionizing photons

emitted by the central source per second. The ionization parameter we measure for N76 ranges

from U = 3 � 10� 2 for nH = 4 cm� 3 to U = 1 � 10� 2 for nH = 12 cm� 3.
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Figure 3.8: The electron temperature and density for the constant densityCloudy models as a
function of physical distance away from AB7. Colors follow the same scheme as in Figure 3.5.

3.5.5 N76 in context

The N76 nebula is unique for its very luminous central ionizing source, low density (� 10

cm� 3), and consequent large (� 40 pc) size. In order to compare it to other HII regions, we exam-

ine our results through two difference lenses: observations of the ionized gas in low metallicity

dwarf galaxies, and in-depth studies of WR nebulae.

3.5.5.1 Comparison with other low metallicity systems

The largest study focused on understanding the properties of the mid-infrared transitions

from gas in low metallicity systems is the Dwarf Galaxy Survey (DGS), which modeled IR ob-

servations of 48 nearby galaxies usingCloudy (Cormier et al., 2019, 2015). They �nd electron

densities that rangene = 100:5 � 103:0 cm� 3 and ionization parameters oflogU = � 3:0 to � 0:3

with a correlation such that the highestU values are found in the lowest metallicity galaxies.

This trend is also seen in the blue compact dwarf (BCD) galaxies analyzed in Hunt et al. (2010),

where they report elevated [NeIII]/[NeII], [SIV]/[SIII], and [OIV]/[SiII] ratios when compared
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to higher metallicity counterparts, indicative of harder radiation �elds at low metallicities. Addi-

tionally, Hunt et al. (2010) report electron densities ranging fromne = 30 � 600 cm� 3 through

the [SIII] 18 � m/ [SIII] 33 � m ratio. These two programs focused on analyzing spatially unre-

solved infrared spectroscopy of galaxy-wide measurements in order to form conclusions about

the global ionized gas properties in dwarf galaxies. With a metallicity of 12 + log(O/H)� 8.0,

N76, as part of the SMC, falls at the median of the metallicity ranges investigated in these stud-

ies. Interestingly, our resolved measurements of a single HII region are well in the range of the

globally integrated properties determined by these surveys, although the electron density in N76

is at the lower boundary found in these studies.

We also compare N76 to photoionization modeling studies of nearby dwarf galaxies that

are more spatially resolved than those in the previous paragraph. To be consistent, all of these

studies are done using similar IR spectroscopic observations and modeled with theCloudy

photoionization code. Indebetouw et al. (2009) model 30 Doradus in the Large Magellanic Cloud

(LMC), the largest supergiant HII region in the nearby universe. They �nd a relatively high

electron density,ne = 102:4 � 102:7 cm� 3, and a hard radiation �eld withlogU = � 1:7 to � 1:3.

Similarly, Polles et al. (2019) investigates the ionized gas in �ve individual star-forming clumps in

IC10, and theirCloudy modeling indicatesne = 102:0 � 102:6 cm� 3 andlogU = � 3:8 to � 1:0.

Lastly, Dimaratos et al. (2015) focus their study on NGC 4214 and identify a separate central and

southern star forming region, calculating lower densities ofne = 440 andne = 170, respectively,

and ionization parameters ofU = � 2:3andU = 170. Taken as a whole, N76 has a lower electron

density than found in those objects, but a comparable ionization parameter.

In order to summarize the infraredCloudy modeling results across these different surveys

and studies, we plot the [NeIII] 15� m/ [NeII] 12 � m and theCloudy model ionization param-
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eter,U, in Figure 3.9. This ratio traces the intensity of the radiation �eld and, in principle for

a single main sequence star hardness should correlate well withU. We also plot a summary of

the [NeIII] 15 � m/ [NeII] 12 � m ratio from a sample of high metallicity galaxies (Dale et al.,

2009; Inami et al., 2013). While these analyses did not produce an ionization parameter, we do

show their range in [NeIII] 15� m/ [NeII] 12 � m line ratio. We con�rm that the higher metallic-

ity galaxies have a much lower [NeIII] 15� m/ [NeII] 12 � m line ratio than the low metallicity

systems. N76 and 30 Doradus are at the upper end of the observed line ratio, with [NeIII] 15� m/

[NeII] 12 � m � 10-15, indicating hard radiation �elds in these HII regions. Two galaxies with

integrated measurements, IIZw40 and UM461, have radiation �elds that may be harder, with a

[NeIII] 15 � m/ [NeII] 12 � m � 20-25. When examining scales of� 200 pc, (Cormier et al.,

2019) �nd evidence of additional, low ionization components of ionized gas from theirCloudy

models. Similarly, Polles et al. (2019) and Dimaratos et al. (2015) �nd excess emission of [NeII]

that they attribute to a diffuse ionized gas component. In N76, ourCloudy models also un-

derpredict [NeII], providing more evidence for an additional low ionization source that fuels the

diffuse ionized gas in these galaxies.

3.5.5.2 Comparison with other Wolf-Rayet nebulae

Most well-studied WR nebula are de�ned as bubble nebulae, characterized by thin ionized

shell covering a large cavity, excavated by the strong stellar winds of the central WR star. Op-

tical IFU measurements of the Milky Way WR nebula NGC 6888 show a three-shell structure

centered around a 400 pc evacuated cavity: an elliptical inner broken shell formed by shocks

from interactions between the WR and supergiant winds, an outer spherical shell that represents
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Figure 3.9: Comparing the [NeIII] 15� m/ [NeII] 12 � m ratio to the ionization parameter of a
variety of low metallicity systems, including the Dwarf Galaxy Survey (Cormier et al., 2019,
2015), IC10 (Polles et al., 2019), NGC 4214 (Dimaratos et al., 2015), 30 Doradus (Indebetouw
et al., 2009), and N76 (this work). These studies include a mixture of integrated data from entire
galaxies (DGS), to individual measurements in divided regions of these galaxies (IC10 and NGC
4214), to single HII regions (N76 and 30 Dor). Overall, the [NeIII] 15� m/ [NeII] 12 � m ratio
shows that the low metallicity systems plotted have much harder radiation �elds than the averages
shown for the higher metallicity galaxies from Dale et al. (2009) and Inami et al. (2013).
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the wind-blown bubble, and a skin of ISM material surrounding the nebula (Fernández-Mart́�n

et al., 2012). Through photoionization modeling, Fernández-Mart́�n et al. (2012) calculate an

electron density ofne = 400 cm� 3 for the outer wind-blown bubble shell. Infrared spectroscopy

described in Rubio et al. (2020) characterize NGC 6888 further, corroborating the density found

for the outer shell in Ferńandez-Mart́�n et al. (2012) and identifying the density of the ISM skin

asne = 180 cm� 3.

The overall morphological picture of NGC 6888 is not dissimilar to that of N76: a wind-

shocked inner cavity caused by the powerful stellar winds of the WR star that transitions into

a photoionized gas region and the surrounding ISM. However, N76 has a much smaller cav-

ity (15 pc in our models compared to 400 pc), a lower density photoionized region withne =

10 cm� 3, and this photoionized shell is rather thick compared to the cavity size (35 pc). These

differences may be related to the age of N76. Shenar et al. (2016) estimates that AB7 is 5.4 Myr

old, and the size of a stellar wind-blown bubble directly correlates with its age (Freyer et al.,

2003, 2006; Weaver et al., 1977). Observations of WR nebulae in the LMC show the traditional

bubble structure, i.e. a large cavity with a thin, photoionized shell of material in the majority of

nebulae (Hung et al., 2021). Future investigation of N76 and a larger sample size of well-studied

comparison WR nebulae are needed in order to understand the signi�cance of these measure-

ments.

Since the regions around WR nebulae contain material blown off by the powerful stellar

winds of the star, their abundances can be enhanced, yielding elevated nitrogen abundances in

those with a central a WN star (e.g. Fernández-Mart́�n et al., 2012; Stock & Barlow, 2014).

AB7 contains a WN4 type star, but we do not have a nitrogen spectral line to probe the nitrogen

abundance. The abundances described in Table 3.1 do a satisfactory job of predicting the emission
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line surface brightness so we do not have evidence of elemental enhancement in N76. Optical

spectroscopy of N76 by Nazé et al. (2003), however, show a 40% elevated N/O ratio compared

to global SMC values, suggesting that the chemical make up of N76 is in�uenced by AB7.

3.6 Summary and Conclusions

We useSpitzerIRS spectroscopic maps of mid-infrared transitions andCloudy to model

the photoionization in the HII region N76 in the Small Magellanic Cloud. The ionization source

is AB7, a binary composed of a WN4 nitrogen-rich Wolf-Rayet and an O6 I supergiant star, and

we use PoWR models (Todt et al., 2015) to estimate its SED and luminosity (Shenar et al., 2016).

AB7 contains one of the hottest WR stars in the SMC. We assume the N76 nebula is spherically

shaped and project the predictedCloudy line surface brightness as a function of distance to the

source on the plane of the sky. We only consider emission from the ionized gas. The results

from the photoionization models match the spatially resolved images of intermediately ionized

emission lines measured fromSpitzerIRS andHerschelPACS observations fairly well, with just

density as the free parameter. Our conclusions are as follows:

1. Comparing the models to the observed spatial distribution of the measured emission line

brightness allows us to determine much more precise densities than just using the total line

intensity (Figure 3.5 and Table 3.2).

2. Constant densityCloudy photoionization models reproduce most of the ionized gas emis-

sion line intensity distributions ([SIII], [NeIII], [SIV], and [OIII]) for a narrow hydrogen

density betweennH = 4 cm� 3 � 12 cm� 3 (Figure 3.1).

3. The intensities of the high ionization lines, [OIV] and [NeV], cannot be explained by pho-
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toionization. We postulate that these ions are produced by shock ionization in the wind-

blown portion of the WR nebula (see also Freyer et al., 2003, 2006; Weaver et al., 1977)

or a harder ionizing SED for the central source (e.g. Crowther et al., 1999; Schaerer &

Stasínska, 1999; Schaerer & Vacca, 1998). To explain the observations requires a 15 pc in

radius wind shocked cavity in the center of N76.

4. The neutral-dominated emission lines (lines coming from ionic species with an ionization

potential less than hydrogen, 13.6 eV), can originate from both the ionized gas and the neu-

tral gas. Our modeling �nds that very little of the observed [CII] and [OI] emission comes

from the ionized gas (< 5%), while most (96%) of the [SiII] emission can be produced in

the HII region.

5. The [NeII] line is under-predicted in ourCloudy models, suggesting the excess emission

may arise from the diffuse ionized gas not associated with N76 (e.g. Cormier et al., 2019;

Dimaratos et al., 2015; Polles et al., 2019).

6. We observe a line at25:25 � m that we identify as [SI] in the high ionization zone of the

N76 nebula (see Figure 3.1). We explore possible causes for [SI] and alternative possibili-

ties for the line inx3.5.2, including the possibility of producing neutral sulphur from dust

destruction. None of these satisfactorily explains the line.

7. Low metallicity galaxies have harder radiation �elds than their higher metallicity coun-

terparts. The N76 region has a harder radiation source than most other low-metallicity

regions with analyzed mid-IR spectroscopy, although its ionization parameter falls close to

the center of the observed range (see Figure 3.9).
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Chapter 4: ALMA/ACA Mapping of the Northern Molecular Ridge in the LMC

4.1 Introduction

Molecular clouds host the bulk of molecular gas in galaxies and are the sites of star for-

mation. The evolution and collapse of molecular clouds into stars is a complex process that is

related to the kinematics and turbulence in the cloud (McKee & Ostriker, 2007). The proper-

ties of molecular clouds, such as their sizes, velocity dispersions, and masses, are described by

scaling relations over several orders of magnitude (Larson, 1981). Solomon et al. (1987) found

that the radius of a molecular clouds in the Milky Way,R, and their velocity dispersions,� v,

follow a powerlaw distribution of� v / R0:5. Repeated observations of giant molecular clouds

(GMCs) outside of the Milky Way �nd similar correlations with only slight variations of the nor-

malization factor and powerlaw index, suggesting the universality of these scaling relations (e.g.,

Bolatto et al., 2007; Hughes et al., 2010; Rosolowsky et al., 2021; Schruba et al., 2017; Wong

et al., 2019).

Later follow up observations of Milky Way clouds that include the optically thin13CO(1�

0) emission in Heyer et al. (2009) �nd a related correlation between the normalization of the

size-linewidth relation,� v=R1=2, and the mass surface density calculated through the13CO op-

tical depth,� = M=R2. This linear relationship is interpreted as the clouds being in virial

equilibrium where the kinematic mass,� vir / � v=R1=2, is approximately equal to the luminous
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mass� (Roman-Duval et al., 2010). Some of these clouds have elevated� = M=R2 values that

Field et al. (2011) suggests are due to an external pressure exerted on the clouds. In order to

stay in equilibrium, the external pressure can drive additional kinematic turbulence for a given

mass density. An alternative explanation proposed by Ballesteros-Paredes et al. (2011) is that

the clouds are in free-fall instead of virial equilibrium, which would increase� v=R1=2 by a fac-

tor of two and is more in-line with the observations. Of course, there may also be systematic

uncertainties in the observations and the clouds are physically virialized.

Nevertheless, characterizing the properties of molecular clouds and determining their� vir

and� is used to establish whether external pressures are exerted on molecular clouds. The pres-

sure may originate from stellar feedback due to expanding HII regions, stellar winds, or super-

novae (see Krumholz et al., 2019, for a recent review). For example, multiple CO observations in

the supergiant HII region 30 Doradus in the Large Magellanic Cloud show elevated linewidths,

indicating energy injection into the molecular clouds from the surrounding star formation (Inde-

betouw et al., 2013, 2020; Nayak et al., 2016; Wong et al., 2022). Further, observations of molec-

ular gas in the interacting antennae galaxies suggest an external pressure ofP=k & 108 K cm� 3,

many orders of magnitude higher than typical interstellar pressures (Finn et al., 2019; Johnson

et al., 2015). Most of these studies, however, have focused on small �elds of view in highly

energetic environments. In order to understand the role of stellar feedback on the properties of

extragalactic molecular clouds a large, high resolution map is needed.

Our target for this study is the northern-most region of the molecular ridge in the Large

Magellanic Cloud. This region hosts the largest accumulation of CO in the LMC (Cohen et al.,

1988; Fukui et al., 2008; Kutner et al., 1997; Mizuno et al., 2001) and at a distance of� 50 pc

(Pietrzýnski et al., 2019), the molecular ridge provides an ideal environment to study the inter-
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action between star formation and molecular cloud properties. The northern most portion of this

� 2kpc feature hosts three bright HII regions from north to south� N158, N160, and N159�

while the southern portion is quiescent with little high mass star formation (see Figure 4.1, Finn

et al., 2021; Indebetouw et al., 2008). The three HII regions in the northern molecular ridge

are just south of the supergiant HII region 30 Dor (Figure 4.1). de Boer et al. (1998) suggests

that these HII regions have a combined origin triggered by ram pressure compression between

the interaction of the LMC and the hot Galactic halo. Alternatively, high resolution ALMA CO

observations near the N159 region show evidence that colliding �laments produce high mass pro-

tostars in this area (Fukui et al., 2015, 2019; Saigo et al., 2017; Tokuda et al., 2022) and there

is some evidence that HI gas �ows triggering star formation exist on large scales (Fukui et al.,

2017).

We present a large (100 � 260, 150 � 380 pc2), high resolution (1.7 pc) ALMA ACA

12CO(2 � 1) and13CO(2 � 1) maps of the northern molecular ridge in the LMC to study the

properties of the molecular clouds and determine whether feedback from the surrounding star

formation impacts the kinematics of the clouds. Inx4.2, we present the12CO(2� 1) and13CO(2�

1) ALMA ACA data and describe how we image the data and stitch together the large mosaic

of the northern molecular ridge. We then outline how we calculated the molecular gas column

density through the13CO line and describe our methods for decomposing the molecular gas

into discrete structures inx4.3. We present the size-linewidth correlation and the mass surface

density boundedness relation inx4.4. We determine whether the clouds are bound inx4.5 and

compare their virial parameters to the 8� m �ux that tracers the star formation. Lastly, inx4.6 we

summarize our results and outline our conclusions.
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4.2 Observations

4.2.1 ALMA 12CO(2 � 1) and13CO(2 � 1) Data

The northern molecular ridge was observed with the Atacama Large Millimeter/Submillimeter

Array (ALMA) Atacama Compact Array (ACA), also known as the Morita array. These observa-

tions were part of Cycle 7, under project code 2018.A.00061.S (PI: Bolatto, A). The map covers

a region of 10'0� 260 (150� 380 pc) across the northern tip of the molecular ridge in the LMC,

overlapping with three HII regions: N158, N160, and N159 (see Figure 4.1 for placement of

region within the LMC). The map is comprised of sixteen individual 10'� 2.3' overlapping tiles

of separate observations. One frequency setting was con�gured to cover the12CO(2 � 1) line

at 230.538 GHz with a bandwidth of 125 MHz and a channel width of 61 kHz. The second fre-

quency setting covered both13CO(2� 1) at 220.399 GHz andC18O(2 � 1) at 219.560 GHz with

bandwidths of 62.5 MHz and a channel width of 61 kHz. We also included a broader continuum

frequency set up centered at 232.6 GHz with a bandwidth of 2 GHz. These observations include

total power ALMA data corresponding to the full rectangular region covering the interferometric

map produced on October 15th, 2019, providing short spacings information.

4.2.1.1 Imaging the Combined ACA and TP Data

We use version 6.5.1 of the Common Astronomy Software Applications (The CASA Team

et al., 2022) and the standard system calibration to image the northern molecular ridge data.

We image each of the sixteen individual tiles that comprise the �nal map separately and stitch

them together in a separate step (seex4.2.1.2). Imaging each tile separately provides higher
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Figure 4.1: The LMC with the molecular ridge highlighted in yellow and the supergiant HII
region, 30 Doradus (30 Dor) outlined in red. The ALMA ACA mosaic of the active, northern
molecular ridge is in green. The gray scale background is theHerschelPACS 250� m emission
from the HERITAGE survey (Meixner et al., 2013). The molecular ridge contains the largest
accumulation of gas in the LMC. We study the active region to determine how the properties of
molecular clouds are affected by the surrounding star formation.
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stability and convergence in the deconvolution algorithm (see also Leroy et al., 2021). For the

spectral line data, we use the CASA tasksdint to image and combine the ACA and TP data.

Thesdintalgorithm is a joint deconvolution algorithm that simultaneously images and combines

interferometric and single dish data (Rau et al., 2019). We �nd that thesdintalgorithm produces

better results than the traditionaltclean andfeather method. Each tile has a square pixel cell

size of 100.2, a velocity channel of 0.25 km s� 1, and a total size of 600� 300 pixels. We choose

320 channels which corresponds to the maximum size of the bandwidth for the13CO(2 � 1) and

C18O(2 � 1) data. We use a cleaning threshold of 0.3 Jy/beam and acyclefactor=5in order to

make sure the cleaning algorithm doesn't diverge before it reaches the threshold. We use the

mosaic gridder, hogbom deconvolver, and briggs weighting withrobust = 0.5, which provides

the bet combination of resolution and signal-to-noise. We mask the data for cleaning through the

auto-multithresh and the default parameters. The interferometric data are combined with

the total power data using ansdgain=3, which preserves the �ux information from the total power

data while mantaining the high resolution structure. We convolved the datacubes to a common

restoring beam of 700(1.7 pc).

4.2.1.2 Stitching of the Northern Molecular Ridge Tiles

Due to the large size of the northern molecular ridge map and the limitations of ALMA

scheduling, the full map needed to be separated into sixteen individual observations that are

stitched together. ALMA observed these tiles in a different times of the year and they conse-

quently have differentu � v coverage, weather conditions, and synthesized beams, making it

challenging to image the full mosaic at once. After imaging and combining each tile with the TP
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data inx4.2.1.1, we stitch these tiles together using the Pythonastropy packagereproject 1

and following the procedure in Leroy et al. (2021). First, we identify an astronomical grid that

covers the full mosaic map of the northern molecular ridge and regrid each tile onto this tem-

plate. We then combine all of the components of the mosaic into a single image by weighting the

primary beam response and the rms noise to the intensity:

I =
P n

i =0 (B 2
i � � 2

i ) � I iP n
i =0 B 2

i � � 2
i

: (4.1)

The total intensity for the full map is given byI and the sum overi represents the sum over all

overlapping positions on the mosaic. The primary beam response is given asB and the rms noise

is � . Since each tile has different weather conditions, the rms noise varies based on position

on the map from 0.12 - 0.22 Jy beam� 1. We compute a noise map for each tile individually

by calculating the rms of a spectrum in the �rst and last 30 channels of the cube where there

is no emission. Lastly, the �nal map of the northern molecular ridge is combined through the

reproject and coadd function.

4.2.1.3 Continuum subtraction

In addition to the spectral line cubes, we also produce a continuum image at 1.3 mm (230

GHz). We use the procedure described above to image the continuum except we do not combine

the TP data with the interferometric continuum data. Instead, we use the CASA tasktclean in

MFS mode, a threshold value of 2mJy, and a central reference frequency of 232.6 GHz. The map

of the continuum emission in the northern molecular ridge is reported in Appendix B.

1https://reproject.readthedocs.io/en/stable/
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Figure 4.2: The peak intensity map of our ALMA ACA mosaic of the northern molecular ridge
in 12CO(2 � 1). The physical scale of the map is 10'� 26' (150 � 380 pc) and the beam size,
pictured in the bottom left corner, is 700(1.7 pc). The molecular gas as traced by12CO(2 �
1) contains substantial structure, many hundreds of molecular clouds, and large �lament-like
features.
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