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Abstract

Massive stars have a predilection for forming in clustered environments with other proto-
stars. Therefore, the study of Massive Young Stellar Objects (MY SOs) necessarily requires
the study of clusters of forming stars (protoclusters). Distinguishing between compet-
ing theories of massive star formation requires observing massive protoclusters at various
stages in their evolutionary process. Extended Green Objects (EGOs) are signposts of mas-
sive young protoclusters believed to be in an evolutionary state just prior to the emergence
of Ultracompact (UC) H I regions. This phase of protocluster evolution - in which the
presence of massive stars can be confirmed but the natal clump has not yet been destroyed
by the radiative feedback from MYSOs - is a critical one for distinguishing between com-
peting star-formation theories. We have been conducting a multiwavelength study of a
sample of 20 nearby EGOs with the goal of determining source bolometric luminosity,
source multiplicity, and the evolutionary state of the most massive protocluster members.
We have examined this sample using proprietary and archival infrared data (3.6 to 870 pm)
and modeled their Spectral Energy Distributions (SEDs). We have further examined this
sample at 1.3 and 5 cm with the VLA, and determined continuum-source flux densities,
spectral indices, and spatial distributions within these regions, as well as associations with
H,0, CH;OH, and NH; masers.

The average massive-source multiplicities (number of massive sources) are 1~2 per
EGO, regardless of whether infrared or radio selection criteria are used. This is consistent
with the model of EGOs as observational signposts of massive protoclusters that will form
one to a few massive stars only, rather than extreme star-forming regions (e.g. 30 Do-
radus). Their luminosity-to-mass ratios (L/M) are broadly consistent with other massive
protoclusters, but specifically seem to straddle the “IR-quiet” and “IR-bright” categories

of MYSO classification identified by, e.g., the ATLASGAL Top100 and Herschel HOBYS
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project teams. Generally, the difference between “IR-quiet” and “IR-bright” sources is the
presence of a protostar which has started to produce significant radiative feedback, i.e. M
> 8M,, in the central star. This suggests that EGOs may be in a particularly consequential
stage of evolution compared to other samples with different selection criteria. We also find
ubiquitous weak, compact 1.3 and 5 cm continuum emission, as well as a plethora of H,O
masers, a mild association with NH3 (3,3) masers, and a 100% association with 6.7 GHz
CH;0H masers (which are exclusively associated with massive protostars). Even at our
high angular resolutions (~1000 au), most of our continuum sources remain unresolved.
Their spectral indices span a broad range (-0.5 < « < 2) and are consistent with multiple
possible emission mechanisms, from synchrotron to thermal free-free to thermal dust emis-
sion. In order to distinguish between these possibilities, high-resolution millimeter data are
needed in order to perform detailed modeling of the radio SEDs across multiple decades in

frequency.
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Chapter 1

Introduction

Massive stars drive some of the most significant radiative, kinematic, and chemical pro-
cesses in galaxies. Though they are rare compared to low and intermediate mass stars, their
extreme luminosities ionize their immediate neighborhoods (i.e. HII regions), they drive
strong, hot stellar winds which push away nearby gas and create shocks and pressure dif-
ferentials, and their spectacular deaths as supernovae seed in the interstellar medium with
heavy elements and additional turbulence. The cumulative nature of these effects is such
that understanding massive stars is important not only for understanding stellar popula-
tions on a local level, but also for understanding the structure and evolution of galaxies as
a whole.

Unlike low-mass stars, for which the basic process of protostellar evolution is fairly
well-understood, significant questions remain about the formation process of high-mass
stars (M, > 8M,, spectral type B3 and earlier; see Motte et al. 2018b; Tan et al. 2014).
Understanding how massive stars form is necessary in order to explain their comparative
rarity, why they are usually found in stellar systems which are high-order multiples, and
to understand the timeline on which they begin to affect their surroundings. Because most

stars form in groups (protoclusters, Lada & Lada 2003; Kennicutt & Evans 2012), a robust
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understanding of massive star formation and the means and timeline on which massive stars
begin to dominate their surroundings is also important for understanding how the stellar Ini-
tial Mass Function (IMF) gets its shape (Lada & Lada 2003; McKee & Ostriker 2007). The
study of massive star formation seeks to answer these questions by investigating what, if
anything, is unique to the formation of high-mass stars and their protocluster environments

that effects these outcomes.

1.1 Structures of Interest

Before we explicate the current understanding of and open questions in massive star forma-
tion, it will be useful to define several terms, structures, and size scales relevant to this work.
The smallest physical scale of interest to us is ~0.01-0.02 pc. This is the minimum sepa-
ration one should expect between two forming stars (protostars) that are not gravitationally
bound to each other (McKee & Ostriker 2007). Individual protostars exist within larger,
dense structures called cores (ny, ~ 10* - 10° cm™), which are self-gravitating and are ob-
served to exhibit a range of masses (order 0.1 to several tens of M, Sadavoy et al. 2010; Di
Francesco et al. 2007). If a core is known to have a protostar or has observational signposts
associated with protostars (such as bipolar outflows) it is called a protostellar core; if no
such signposts exist but a core can be shown to be self-gravitating or even collapsing, it
might be called a “pre-stellar” core, i.e., it has not formed a protostar yet but could in the
(relatively) near future. Pre-stellar cores are typically cold (5~20 K), while protostellar
cores can be cold (5~20 K), warm (20~100 K), or hot (=100 K). Protostellar cores are
usually presumed to be internally heated, so the temperature of an individual core is often
assumed to be dependent on the state of evolution of the protostar the core hosts. Pre- or
protostellar cores may also be externally heated by, e.g., cosmic rays, shock-heating, or

ambient radiation (Shirley et al. 2005). Classically, a core is thought of as a ~0.1 pc struc-
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ture that will collapse to form a single protostar or proto-binary system, though not all of
the gas in the core will necessarily end up in the protostar due to feedback effects such as
outflows (Lada & Lada 2003). Because the gas in these objects is also mixed with dust, the
term “dust core” is also sometimes used.

Cores generally exist within “clumps”: larger clouds of gas that are ~1-10 pc in size
and typically host multiple cores. On a global scale, clumps can be treated as relatively cold

< 10* em™) and it is not

~Y

(10~30 K) and dense, although they are less dense than cores (1,
clear that all clumps are necessarily self-gravitating (Kennicutt & Evans 2012). Clumps
themselves usually exist within even larger structures called Giant Molecular Clouds, or
GMCs (10 to >100 pc in size), which are more diffuse (ny, > 10? cm™) and often contain
filaments (long, thin, roughly cylindrical overdensities in the gas and dust) in addition to
clumps (Kennicutt & Evans 2012; Motte et al. 2018b). A schematic representation of the
classical understanding of clumps, cores, and protostars, including relevant size scales, is
shown in Figure 1.1. Panel c of this figure also shows the different components which are
typically present in a protostar (central star, accretion disk, envelope, and bipolar outflows).
In this work we use the term “protostar” to refer to this entire ensemble of components, but
sometimes the term “circumprotostellar environment” or “protostellar core” is also used.
Overall, star-forming regions contain many different physical structures (from hot cen-
tral protostars to cold ambient gas, and protostellar disks to outflows and jets) which span
many decades in size, density, and temperature. Some structures may emit predominantly
one only one or a few wavelength regimes, while some may produce radiation at a broad
range of wavelengths. This presents a challenge for observers wishing to fully constrain
the star-formation activity in any one particular region. We will discuss these challenges,

and the methods observers use to address them, in § 1.4.
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A note on terminology: In this work, we use the term “massive protostar” to refer to a
protostar that will likely form a massive star. Designating a source as a “massive protostar”
does not necessarily mean that the central star in the protostellar system has accreted more
than 8 M, as yet. Protostars are by definition still accreting matter, so the mass of the
central star in a protostellar system is not a constant. Instead, identifying a source as a
massive protostar means that the aggregate properties of the entire protostellar system are
such that a star with M, > 8M,, can reasonably be expected to form by the end of the
evolutionary process. We discuss our criteria for determining what is or is not likely a

“massive protostar” later in this Chapter.

1.2 Current Understanding of and Open Questions in Mas-
sive Star Formation

It is generally accepted that the majority of stars form in groups of a few tens to several
hundred (Lada & Lada 2003). It is easy to see how this might be a natural consequence
of the physical situation shown in Figure 1.1a: if a clump contains multiple cores, each of
which will form one star or binary pair, then it naturally follows that multiple stars may
be found forming at the same time in the same clump. While the resulting main-sequence
stars may not be gravitationally bound to each other, these groups of star-forming cores are
usually treated as a single star-forming region. These star-forming regions can vary widely
in their star formation rates (Lada & Lada 2003), the number, number density, and masses
of the stars they are forming (Sadavoy et al. 2010), and overall qualities such as clump
density and size (Kennicutt & Evans 2012).

A massive protostar will produce significant amounts of radiative feedback as it reaches

the main sequence and forms an H1I region. Regardless of other feedback mechanisms
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within the star-forming clump, H I1 regions are generally assumed to quench additional star
formation in their immediate environs once they are sufficiently evolved. Massive stars are
also likely to have significant gravitational effects on their nearest neighbors, although the
exact degree of these effects are still being debated (see § 1.3 below). Regions forming
massive stars, then, may exhibit properties very different from their lower-mass counter-
parts, especially as regards protostellar feedback and the destruction of the host clump
(Zinnecker & Yorke 2007, and references therein).

A general schematic diagram of massive star formation is shown in Figure 1.2. In
this diagram, multiple cold cores are found in the same region of a clump, and some of
those cores may go on to form massive stars. As these massive protostars evolve towards
the main sequence and begin to radiatively ionize their surroundings (thus forming very
young, dense Hypercompact (HC) H 11 regions, then Ultracompact (UC) H 11 regions, and
then “normal” H 11 regions in equilibrium with their surroundings), they drive ambient gas
out of their local neighborhoods, and star formation halts within the clump. Note especially
the size scales relevant for HC versus UC H 11 regions in Figure 1.2.

When investigating the formation of high-mass stars, one quality in particular quickly
becomes apparent: massive stars are rarely found forming in isolation. Early studies of
massive star formation focused on massive clumps and cores - usually those that are bright
in the infrared, which was taken as an indication of internal heating by a massive protostar.
These studies often treated the massive cores as hosting individual protostars, just as one
would do for a low-mass protostellar system (e.g. Wood & Churchwell 1989; Kraemer et
al. 1999; Plume et al. 1997). As UC H1I regions (Wood & Churchwell 1989), a signpost
of young OB stars, were often associated with massive sources which were bright in the
infrared, the assumption was not unreasonable. However, follow-up observations of these

regions have shown that what were initially thought to be single protostars of very high
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mass nearly always resolved into multiple sources when observed with higher spatial res-
olutions (Cyganowski et al. 2007; Brogan et al. 2009; Stephens et al. 2017; Beuther et al.
2018). Rather than individual protostars, these massive clumps and cores hosted collec-
tions of protostars of which at least one was massive. We now call these objects “massive
protoclusters™: clusters of protostars in which at least one protostar is massive. While
low-mass stars can often be found forming in relative isolation within a clump, massive
protostars are most often found surrounded by or in near proximity to multiple additional
protostars of varying masses (Motte et al. 2018b).

Additionally, high-resolution observations of massive star-forming regions over the past
decade have particularly challenged the framework of size scales and star-formation “com-
ponents” we outlined in § 1.1. Beuther et al. (2018) routinely find multiple dust cores -
each presumed to host a single star or binary system - within 20,000 au (~0.1 pc) of each
other in their sample of 20 high-mass star-forming regions (L > 10*L.). A selection of
these sources is shown in Figure 1.3. The authors note that, while there is diversity of
morphology within their sample, the smallest projected linear separations between cores
is approximately equal to the angular resolution limit of their data (0”4). From this, they
conclude that additional fragmentation of the cores may occur at even smaller scales than
they can observe. This finding of high fragmentation of cores at sub-0.1 pc scales is not
unique to Beuther et al. (2018); it is also observed in massive star-forming regions such as
NGC63341 (Brogan et al. 2016; Hunter et al. 2017), G358.93-0.03 (Brogan et al. 2019),
G11.92-0.61 (Cyganowski et al. 2017), and others. The projected separation of dust cores
observed in these regions is variable, but typically of order a few thousand au. This severely
challenges the notion of individual, well-separated cores within a clump evolving in relative
isolation over time, at least in massive star-forming regions.

These new observations raise several important questions:
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e Why do we so frequently find closely-spaced cores in massive protoclusters? In
particular, do massive protoclusters naturally form cores this close together, or are
the cores formed further apart and become close to each other only as the protocluster

evolves?

e Given the apparently close separation between protostars in protoclusters (for what-
ever reason), how do the most massive protostars affect their nearest neighbors? Do
they drive (or suppress) star formation in their immediate environments even before

they form H I1 regions?

e Given the assumption that the formation of an H II region halts local star formation,
on what timeline and by what mechanism do massive protostars form H 1T regions?
How do the formation timeline and mechanism affect the distribution of masses of

stars formed in massive protoclusters, if at all?

Any theoretical framework of massive star formation must be able to explain these open

questions.

1.3 Theoretical Frameworks

The theoretical and observational investigations of massive star formation over the last
several decades have led researchers to believe that massive protocluster formation is key
to addressing a number of open questions in both the star formation and stellar populations
communities. In particular, massive protocluster formation may explain why massive stars
are found in high-order multiples at a much higher rate than stars of other masses (Chini
et al. 2013), and how the overall stellar Initial Mass Function (IMF) - the number of stars

formed at each mass - gets its shape. This last point is key not only for understanding



9

the history and evolution of our own Milky Way galaxy, but also for understanding the
evolution of galaxies in general.

In the last two decades, two main theoretical paradigms have emerged to explain mas-
sive star formation in protocluster environments: Monolithic Collapse models and Hierar-
chical Collapse models. In Monolithic models, such as Turbulent Core Accretion (McKee
& Tan 2002) or the numerical simulations described in Banerjee & Kroupa (2017), the
initial condition for protostellar formation is a single core of order ~0.1 pc. More mas-
sive stars are thus formed from more massive cores. These models are sometimes called
“a scaled-up version of low-mass star formation” because the mass that forms the eventual
stars still comes only from the ~0.1 pc core. In Monolithic collapse models, a parent clump
contains many such single cores with a mass distribution which mirrors the stellar IMF, off-
set by some efficiency factor e. These models tend to produce protoclusters in which the
protostars are more centrally-concentrated than are the stars in main-sequence (unembed-
ded) star clusters. They make no prediction as to stellar birth order (i.e. low-mass stars
vs. high-mass stars form first/last). They require the presence of stable, massive starless
cores, possibly up to of order 10% Jeans masses (Tan et al. 2014). These stable, massive
cores are sustained against gravitational collapse by higher-than-average levels of kinetic
turbulence within the cores themselves. Because Monolithic models predict that the stel-
lar IMF is inherited from the the distribution of masses of the cores within a clump (Core
Mass Function; CMF), several teams are now seeking to identify and characterize massive,
starless cores in pre-stellar clumps or young massive protoclusters (Tan et al. 2013), and
in fact several candidates have been identified (Lin et al. 2019; Cyganowski et al. 2014).
At present, however, the observational evidence regarding the CMF compared to the IMF
is conflicting at best; some teams find evidence that the CMF is significantly flatter at high

masses than the IMF (Motte et al. 2018a), while others find that the CMF and IMF shapes
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at the high mass end are quite similar (Massi et al. 2019). The in-progress ALMA-IMF
project (a Large Program; PI: F. Motte) seeks to sample the full range of core masses in
15 massive star-forming regions in order to compare the CMF and IMF, and examine the
possibility of CMF evolution with time.

In contrast, Hierarchical collapse models suggest that evolution of individual protostars
is not separable from the protocluster environment as a whole. The Competitive Accretion
Model (Bonnell et al. 2001, 2004; Bonnell & Bate 2006) suggests that all protostars within
a protocluster “compete” for the same reservoir of gas (i.e. gas in the parent clump); it is
those stars at the bottom of the gravitational potential that will accrete the most material
and thus become the most massive members of the protocluster. Competitive Accretion
dictates that high- and low-mass stars should be found forming simultaneously, rather than,
e.g., low-mass stars forming first. It also predicts that some low-mass stars should be found
forming within the much-larger accretion reservoir of a central, high-mass star. The Global
Hierarchical Collapse (GHC; Vazquez-Semadeni et al. 2017) model, in contrast, suggests
that the star formation rate in a protocluster increases with time. Mass is funneled by fil-
aments onto protostellar cores in gravitational potential minima; these cores will become
the high-mass stars in the protocluster. As the filaments increase in density, lower-mass
stars will begin to form within the filaments themselves, and thus the filaments begin to
direct both gas and stars toward the higher-mass cores. As these higher-mass cores be-
come massive protostars and begin to produce powerful radiative and outflow feedback,
star formation within the cluster is quenched. GHC predicts some low- and high-mass stars
forming simultaneously, but also a small (~ 1/3 of the total) population of older low-mass
stars within the cluster, formed during the earliest stages of star formation in the cluster.
The GHC model therefore predicts a stellar birth order in which the high-mass stars form

last. As a group, Hierarchical formation models tend to produce “subclusters” of a few
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to a few tens of stars, which then eventually merge to form the final, complete cluster
(Bonnell et al. 2003). Consequently, Hierarchical models predict protoclusters that are less
centrally-concentrated than their main-sequence counterparts. In Hierarchical models, it
is the protostars at the bottom of the gravitational potential that become the most massive
cluster members. Because core mass is determined by location within the cloud and can

vary with time, Hierarchical Collapse models do not require that the CMF mirror the IMF.

1.4 Observational Strategies for Constraining Massive Star
Formation

Conducting observational tests of these theoretical paradigms is challenging for a number
of reasons. First, massive stars are comparatively rare. This rarity means that most massive
star-forming regions are located > 1 kpc away, and consequently, probing the physical
scales of interest in any particular region requires much higher angular resolution than
would be needed to observe nearby objects. Second, massive stars reach the main sequence
more rapidly than their lower-mass counterparts. This means that the window of time for
observing massive star formation is shorter than for low-mass stars. Third, because massive
stars are typically still deeply embedded in their natal clouds of dust and gas when they
reach the main sequence, the wavelength regimes in which they can be directly observed at
sub-0.1 pc scales are limited. Fourth, and perhaps most obviously, massive star formation
is a dynamic process which takes place on timescales much longer than a single human life;
observing a protostar with M, < 8M now does not guarantee that that protostar will not
become a massive star in the future. Finally, as stated in § 1.1, star-forming regions contain
many different physical structures which may emit at different preferred wavelengths, or

may produce emission that spans broad, often overlapping wavelength ranges. This can
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be especially true of objects which may contain multiple emission mechanisms, such as an
ionized jet producing both thermal and synchrotron emission (e.g. Purser et al. 2016).

To probe the physical scales of interest (<5000 au, 0.02 pc), observational teams have
increasingly turned to radio and submillimeter interferometry, using facilities like the Jan-
sky Very Large Array (JVLA), Atacama Large Millimeter/submillimeter Array (ALMA),
the Australia Telescope Compact Array (ATCA), and others. This provides exquisite an-
gular resolution for these regions, but it does limit these sub-0.02 pc observations to those
processes which emit in the radio through submillimeter regimes. In order to constrain the
many different sources of emission in star-forming regions, observations must be made at
multiple wavelengths. For instance, a protostar with an accretion disk, envelope, and ion-
ized jet/outflow system may produce emission in the infrared (warm dust from the envelope,
ionized atomic lines at the interface of the outflow and ambient medium, and perhaps stel-
lar radiation escaping through the outflow cavity). However, these same components will
likely also produce emission in the radio through submillimeter regimes: the warm dust
in the envelope will emit at submillimeter, millimeter, and perhaps even centimeter wave-
lengths, the ionized jet will produce thermal free-free emission at centimeter wavelengths,
and the shocks produced by the jet/outflow system may produce non-thermal (synchrotron)
emission in addition to collisionally-excited masers. This strategy - of observing proto-
clusters with both high angular-resolution radio interferometers and at other (primarily
infrared) wavelengths - is becoming more and more common in the star-formation commu-
nity, although typically observations in the different wavelength regimes are carried out by
different teams.

To overcome the temporal limitations of observing massive star formation (i.e. it is both
rapid compared to low-mass star formation and takes place on long timescales relative to

human lifetimes), observational teams have typically employed one of two strategies. Both
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of these strategies have to do with characterizing the evolutionary states of massive star-
forming regions, and each has its own particular strengths. The first approach is to observe
a statistically-significant sample of massive star-forming regions, in which the regions are
selected to span a broad range in those physical properties assumed to be indicative of
evolutionary state (primarily: outflow activity, core temperature, bolometric luminosity,
infrared flux density, and the presence or absence of molecular, atomic, or ionized emis-
sion lines). An reasonable evolutionary sequence for massive protoclusters can then be
constructed based on that sample, usually assuming steady increases in infrared and ra-
dio continuum emission, temperature, and bolometric luminosity (L,;) as the protocluster
evolves with time. This observation-based sequence can then be compared with theoretical
predictions.

Multiple teams have constructed samples meant to accomplish this goal. Tigé et al.
(2017) observe the star-forming region NGC 6334 in the far-infrared and characterize
the 32 observed massive cores as starless, IR-quiet protostellar, and IR-bright protostel-
lar, proposing an evolutionary sequence from the first to the last (although they do note
that it is not certain all starless dense cores in their sample will eventually form stars).
Rosero et al. (2016) and Rosero et al. (2019b) conducted a 6 and 1.3 cm survey of 58 mas-
sive star-forming regions in the Milky Way, and constructed their sample specifically to
include statistically-significant numbers of what they identify as: cold massive cores with-
out infrared counterparts, cold massive cores with infrared counterparts, and hot massive
cores. They find different rates of radio-frequency emission in these different subsam-
ples, and suggest that these selection criteria describe an evolutionary sequence of massive
star-forming regions from pre-stellar/largely quiescent to HC H 11 regions. The in-progress
ALMAGAL project (an ALMA Large Program; PI: S. Molinari) seeks to characterize mas-

sive star-forming regions in the Milky Way at all stages of evolution at 1 mm in order to
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evaluate the characteristics of protocluster formation.

The second strategy is to observe a sample of sources in what is believed to be a very
specific evolutionary state, and describe how the properties of the sources in that state fit -
or don’t fit - within a given evolutionary framework for protocluster evolution. Svoboda et
al. (2019), for instance, focus on massive clumps which should be capable of forming mas-
sive protoclusters but which only have observational signposts of the very earliest stages
of star formation (e.g. self-gravitation and evidence of infall). In their sample, they find
widespread evidence of weak outflow activity from low-luminosity sources, which chal-
lenges the notion of a truly “pre-stellar” stage of clump evolution.

One particularly beneficial evolutionary state to examine is one in which the protoclus-
ter is evolved enough that the presence of massive protostars can be confirmed, but is still
young enough that those massive protostars have not had time to dissipate the surrounding
natal environment. This allows the observer to examine the protostellar population for mass
segregation, diversity of protostellar evolutionary states, and overall structure in the clump
gas reservoir without having to make assumptions as to the likelihood of the clump forming

a massive protostar in the future. This last strategy is what we employ in this work.

1.5 Questions Addressed in This Thesis

For this work, we selected a sample of 20 of the nearest and youngest-appearing Extended
Green Objects (EGOs) from the published catalogs of Cyganowski et al. (2008) and Chen
et al. (2013) for targeted multi-wavelength follow-up observations. We observed these
sources in the infrared through radio regimes (3.6 pm through 5 cm) using multiple facili-
ties and archival data in order to constrain the full Spectral Energy Distributions (SEDs) of
each source with high angular resolution at each wavelength. Our goal was to answer, for

this sample, the following questions:
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1. What are the luminosity-to-mass ratios of these clumps, and what relationship, if any,

does L/M have to clump mass (M.,»,) and evolutionary state?

2. What is the nature and effect of ionized emission when it first appears in these

sources?

3. What are the properties of the massive protostars in particular? What constraints can

we place on the emergence of ionizing radiation from these massive protostars?

4. What are the demographics of the protostars in these regions? In particular, what are
the multiplicities of massive sources; do we see any evidence of clustering/subclustering
within the overall protostellar population; and is there any indication of a preference

for stellar birth order within the clumps?

The first question helps us place EGOs in context in the broader evolutionary process
of massive protoclusters; this is critical for understanding how to compare their properties
to those of other samples or numerical simulations. The second and third questions address
the issue of protostellar feedback - specifically feedback from massive protostars. There
are many competing theories at present regarding how massive protostars form H I1 regions;
some suggest that massive protostars ionize their accreting material first, thus creating ion-
ized accreting flows (Keto 2007), some suggest that a bipolar cavity (such as that created by
a jet/outflow) must exist prior to the onset of ionizing radiation in order for the H 11 region to
grow and avoid quenching by the presumably-high accretion rate (Tanaka et al. 2016), and
still others suggest that H 11 regions can produce anywhere from spherical to bipolar to vari-
able morphologies depending on their specific formation mechanism and the instantaneous
accretion rate (Keto 2003; Klessen et al. 2011; Rosen et al. 2016). Some of these theories
of H 11 region formation are closely linked to specific models of protocluster formation (e.g.

Tanaka et al. 2016), so constraining the onset of strong radiative feedback in protoclusters
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can address questions about both individual massive protostars and protocluster evolution
as a whole. The fourth question above addresses many of the key discriminating features
of the various massive protocluster formation theories discussed in § 1.3 - namely, the dif-
fering predictions for the masses, evolutionary states, and locations within the clump of the
individual protostars.

In Chapter 2, we discuss our mid-infrared observations of 12 of these 20 EGOs using the
Stratospheric Observatory for Infrared Astronomy (SOFIA) in combination with archival
data in order to construct well-constrained SEDs from 3.6 to 870 pm, and our subsequent
results for the L/M values for these sources. Chapter 2 has been previously published as
Towner et al. (2019). In Chapter 3, we discuss ~3"-resolution observations of 1.3 cm con-
tinuum and 25 GHz CH;OH emission at ~mlJy sensitivities in all 20 regions. We find that
the CH;OH emission - both thermal and maser - is ubiquitous in these regions, and that the
continuum emission is, if present, both weak and compact. One of the primary conclusions
of this chapter is that follow-up centimeter observations with both higher angular resolution
and greater sensitivity were needed. Chapter 3 has been previously published as Towner et
al. (2017). In Chapter 4, we present these high-resolution, high-sensitivity follow-up obser-
vations at 5 and 1.3 cm for nine of the 20 EGOs. We describe the nature of the continuum
emission given the morphologies and derived spectral indices of the continuum sources,
and discuss these results in context with the H,O, CH;OH, and NH; maser emission we
also observe in these regions. In general, we find that the individual centimeter continuum
detections in this sample are consistent not with one single emission mechanism, but with
a range of emission mechanisms. Chapter 4 will shortly be submitted to the Astrophysi-
cal Journal for publication as Towner et al. (2020). In Chapter 5, we present our overall
conclusions from these observations and discuss future directions for the work. Below, we

briefly discuss the observational history of EGOs to provide greater context for our use of
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them as a target sample.

1.6 Observational History of EGOs

EGOs were initially discovered and described by Cyganowski et al. (2008) using infrared
data from the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) project
(Benjamin et al. 2003; Churchwell et al. 2009). GLIMPSE was carried out using the Spitzer
IRAC instrument at 3.6, 4.5, 5.8, and 8.0 ym. In the GLIMPSE data, EGOs are identifiable
by the fact that their emission is extended - rather than point-like - in the IRAC 4.5 ym
band. This extended morphology is only present in the 4.5 pym data, not the other IRAC
bands. The extended emission typically spans a diameter of order 0.1 pc, and is gener-
ally attributed to line emission from shocked H, in the 4.5 ym band (Marston et al. 2004).
EGOs are called “green” because the IRAC 4.5 ym band is commonly shown as green
in 3-color images made from IRAC data. The sample of EGOs originally identified by
Cyganowski et al. (2008) is >300 sources and covers 10° < [ < 65° and 295° < [ < 350°,
b = +1°. Additional EGO samples have been reported by Chen et al. (2011, 2012). EGOs
have typical masses of 10? - 10° M, and typical luminosities of 10° - 10° L. They are
therefore consistent with other known massive star-forming regions, though they are on the
lower end in both mass and luminosity.

Targeted follow-up observations of EGO subsamples revealed a preferential association
with Infrared Dark Clouds (IRDCs) as well as strong associations with 44 and 95 GHz Class
I CH3;O0H masers, 22 GHz H,O masers, and 6.7 GHz Class II CH;OH masers (Cyganowski
et al. 2009; Cyganowski et al. 2014). Class I masers are collisionally pumped, and thus of-
ten associated with shock-inducing processes such as protostellar outflows, jets, and disks.
Class Il masers are radiatively pumped and thus trace radiative conditions; 6.7 GHz CH;OH

masers in particular are exclusively associated with massive protostars, due to the physical
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conditions and radiation levels required to induce population inversion (Minier et al. 2003).

The evidence that the extended 4.5 m emission is due to protostellar outflows is strong
(shocked H,, Class I masers), and given the causal link between accretion and ejection
(Frank et al. 2014), we assume that these objects are thus actively-accreting protostars.
The presence of 6.7 GHz CH;OH masers suggests that at least one protostar in each region
must be also massive. However, most EGOs are not associated with known H 11 or UCH 11
regions, which are a hallmark of massive stars. In fact, deep (at the time) 3.6 cm continuum
observations conducted with the VLA revealed weak (<1 mJy beam™) or no continuum
emission in a sample of 14 EGOs (Cyganowski et al. 2011b). Therefore, although EGOs
appear to host massive protostars, these massive protostars have clearly not yet reached a
state in which they can produce the significant radiative and stellar-wind feedback that will
eventually destroy the host clump. In other words, EGOs appear to be in a particular stage
of evolution which is very useful for discriminating between current theories of massive

star formation.
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Fig. 1.3.— 1.37 mm continuum images of (left to right) IRAS21078, S87IRS1, and
NGC7538S from Beuther et al. (2018). Linear scales are shown at the top of each panel.
Each source shows clear multiplicity at scales <20000 au, i.e., <0.1 pc. Panels shown are
taken from Figure 5 of Beuther et al. (2018).
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Chapter 2

SOFIA FORCAST Photometry of 12
Extended Green Objects in the Milky
Way

2.1 Chapter Summary

Massive young stellar objects are known to undergo an evolutionary phase in which high
mass accretion rates drive strong outflows. A class of objects believed to trace this phase
accurately is the GLIMPSE Extended Green Object (EGO) sample, so named for the pres-
ence of extended 4.5 pum emission on sizescales of ~0.1 pc in Spitzer images. We have
been conducting a multi-wavelength examination of a sample of 12 EGOs with distances
of 1 to 5 kpc. In this paper, we present mid-infrared images and photometry of these EGOs
obtained with the SOFIA telescope, and subsequently construct SEDs for these sources
from the near-IR to sub-millimeter regimes using additional archival data. We compare
the results from greybody models and several publicly-available software packages which

produce model SEDs in the context of a single massive protostar. The models yield typical
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R,~10 Ry, T,~10° to 10* K, and L,~1 — 40 x 10 L; the median L/M for our sample
is 24.7 Lo/M,. Model results rarely converge for R, and T,, but do for L,, which we take
to be an indication of the multiplicity and inherently clustered nature of these sources even
though, typically, only a single source dominates in the mid-infrared. The median L/M
value for the sample suggests that these objects may be in a transitional stage between the
commonly described “IR-quiet” and “IR-bright” stages of MYSO evolution. The median
T,.s for the sample is less conclusive, but suggests that these objects are either in this tran-

sitional stage or occupy the cooler (and presumably younger) part of the IR-bright stage.

2.2 Introduction

Massive young stellar objects (MY SOs) are challenging to observe due to their comparative
rarity and short-lived natal phase, large distances from Earth, and highly-obscured forma-
tion environments. Early observations of suspected MYSOs were performed mostly with
large beams, and probed size scales ranging from cores to clumps and clouds (~0.1 pc,
~1 pc, and ~10 pc, respectively; see Kennicutt & Evans 2012). Detailed descriptions of
early surveys for MYSOs and their results can be found in, e.g., Molinari et al. (1996),
Sridharan et al. (2002), and Fontani et al. (2005). Follow-up observations with improved
sensitivity and spatial resolution, such as interferometric radio and millimeter observa-
tions, revealed that many of the objects originally identified as “MYSOs” were actually
sites in which multiple protostars were forming simultaneously (e.g. Hunter et al. 2006;
Cyganowski et al. 2007; Vig et al. 2007; Zhang et al. 2007, to name just a few). This
predilection for forming in clustered environments means that the study of high-mass pro-
tostars is necessarily the study of protoclusters: clusters of protostars with a range of masses
and in a variety of evolutionary stages. Current theories of high mass star formation dif-

fer in their predictions of the aggregate properties of these protoclusters, such as mass
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segregation (if any), sub-clustering of the protostars, and stellar birth order (e.g. Vazquez-
Semadeni et al. 2017; Banerjee & Kroupa 2017; Bonnell & Bate 2006; McKee & Tan
2003). It is therefore necessary to consider each high-mass protostar in combination with
its environment.

Extended Green Objects (EGOs) were first identified by Cyganowski et al. (2008) us-
ing data from the Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE,
Benjamin et al. 2003; Churchwell et al. 2009) project. EGOs are named for their extended
emission in the 4.5 pum Spitzer IRAC band (commonly coded as “green” in three-color RGB
images), which is due to shocked H, from powerful protostellar outflows (e.g., Marston et
al. 2004). Follow-up observations of ~20 EGOs with the Karl G. Jansky Very Large Array
(VLA) by Cyganowski et al. (2009) established both the presence of massive protostars
(traced by 6.7 GHz Class II CH;OH masers) and shocked molecular gas indicative of out-
flows (traced by 44 GHz Class I CH;OH masers). The causal link between accretion and
ejection (Frank et al. 2014) thus implies that these objects contain protostars undergoing
active accretion, and the maser data indicate that these protostars are massive. The youth
of the massive protostars within these EGOs was confirmed by deep (at that time) VLA
continuum observations (Cyganowski et al. 2011b), which yielded only a few 3.6 cm de-
tections, and by later VLA 1.3 cm continuum observations (Towner et al. 2017), which
revealed primarily weak (<1 mJy beam™), compact emission. The low detection rates and
integrated flux densities of the centimeter continuum emission in these sources demon-
strate that any free-free emission is weak, consistent with a stage prior to the development
of ultracompact HII regions.

Given that high-mass stars form in clusters, it is likely that EGOs are signposts for
protoclusters rather than isolated high-mass protostars, though the level of multiplicity of

massive sources (>8M) and overall cluster demographics remain open questions. Mil-
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limeter dust continuum observations of EGOs with ~3” resolution, suggest that the num-
ber of massive protostars per EGO is typically one to a few (e.g. Cyganowski et al. 2012,
2011a; Brogan et al. 2011). However, the precise physical properties of protoclusters traced
by EGO emission - such as total mass, luminosity, and massive protostellar multiplicity -
remain largely unexplored in EGOs as a class.

The infrared emission from EGOs, and indeed MYSOs in general, is often challenging
to characterize due to the presence of high extinction from their surrounding natal clumps
(as they are still deeply embedded), and confusion from more evolved sources nearby. The
latter issue has been particularly affected by the relatively poor angular resolution (> 1)
that has heretofore been available at mid- and far-infrared wavelengths, where the high ex-
tinction can be overcome. Yet these wavelengths contain crucial information as hot dust,
shocked gas, and polycyclic aromatic hydrocarbons (PAHs) all emit in this regime. Scat-
tered light originating from the protostar itself may also sometimes escape through outflow
cavities and would likewise be visible in the infrared. Thus mid-infrared wavelengths are
a crucial component of the Spectral Energy Distribution (SED) which is a useful tool for
constraining important source properties such as mass, bolometric luminosity, and temper-
ature.

These properties are of particular interest for MYSOs, as recent analysis of the Her-
schel InfraRed Galactic Plane Survey (Elia et al. 2017) and a full census of the properties
of ATLASGAL Compact Source Catalog (CSC) objects Urquhart et al. (2018) shows how
the luminosity to mass ratio L/M of protostellar clumps can be used to both qualitatively
and quantitatively discriminate between the different evolutionary stages of pre- and pro-
tostellar objects. In theoretical terms, L/M is tied to evolutionary state primarily due to
abrupt changes in luminosity during different stages of MY SO/clump evolution (see, e.g.,

the stages described in Hosokawa & Omukai 2009; Molinari et al. 2008).
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In this paper, we present new data that directly address the questions of the multiplicity
and physical properties (temperature, mass, and luminosity) of the massive protoclusters
traced by EGOs. We have utilized the unique capabilities of the Stratospheric Observa-
tory for Infrared Astronomy (SOFIA, Temi et al. 2014) to image a well-studied sample
of 12 EGOs at two mid-IR wavelengths: 19.7 and 37.1 pum with the necessary sensitiv-
ity (~0.05 to ~0.25 Jy beam™) and angular resolution (~ 3”) to detect and resolve the
mid-infrared emission from the massive protocluster members. By combining these re-
sults with ancillary multi-wavelength archival data, we create well-constrained SEDs from
the near-infrared through submillimeter regimes. We then use three SED modelling pack-
ages published by Robitaille et al. (2006), Robitaille (2017), and Zhang & Tan (2018), to
constrain physical parameters (see, e.g., Gaczkowski et al. 2013; De Buizer et al. 2017).
In § 2.3, we describe our targeted SOFIA observations and the observational details of the
archival data at each wavelength. In § 2.4, we describe our aperture-photometry procedures
for each data set and discuss our detection rates and trends. We also present sets of multi-
scale, multiwavelength images for each object in order to better demonstrate their small-
and large-scale properties and overall environments. In § 2.5, we compare the physical
parameters obtained from the various SED modeling methods, including L/M, which help
to place EGOs into a broader evolutionary context. In § 2.6 we discuss the implications of

our results, and outline future investigations.

2.3 The Sample & Observations

In this paper, we conduct a multiwavelength aperture-photometry study of 12 EGOs using
the SOFIA Faint Object infraRed CAmera for the SOFIA Telescope (FORCAST Herter
et al. 2012). We use new SOFIA FORCAST 19 pym and 37 pm observations in con-

junction with publicly-available archival datasets from Spitzer, Herschel, and the Atacama
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Pathfinder EXperiment' (APEX) telescope, to model the SED of the dominant protostar in

each of our target EGOs. Details of source properties for our sample are listed in Table 2.1.

2.3.1 SOFIA FORCAST Observations: 19.7 & 37.1 ym

We used SOFIA FORCAST to observe our 12 targets simultaneously at 19.7 ym and
37.1 pm. Observations were performed in the asymmetric chop-and-nod imaging observ-
ing mode C2NC2. The measured> FWHM are 2”5 at 19.7 um and 3”4 at 37.1 ym. At
the nearest (1.13 kpc) and farthest (4.8 kpc) source distances, these FWHM correspond to
physical size scales of 2,830 to 12,000 au at 19.7 pm and 3,840 to 16,300 au at 37.1 pum.
The instantaneous field of view (FOV) of FORCAST is 3’4 x 3’2, with pixel size 6 = 07768
after distortion correction. This FOV corresponds to 1.1 x 1.1 pc at a distance of 1.13 kpc,
and 4.8 x 4.5 pc at a distance of 4.8 kpc. Table 2.2 summarizes observation information
for each EGO. The project’s Plan ID is 04_0159.

Data calibration and reduction are performed by the SOFIA team using the SOFIA
data-reduction pipeline®. After receipt of the Level 3 data products (artifact-corrected, flux-
calibrated images), we converted our images from Jy pixel™! to Jy beam™ in order to more
easily perform photometric measurements in CASA (McMullin et al. 2007). Conversion
was accomplished by using the CASA task immath to multiply each image by the beam-
to-pixel conversion factor X, = (beam area) /(pixel area). This factor depends on beam size

and pixel size, and therefore is different for each wavelength. The beam-to-pixel conversion

I'This publication is based on data acquired with the Atacama Pathfinder Experiment (APEX). APEX is
a collaboration between the Max-Planck-Institut fur Radioastronomie, the European Southern Observatory,
and the Onsala Space Observatory.

>These FWHM are the average values in dual-channel mode for each wavelength as measured by the
SOFIA team since Cycle 3. More information can be found in the Cycle 5 Observer’s Handbook on the
SOFIA website at https://www.sofia.usra.edu/science/proposing-and-observing/sofia-observers-handbook-
cycle-5

The FORCAST Data Handbook <can be found on the SOFIA website at
https://www.sofia.usra.edu/science/proposing-and-observing/data-products



Table 2.1. EGO Source Properties

Source Ve Distance’  EGO° IRDC? H,0° CH;OH Masers (GHz)/
(kms™") (kpc) Cat Maser 6.78 44" 95
G10.29-0.13 14 1.9 2 Y Y Y Y Y
G10.34-0.14 12 1.6 2 Y Y Y Y Y
G11.92-0.61 36 3.38%033 (3.5) 1 Y Y Y Y Y
G12.91-0.03 57 4.5 1 Y Y Y 2 Y
G14.33-0.64 23 L1391 23) 1 Y Y 7Y Y
G14.63-0.58 19 18379008 (1.9 1 Y Y Y 2 Y
G16.59-0.05 60 3.58%035 (4.2) 2 N Y Y 2 Y
G18.89-0.47 66 4.2 1 Y Y Y Y Y
G19.36-0.03 27 2.2 2 Y N Y Y Y
G22.04+0.22 51 3.4 1 Y Y Y Y Y
G28.83-0.25 87 4.8 1 Y Y Y Y ?
G35.03+0.35 53 2.324024(3.2) 1 Y Y Y Y Y

#LSRK velocities are the single dish NH3 (1,1) values from Cyganowski et al. (2013).

PDistances without errors are estimated from the LSRK velocity and the Galactic rotation curve
parameters from Reid et al. (2014). Parallax distances (with their uncertainties) are given where
available from Reid et al. (2014) and references therein, with the kinematic distance in parentheses
for comparison. All kinematic distances are the near distance. The uncertainty on each kinematic
distance is assumed to be 15%, based on the median percent difference between the parallax-derived
and kinematic distances from the five sources which have both.

“This is the Table number of the EGO in Cyganowski et al. (2008). In that paper, Tables 1 & 2 list
“likely” EGOs for which 5-band (3.6 to 24 pm) or only 4.5 pum Spitzer photometry can be measured,
respectively.

dCoincidence of EGO with IRDC as indicated by Cyganowski et al. (2008).
“Water maser data from the Cyganowski et al. (2013) Nobeyama 45-m survey of EGOs.

fSources for which we could find no information in the literature are indicated by “?".

€The 6.7 GHz maser detection information comes from Cyganowski et al. (2009) using the VLA,
except for G12.91-0.03, G14.63-0.58, and G16.59-0.05, which come from Green et al. (2010, and
references therein) observations using the Australia Telescope Compact Array (ATCA).

"nformation for 44 GHz masers come from the VLA and were taken from Cyganowski et al.
(2009), except for G14.33—0.64, which comes from Slysh et al. (1999).

iMost information for 95 GHz masers was taken from Chen et al. (2011) using the Mopra 22 m
telescope. The exceptions are G14.33-0.64 from Val’tts et al. (2000) using Mopra, G16.59-0.05
from Chen et al. (2012) using the Purple Mountain Observatory 13.7 m telescope, and G35.03+0.35
from Kang et al. (2015) using the Korean VLBA Network.
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Table 2.2.  SOFIA FORCAST Observing Parameters

Source Pointing Center (J2000) Obs. Date TOS? o (MAD)¢
RA Dec (s) 37pum 19 pm
G10.29-0.13 18:08:49.2  -20:05:59.3 2016 July 13 502 0.26 0.08
G10.34-0.14 18:08:59.9  -20:03:37.3 2016 Sept27 626 0.30 0.07
G11.92-0.61 18:13:58.0 -18:54:19.3 2016 July 12 604 0.22 0.07
G12.91-0.03 18:13:48.1 -17:45:41.3 2016 July 19 1000 0.18 0.04
G14.33-0.64 18:18:54.3 -16:47:48.3 2016 July 12 593 0.24 0.07
G14.63-0.58 18:19:15.3  -16:29:57.3 2016 July 13 641 0.22 0.07
G16.59-0.05 18:21:09.0 -14:31:50.3 2016 July 20 810 0.19 0.04
G18.89-0.47 18:27:07.8 -12:41:38.3 2016 Sept27 626 0.25 0.06
G19.36-0.03  18:26:25.7 -12:03:56.3 2016 Sept20 285 0.46 0.09
G22.04+0.22  18:30:34.6  -09:34:49.3 2016 Sept20 642 0.21 0.05
G28.83-0.25 18:44:51.2 -03:45:50.3 2016 Sept27 470 0.26 0.07
G35.03+0.35 18:54:00.4 +02:01:15.7 2016 Sept22 500 0.29 0.08

4All July observations were performed on flights from Christchurch, New Zealand; all
September observations were performed on flights from Palmdale, CA, USA.

This column lists the total time on source (TOS) for each target. The original proposal
called for 600 s of integration on each source. For four sources, 600 s could not be achieved
due to either high clouds (G19.36) or telescope issues (G10.29, G28.83, G35.03). G12.91
was a shared observation with another group whose observations required additional inte-
gration time.

“The background noise of the SOFIA images is non-Gaussian in the majority of sources.
This column gives the scaled MAD = 1.482 x MAD values for all sources, where MAD
is the median absolute deviation from the median background pixel value; MAD must be
multiplied by 1.482 to become rms-like. Aperture photometry was performed using cutoffs

based on MAD for all sources. MAD values listed here are in Jy beam™.
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factors are X97,, = 12.0067 pixels/beam and X371, = 22.2076 pixels/beam.

2.3.2 Archival Data
Spitzer IRAC (GLIMPSE) Observations: 3.6, 5.8, & 8.0 ym

All of our EGO targets were originally selected due to their extended emission at 4.5 pm
as seen in Spitzer GLIMPSE images. In order to constrain the SEDs of the driving sources
themselves, we used the archival Spitzer observations at 3.6 ym, 5.8 ym, and 8.0 pm (bands
I1, I3, and 14, respectively) from the GLIMPSE project (Benjamin et al. 2003; Churchwell
et al. 2009). The point response function (PRF) of the IRAC instrument varies by band
and position on the detector. The mean FWHM in bands I1, 13, and 14 are 1766, 1772,
and 1788, respectively, as detailed in Fazio et al. (2004). All archival GLIMPSE data were
downloaded from the NASA/IPAC Infrared Science Archive (IRSA) Gator Catalog List.

The images returned by the archive are all in units of MJy sr™!.

Spitzer MIPS (MIPSGAL) Observations: 24 ;m

We utilized archival 24 pm data from the MIPSGAL survey to provide additional mid-
IR constraints on our SEDs for 9 of our 12 targets. For the remaining 3 targets (G14.33,
G16.59, G35.03), MIPSGAL 24 pm data could not be used for the second task due to
saturated pixels in the regions of interest. MIPSGAL images have a native brightness unit
of MJy sr™!, and were converted to Jy beam™ by first multiplying each image by 1x10° (to
convert from MJy to Jy) and then multiplying by the solid angle subtended by the 670 x
6’0 MIPS beam at 24 pym. Technical details of the MIPS instrument can be found in Rieke
et al. (2004). For details of the MIPSGAL observing program, see Carey et al. (2009) and
Gutermuth & Heyer (2015). All MIPSGAL data were downloaded from the IRSA Gator

Catalog List.
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Herschel PACS (Hi-GAL) Observations: 70 & 160 ym

We used archival 70 ym and 160 pm data from the Herschel Infrared Galactic Plane Survey
(Hi-GAL, Molinari et al. 2016), observed with the Herschel Photoconductor Array Camera
and Spectrometer (PACS; Poglitsch et al. 2010) instrument, to probe the far-IR portion
of the spectrum. These data were originally observed as part of the Herschel Hi-GAL
project (Molinari et al. 2010, 2016) between 2010 October 25 and 2011 November 05. The
observations were performed in parallel mode with a scan speed of 60"/s. Beam sizes,
which are dependent on observing mode, were 67, = 5.8"x 12.1" and 6,60,, = 11.4" x
13.4" as reported in Molinari et al. (2016). The native brightness unit of the Hi-GAL data
is MJy sr!. Therefore, these images were converted to Jy beam™ using the same method
asin §2.3.2.

We chose to use the Hi-GAL data over the archival PACS data available on the European
Space Agency (ESA) Heritage Archive due to the additional astrometric and absolute flux
calibration performed by the Hi-GAL team, as detailed in Molinari et al. (2016). All Hi-
GAL data were obtained from the Hi-GAL Catalog and Image Server on the Via Lactea

web portal®.

APEX LABOCA (ATLASGAL) Observations: 870 ;m

We used archival 870 pum observations from the APEX Telescope Large Area Survey of
the Galaxy (ATLASGAL, Schuller et al. 2009) to populate the submillimeter portion of the
SED. The data were retrieved from the ATLASGAL Database Server’. The ATLASGAL
beam size is 19”72 x 19”2; additional observational details can be found in Schuller et
al. (2009). These images were already in units of Jy beam™, and thus required no unit

conversion.

“http://vialactea.iaps.inaf.it/vialactea/eng/index.php
>http://atlasgal.mpifr-bonn.mpg.de/cgi-bin/ATLASGAL_DATABASE.cgi
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2.4 Results

Figures 2.1 through 2.4 show pairs of three-color (RGB) images for each source. The left-
hand panels show a 53 field of view with 160, 70, and 24 xm data mapped to R, G, and
B, respectively, and with 870 um contours overlaid. These panels show the large-scale
structure of the cloud and overall environment in which each EGO is located. The right-
hand panels all have a 1’0 FOV with the Spitzer IRAC 8.0, 4.5, and 3.6 ym data mapped
to R, G, and B, respectively; the extended green emission in these images shows the extent
of each EGO. SOFIA FORCAST 19.7 and 37.1 pum contours and ATLASGAL 870 pm
contours are overlaid, and 6.7 GHz CH;0H masers (Cyganowski et al. 2009) are marked
with diamonds. These panels show the small-scale structure and detailed NIR and MIR
emission of each EGO, how this emission relates to the larger-scale 870 ym emission, and
the locations of any associated markers of MYSOs, such as 6.7 GHz CH;OH masers.
Below we discuss in detail the photometric methodology used for each band for the
SED analysis. Because the angular resolution and sensitivity - and hence level of confusion
- vary significantly among the different observations, we have elected to use a photometry
method best suited for each particular wavelength in order to minimize (as much as feasi-
ble) contamination from unrelated sources. In the following sections we describe in some

detail how the photometry was done for each wavelength.

2.4.1 SOFIA FORCAST Photometry

Table 2.3 shows the photometry for the 19.7 and 37.1 pm SOFIA images. In this section,

we describe the SOFIA astrometry, source selection, and photometry in more detail.

Astrometry The SOFIA images required additional astrometric corrections. While the

relative astrometry between the 19.7 and 37.1 pm data was accurate to less than one pixel,
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the absolute astrometry of the SOFIA data varied considerably. Relative to the Spitzer
MIPS 24 pm data, the positions of the SOFIA images varied by up to ~ 3”. In order to
properly register the SOFIA images, we selected field point sources that were present in
both the 24 ;sm images and either the 37.1 and 19.7 ym images, fit a 2-dimensional gaussian
to that point source in both the 24 ;sm and SOFIA frame and applied the calculated position
difference to both SOFIA images. In most cases, we were able to find a position match with
the 24 pm data in only one of the two SOFIA frames, and relied on the sub-pixel relative
astrometry between the two SOFIA images in order to correct the non-matched frame.
Post-astrometric correction, we consider the absolute astrometric accuracy of the SOFIA
images to be dominated by the absolute position uncertainty of the MIPS 24 ;m images:

~174.

Mid-IR Source Selection and Nomenclature We limit our analysis to those mid-IR
sources we consider to be plausibly associated with the protocluster in which the EGO
resides (with some exceptions described below). For short, we call these sources “EGO-
associated.” In this context, “EGO-associated” means one of two things: a) the mid-IR
source 1is coincident with the extended 4.5 pm emission of the EGO and is therefore likely
tracing some aspect of the EGO driving source in the mid-IR, or b) the mid-IR source lies
outside the 5o level of the 4.5 ym emission but is still near to the EGO, and it is unclear
whether the source is related or is a field source. In order to create a self-consistent system
for selecting sources in the latter category, we establish two criteria: i) the source must lie
above the 25% peak intensity level of the ATLASGAL emission and ii) it must be detected
at both 19.7 and 37.1 pym. If a mid-IR detection is not within the bounds of the 4.5 pym
emission and does not meet both criteria 1) and ii), then it is considered to be a field source.

One source, G14.33-0.64_b meets neither criteria and is likely a field source. It is

coincident with the known H1I region IRAS 18159—-1648. However, it was necessary to
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explicitly fit this source in order to get accurate flux density results for the EGO-associated
sources.

For a given EGO field, source “a” is always the brightest EGO-associated source at
37 pm, source “b” is the second-brightest at 37 um (of all analyzed sources for that FOV),

and so on in order of decreasing brightness. The 37 yum source name designations are used

for all the wavelengths analyzed in this paper.

Photometry After source selection, we fit each source with 2-dimensional gaussian func-
tions using the CASA task imfit in order to determine the total flux density, peak inten-
sity, and major and minor axes. We then applied a multiplicative correction factor (an
“aperture correction”) to each fitted flux in order to account for the deviation of the SOFIA
PSF from a true gaussian. Our detailed procedure was as described below.

We first selected emission-free regions in each image in order to determine the back-
ground noise levels. These emission-free regions are identical for all three mid-IR data
sets (SOFIA 37.1 pym and 19.7 pm, and MIPS 24 pm) for a given source. However, the
SOFIA images in particular have background levels that typically do not show noise vari-
ations about zero. Therefore, we chose to use the scaled MAD as an estimate of the noise
(1.482xMAD, where MAD is the median absolute deviation from the median), rather than
the rms or standard deviation. With the exception of the ATLASGAL data, all data sets
analyzed in this work have noise variations that are not centered about zero. Therefore, we
have used the scaled MAD for all data sets for the sake of consistency. From this point for-
ward, the “o” symbol refers to the scaled MAD whenever we are estimating or discussing
background noise levels of the images.

We then performed the fitting for each source using imfit. We iteratively refined each

fit (e.g. by holding certain parameters, such as source position, fixed during the fit) until we

determined the fit to be satisfactory. We declared a fit to be satisfactory once the absolute
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value of the residual intensities of all pixels in the central Airy disk were below 4xMAD
of the residual image, with the majority below 2xMAD. In cases where source parameters
are held fixed, imfit does not return an uncertainty for those specific parameters, so the
uncertainty is due entirely due to user choice of source position, size, etc. For these fits,
our position uncertainties are 0.01 pixels, and uncertainties in the major and minor axes or
position angles are 0.1°. All the uncertainties for parameters held fixed during the fit are
listed in italics in Table 2.3.

Finally, we determined a wavelength-dependent multiplicative correction factor to the
imfit flux results. The SOFIA PSF is an obscured Airy diffraction pattern - its central
bright disk has a slightly narrower width than a standard Airy diffraction pattern due to the
effect of a central obscuration in the light path (the secondary mirror). However, imfit
only fits 2-dimensional Gaussians. In effect, it fits a Gaussian to the central Airy disk
and ignores the surrounding Airy rings. These correction factors are effectively serving as
“aperture corrections” for our data; the only difference is that they are corrections to the fit-
ted flux values returned by imf i t, rather than corrections to direct measurements. As Airy
diffraction patterns are wavelength-dependent, we calculated separate aperture corrections
for our 19.7 ym and 37.1 pm data. While the best practice in aperture photometry would
be to measure the PSF of an unrelated, isolated point source in each field and then apply
that PSF correction to the data, we found that almost none of our fields contained an unre-
lated point source, much less one bright enough to measure the PSF with any confidence.
Instead, we employed the procedure described below.

We first created four 100 x 100-pixel Airy diffraction patterns using the optical proper-
ties of the SOFIA telescope (primary and secondary mirror size and separation, etc.) at each
of our two wavelengths. The PSFs are sampled with 0768 pixels, the same as the FOR-

CAST instrument. At this pixel size, the total grid is 76”8 in diameter; this is ~23 times the
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FWHM at 37.1 um (3”4) as quoted in the Handbook, and ~31 times the FWHM at 19.7 ym
(2”5). Although Airy-disk diffraction patterns mathematically extend to infinity, on a prac-
tical level, our synthetic PSFs had to be truncated to a particular size; we considered >20
times the quoted FWHM to be sufficient. The four PSFs for a given wavelength are math-
ematically identical, but each center position is given either zero- or half-pixel offsets in
both the x and y directions. This effectively gives us four different sampling scenarios for
the PSF. This was done to account for the fact that the peak of a given point source might
not always fall neatly onto a single pixel, but instead might be sampled relatively equally
between two or even four pixels. We then used imfit to fit the central disk of each of
these four PSFs, and compared the flux returned by imfit for the central disk alone to the
flux measured within an aperture of radius 50 pixels (38”4 at 0”768 per pixel; 50 pixels
was the largest aperture radius available to us for a 100x 100-pixel grid). We calculated
the ratio of measured to fitted fluxes for each of the four PSF grids for one wavelength,
and took the mean of these ratios as our aperture correction factor for that wavelength. The
aperture correction at 37 um is 1.17 £ 0.02, and the aperture correction at 19 ymis 1.11 &
0.04, where the uncertainties are the standard deviation of the four measured-to-fitted flux
ratios at each wavelength.

Table 2.3 shows the aperture-corrected imfit results for our 37 ym and 19 pm data.
Non-detections are noted as upper limits. Our detection rate at 37 pum is 92%; the only
target for which we did not detect any 37 pm emission is G10.29-0.13. Overall, we detect
24 separate 37 pm sources in our 12 targets. Our detection rate at 19 pm is slightly lower -
we detect 19 pm emission in only 9 of our 12 targets, for a detection rate of 75%. Overall,
we detect 18 separate 19 pum sources in our 12 targets.

The uncertainties on the integrated flux density values are the quadrature sum of three

values: the fitted-flux uncertainties returned by the imfit task, the uncertainty of our mea-
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sured aperture corrections, and the absolute flux calibration uncertainty for the SOFIA
FORCAST data. Herter et al. (2012) quote an absolute flux calibration accuracy to within
20% of the total integrated flux for a given object, and that is the value we adopt here. The
uncertainties on the integrated flux densities returned by imfit are set by the background
noise level, which we set to the scaled MAD for each source and wavelength during the

fitting procedure. The uncertainties of our aperture correction factors are discussed above.

2.4.2 Photometry of Archival Data
Spitzer IRAC Photometry

In order to constrain the near-infrared portion of the SEDs, we chose to perform aperture
photometry for our targets at 3.6 ym, 5.8 um, and 8.0 ym (the IRAC I1, I3, and 14 bands,
respectively) using CASAViewer. However, because the flux in these bands likely includes
emission from some sources or processes unrelated to our sources of interest, and because
the SED models we employ in § 2.5.2 do not include emission from PAHs, we chose to
include these data as upper limits.

We obtained the necessary IRAC images from the NASA/IPAC Gator Catalog List,
and aperture corrections were applied to each measurement according to the table on page
27 of the IRAC Instrument Handbook®. We did not include measurements in the 4.5 pm
(I2) band because the emission in this band is extended in all cases (this was the original
classification criterion for this object type).

The background noise level for the IRAC bands, as for all other wavelengths, is the
scaled MAD within an emission-free region in each image. The emission-free regions were
identical for all three IRAC bands used. For each source with significant (>50) emission

at 37.1 ym, we measured the integrated IRAC band flux within a circular aperture centered

®https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/
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on the 37.1 pum coordinates. We also measured the flux within an annulus of corresponding
size. Aperture and annulus sizes were chosen based on the aperture corrections listed in
the IRAC Instrument Handbook and the FWHM of each source in each band. For a given
source, we used the same aperture for all three IRAC bands (i.e. we did not modify the size
of the aperture with wavelength); we chose the smallest aperture that would successfully fit
a source in all three bands. Each integrated flux measurement was corrected for background
emission by subtracting the product of the median intensity value within the annulus and
the size of the aperture from the direct aperture-flux measurement. After this subtraction,
we applied the appropriate aperture corrections as listed in the IRAC Instrument Handbook.
All aperture and annulus radii, aperture corrections, and corrected fluxes for our sources
are listed in Table 2.4.

Due to the very crowded nature of these fields in the IRAC bands and the generally
clustered nature of our sources, it was sometimes necessary to use annuli for local back-
ground subraction that were not centered on our sources. When this was necessary, we
chose isolated stars within the same field of view and centered our annuli on those sources.
We were careful to choose annulus stars of similar or lower brightness than the source in
question. Choosing a star of equal or lower brightness for background subtraction would
only have the effect of increasing the measured flux density. While it does sacrifice some
precision, allowing the measured flux density to perhaps be artificially increased maintains
the self-consistency of the photometry, as the data from these bands will only be used as
upper limits.

The uncertainties on the integrated flux densities are the quadrature sum of three val-
ues: the background noise levels, the absolute flux calibration uncertainty for the IRAC
bands, and the uncertainty in the aperture-correction values. The background noise levels

are discussed above. The IRAC Instrument Handbook quotes an absolute flux calibration
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accuracy to within 3% of the total integrated flux for a given object, and that is the value we
adopt here. Additionally, the Handbook quotes an absolute aperture-correction accuracy to

within 2% of the total aperture-correction factor.

Spitzer MIPS Photometry

We used CASA’s imfit task to determine the integrated flux densities of our targets at
24 pm using the same fitting procedure described in § 2.4.1. Due to the MIPS 24 um
images’ significant Airy rings for point sources (up to 22% of the total integrated flux
according to the MIPS Instrument Handbook”), the MIPS fit results require an aperture
correction similar to that discussed in § 2.4.1. Fortunately, the MIPS images, unlike our
SOFIA images, contain a plethora of isolated point sources with which to measure the PSF
directly.

In order to determine the value of the necessary aperture correction, we performed the
imfit fitting procedure described in § 2.4.1 on five isolated, relatively bright point sources
with fluxes listed in the MIPSGAL Point Source Catalog (Gutermuth & Heyer 2015). We
selected the sources to span a range of colors and 24 pm flux densities. As with the SOFIA
sources, we considered fits to be “satisfactory” when the absolute value of the residuals
within the Airy disk were all under 4 xMAD of the residual image, with the majority under
2xMAD. We compared the integrated fluxes returned by the imfit task to those listed
in the MIPSGAL Point Source Catalog. We found a consistent aperture correction value
of 1.59 £ 0.00893. Table 2.5 shows the positions, catalog fluxes, fitted flux results, and
calculated flux ratios for these five standard stars.

We then applied the fitting procedure and measured aperture correction to our science
targets. As for the SOFIA FORCAST data, sometimes certain parameters (source position,

size, etc.) were held fixed during the fitting procedure; these cases are noted in Table 2.6.

http://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/
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Our results are listed in Table 2.6, which presents the final, aperture-corrected fitted flux
results (to be used in the SED fitting) as well as the initial, un-corrected imf it flux results.

As with the SOFIA data, the uncertainties on the integrated flux density values are the
quadrature sum of the uncertainties returned by the imfit task, the uncertainty of our
calculated aperture-correction value, and the absolute flux calibration uncertainty for the
MIPS data. The MIPS Instrument Handbook quotes an absolute flux calibration accuracy
to within 5% of the total integrated flux of a given object. The uncertainties on both the
peak intensity and the integrated flux density returned by imfit are set by the background
noise level, which we set to the scaled MAD during the fitting procedure. The uncertainty
of the calculated aperture correction value we take to be the standard deviation of the five

measured values: 8.93x1073.

Hi-GAL and ATLASGAL Photometry

Unlike with the near- and mid-infrared data sets, our far-IR data could rarely be considered
point-like. Therefore, instead of fitting gaussians to the emission using imfit, we mea-
sured the integrated flux of each source within a given intensity level using CASAViewer.
The intensity levels were chosen uniquely for each source depending on local background
emission and the overall image noise level (o). Generally, apertures for the ATLASGAL
data followed the 5o level. Apertures for the Hi-GAL data varied between 60c and 2000
at 70 ym and between 400 and 1500 at 160 um. These apertures follow comparatively
high contours due to the combination of low scaled MAD values (typically of order 107!)
and, in most cases, relatively bright large-scale ambient emission. Each integrated flux
measurement was corrected for this background emission by subtracting the product of the
median intensity value within a local annulus and the size of the aperture from the direct

aperture-flux measurement. The mean and median aperture radii at 70 pum are 19”6 and
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18”8, respectively, as compared to the HIGAL 70 ym beam size of 5”8 x 12!1. The mean
and median aperture radii at 160 pym are 26”3 and 26”7, respectively, as compared to the
HiGAL 160 pm beam size of 1174 x 13”4. Positions and integrated flux values for the
Hi-GAL and ATLASGAL data are listed in Table 2.7.

Our far-IR flux uncertainties are the quadrature sum of two values. First, there is the
statistical uncertainty of the measurement itself, which we take to be the product of the

I and the square root of the aperture size in beams.

background noise level ¢ in Jy beam™
Second, there is the inherent uncertainty of the image due to flux calibration accuracy.
Molinari et al. (2016) quote an absolute flux uncertainty of 5% for the Hi-GAL data, and
Schuller et al. (2009) quote an absolute flux uncertainty of 15% for the ATLASGAL survey.
We adopt these values for our uncertainty calculations for the Hi-GAL and ATLASGAL

data, respectively.

Far-IR source selection Beginning at 70 pm, the fluxes of sources that are not dominant
at 37.1 pm (sources “b” and “c” for each FOV) begin to decrease, in some cases rapidly.
This decrease in flux is usually such that, by either 160 ym or 870 pm, there is only one
dominant source at that wavelength. In all cases, that dominant source is spatially coinci-
dent with the location of the brightest source at 37.1 ym. However, the angular resolution
of the FIR data worsens as wavelength increases, so even if there are multiple sources
present in the FIR images, the angular resolution may be insufficient to separate them. Be-
cause of the comparatively low resolution of these images, it is not uncommon to see FIR
flux that is spatially coincident with one of the “b” or “c” sources for a given EGO, but
neither is it clear that the spatial coincidence is not merely a result of resolution limitations.
In cases where the morphology of the 70 ym or 160 pm emission was consistent with a

single source, we assigned all the emission in that band to source “a.” In cases where it

was clear that there were multiple sources present in the Hi-GAL data, we took one of two
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approaches. First, we attempted to fit the emission using multiple gaussian components
using imfit. If we achieved satisfactory fits with this approach, the fitted fluxes of both
sources are listed in Table 2.7. Second, if we could not achieve satisfactory fits with multi-
ple gaussian components, we attempted to estimate the maximum possible amount of flux
that could be ascribed to the weaker source. We then performed the photometric procedure
described above on the emission as a whole (dominant and weaker source combined) and
assigned all of the resulting flux to the dominant 37.1 um source, and added the estimated
flux from the weaker source to our uncertainty value for the dominant source. For these
cases, the measured fluxes are marked in bold in Table 2.7. While imperfect, this method
does allow us to at least account for the effects of multiple blended sources even when we
cannot satisfactorily deblend the emission itself.

Source confusion was not an issue in any of the ATLASGAL images, since the ATLAS-
GAL data a) have an angular resolution that is significantly poorer than any of the other
data sets, thus potentially blending any individual sources past the point where one could
recognize separate sources, and b) necessarily probe cooler gas. This effectively means
that the emission in the ATLASGAL images originates primarily in the outer regions of the
parent clump, which is an identifiably larger physical size scale than those probed by the
Hi-GAL and our mid- or near-IR data sets. Due to source morphology in the ATLASGAL
data and the aforementioned drop in flux in the FIR for sources that are not the dominant
source at 37.1 pum, we attribute all 870 pum flux to the single, dominant 37.1 pm source in
all cases.

The effect of these source-selection criteria is that full SEDs are constructed for the
brightest 37.1 pm sources (the “a” sources) only, and these SEDS are based on the explicit

assumption that these sources are by far the most dominant in the far-IR.
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2.4.3 Images and Trends

Figures 2.1 through 2.4 show the detected SOFIA 19.7 and 37.1 ym emission in the vicin-
ity of each EGO. We detected 37.1 um emission in all twelve fields; in eleven cases, this
emission was associated with the EGO. This is in itself a high detection rate. However,
we detect an average of only two sources per target, of which only one, on average, is
actually associated with the EGO. This suggests that, rather than detecting multiple proto-
stars within each protocluster, we are typically detecting only the dominant source in each
EGO. Likewise, we detect 19.7 ym emission in nine of our twelve fields, but it is only
associated with the target EGO in eight cases. We detect more 19.7 pm emission toward
sources that are not associated with the target EGOs than emission toward sources that are
(10/18 not associated versus 8/18 that are). At 19.7 um, we still detect an average of two
sources per target. Taken together, these trends suggest that our target protoclusters are still
quite young and/or deeply-embedded; this would explain the trend of overall dominance
by a single source, as well as the poorer detection rate of even these dominant sources at
19.7 pm.

Of our 37.1 pm sources, all but one are located entirely within the 25% ATLASGAL
contours of the clump associated with the target EGO, for a total of 23 37.1 um sources
within eleven ATLASGAL clumps (G10.29-0.13 has no 37.1 ym emission toward the
EGO itself, so its ATLASGAL clump is not counted). This is an average of slightly more
than two mid-infrared sources per clump. The one 37.1 um source not located within
an ATLASGAL clump is G14.33-0.64_b, which has some extended emission within the
870 pm contours but is centered outside of it; our source G14.33—0.64_b is the known H 11
region IRAS 18159-1648 (Jaffe et al. 1982).

Eleven of our sources are located in IRDCs; the only exception is G16.59-0.05. Eleven

sources are known to be coincident with 6.7 GHz CH;OH masers (references for maser de-
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tections are in the tablenotes of Table 2.1); the remaining source, G14.33—0.64, has no pub-
lished 6.7 GHz data at the time of writing. Three sources - G10.29-0.13 and G10.34-0.14
(near the W31 H11 region G10.32—-00.15, see Westerhout 1958), and G28.83—0.25 (near

N49, see Wink et al. 1982) - are adjacent to are known H 11 or UCH II regions.

2.4.4 Mid-infrared Multiplicity

There is some evidence of multiplicity at mid-infrared wavelengths for nearly all of our
targets, with G10.29-0.13 (lacking any mid-IR detection) and G14.63—0.58 being the only
exceptions. The evidence for mid-IR multiplicity for the other sources falls generally into
two categories: individual EGO-related sources (i.e. within the boundaries of extended
4.5 pm emission) that have unresolved substructure at the angular resolution of our SOFIA
data, and sources that have nearby (< 10”) 37.1 um detections which are not within the
extended 4.5um emission of the EGO, and whose association with the EGO is unclear. We
discuss each category in greater detail in the following sections. The naming convention of

the new detections is described in § 2.4.1.

EGO Sources with Unresolved Substructure at 37.1 ym

The dominant EGO-related sources in G11.92-0.61, G14.33—0.58, G28.83—0.25, G35.03+0.35
exhibit elongated, unresolved 37.1 ym emission suggestive of multiplicity at scales < 5”
(the SOFIA angular resolution is 3”4). Below we explore how the mid-IR emission com-
pares to existing high resolution centimeter to millimeter data. This comparison helps
inform the nature of the emission at each wavelength. Mid-IR emission may trace both
hot cores and outflow cavities, while centimeter emission can trace both free-free emission
(e.g. HI1I region, ionized jet) and the long-wavelength end of the Rayleigh-Jeans tail of

dust emission. Millimeter observations (in this context) primarily serve to identify individ-
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ual cores from dust continuum emission. By comparing the emission from these different
wavelength regimes, we can attempt to disentangle the possible sources of mid-IR emission

in these objects.

G11.92-0.61 G11.92-0.61 is elongated roughly N-S at 37.1 um, and shows two distinct
sources at 19.7 pm which lie along the axis of the 37.1 um elongation (Fig. 2.1). The
southern and northern mid-IR sources (G11.92—0.61_a and G11.92—0.61_b) are coincident
with the (sub)millimeter protostellar sources MM1 and MM3, respectively (Cyganowski
et al. 2011a, 2017). Both MM1 and MM3 are associated with 6.7 GHz CH;OH masers
(a signpost of massive star formation Cyganowski et al. 2009, 2011a), and both have also
been detected at centimeter wavelengths (the centimeter sources are designated CM1 and
CM2 Cyganowski et al. 2011b; Cyganowski et al. 2014; Moscadelli et al. 2016; Ilee et al.
2016; Towner et al. 2017).

To further explore how sensitive the SOFIA data are to the presence of multiple pro-
tostellar sources, we turn to high-angular resolution, high-sensitivity millimeter data. Ata-
cama Large Millimeter/submillimeter Array (ALMA) observations of G11.92—0.61 (1.05 mm,
0749 x 0”34 synthesized beam) by Cyganowski et al. (2017) reveal at least eight 1.05 mm
sources within a 5” radius of the peak of the 37.1 ym emission, two of which correspond
to MM1 and MM3). Of these eight, the authors estimate that six are low-mass objects, one
is intermediate- or high-mass (MM3), and one is high-mass (MM1). Indeed, follow-up ob-
servations of MM at 1.3 mm using ALMA, with a synthesized beam of 0106 x 07079,
find that this source is likely a proto-O star whose circumstellar disk dynamics yield an
enclosed mass of Mg, ~ 40 £ S5M, (Ilee et al. 2018). These radio data suggest that the
mid-IR morphology of G11.92-0.61 is dominated by the two intermediate to massive pro-
tostellar sources (MM1 and MM3), rather than, e.g., a poorly-resolved outflow cavity. This

result also indicates that our SOFIA data are sensitive to massive protostellar multiplic-
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ity, though as expected the mid-IR data are not sensitive to lower mass (and luminosity)

protocluster members (also see § 2.5.3).

G14.33-0.64 The dominant EGO-related source G14.33-0.64_a (Fig. 2.2) is slightly
elongated N-S at 37.1 um, and there is a 19.7 um detection associated with the north-
ern portion of the elongation. The brightest component, G14.33-0.64_b, is coincident with
the known evolved H1I region IRAS 18159-1648. In order to achieve satisfactory fits
to the 37.1 pum emission toward G14.33—0.64_a, it is necessary to fit a third component.
G14.33-0.64_c is located ~ 4” east-southeast of G14.33—0.64_a, is faint at both 37.1 ym
and 24 pm, and is undetected at 19.7 pm.

Towner et al. (2017) report significant JVLA 1.3 cm (4”6 x 25 beam) emission co-
incident with G14.33—-0.64_a and the H 11 region G14.33-0.64_b, as well as a marginal
detection at the location of G14.33—0.64_c (to within stated position uncertainties), though
they were unable to get a satisfactory fit for its (weak) 1.3 cm flux density. Unfortunately,
there are no published high-angular resolution millimeter continuum data for this source,
though the mid-IR and centimeter data hint that there may be at least two massive protostars

coincident with the EGO.

G28.83-0.25 (G28.83-0.25_a is elongated E-W, consistent with unresolved substructure;
this source is not detected at 19.7 um (Fig. 2.4). Based on the 37.1 ;m emission alone, it is
unclear whether this elongation is indicative of multiple unresolved sources or is due to a
different cause, such as an unresolved outflow cavity. Interestingly, the elongation follows
the same axis as the extended 4.5 pm emission, which is thought to be due to outflow
activity. Towner et al. (2017) detect two 1.3 cm continuum sources toward this EGO:
one is coincident with the peak of the 37.1 um emission (called CM2), and one that is

coincident with the extended “spur” on the western edge of G28.83-0.25_a (called CM1).
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Both 1.3 cm sources are unresolved at the angular resolution of the 1.3 cm data (~3").
Both sources are also reported by Cyganowski et al. (2011b) at 3.6 cm with ~1” resolution.
Comparing the two centimeter wavelengths, Towner et al. (2017) suggest that either CM2
has a steeper free-free SED than CM1 or has a higher contribution from dust. If free-free
emission is present, then the E-W elongation at both 1.3 cm and 37.1 pum suggests that this
emission could be due to an ionized jet. In the absence of higher-resolution MIR images,
and comparable millimeter wavelength data we cannot definitively attribute the elongation

in this source to either outflow activity or multiple unresolved protostellar sources.

G35.03+0.35 The 37.1 pm emission for G35.03+0.35 is elongated NE-SW and is indica-
tive of at least two unresolved sources (Fig. 2.4); at 19.7 um, the emission is resolved into
two distinct sources, which lie along the major axis of the 37.1 um elongation. When
observed at 1.3 cm with similar angular resolution (~3") to the 37.1 um data, the brighter
37.1 pm source, G35.034+0.35_a, is coincident with compact, unresolved 1.3 cm continuum
emission as reported by Brogan et al. (2011); Towner et al. (2017). However, higher angular
resolution 3.6 cm VLA observations (~ 1) resolve the continuum emission for G35.03+0.35
into at least five distinct, compact centimeter sources (Cyganowski et al. 2011b). Four of
these 3.6 cm sources are coincident with the brighter 37.1 um source, G35.03+0.35_a, and
the unresolved 1.3 cm source. The two strongest of these 3.6 cm sources (CM1 and CM?2),
trace a known ultra-compact H1I region (Kurtz et al. 1994), and likely a hyper-compact
H 11 region (Cyganowski et al. 2011b), respectively. Therefore, G35.03+0.35_a, harbors at
least two massive protostars. With ALMA at 0.87 mm, Beltrdn et al. (2014) also detect
CMI1 and CM2, but not CM3, suggesting the latter is not a protostar. More recent high an-
gular resolution JVLA observations of G35.03+0.35 (0”34 resolution) and analysis of the
SEDs by Sanna et al. (2019), suggest that the hyper-compact H 11 region CM2 is driving a

powerful outflow and that CM3 corresponds to jet emission launched f