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Massive young star clusters and OB associations (M > 10* M) dominate the energetic
feedback from stars into the interstellar medium. They contain the most massive
and luminous stars in the Galaxy, which shape their environments through winds,
ionizing flux, radiation pressure, and eventually supernovae, destroying their natal
molecular clouds and inflating superbubbles. Few such clusters have been identified
in our Galaxy. We systematically investigate the most luminous H II regions, which
we identify using the WMAP foreground maps. We find that the 13 most luminous
sources produce one-third of the Galaxy’s total ionizing luminosity, all with expected
powering populations of M > 4 x 10* M. These populations are grouped in small
numbers of clusters or associations for each WMAP source. The emission from these
regions is dominated by the diffuse component at large radii (~10-70 pc) indicating a
high leaking fraction of ionizing photons. Using 8 ym maps from Spitzer GLIMPSE
and published radio recombination line observations, we resolve the large (> 1°)
WMAP sources into 40 star forming complexes (SFCs) exhibiting shell morphology
with evidence of expansion due to a central powering source. We develop a method,
based on differential extinction of the galactic disk, to identify the SFC’s powering
cluster candidates with 2MASS. We identify 22 cluster candidates within the 40 SFCs

having extinctions consistent with their distances. With near-infrared spectroscopy
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from the New Technology Telescope, we have confirmed the existence of the most
massive of these associations, the Dragonfish Association, with M = 10° My,. Of the
50 sampled stars, we identify 2 Luminous Blue Variable candidates, a Wolf-Rayet, and
15 O-type stars, consistent with the yield expected from the candidate contamination
rate, verifying the candidate cluster identification method. This investigation doubles
the number of massive young star clusters and OB associations known and produces
the most complete picture of the upper end of the Galaxy’s cluster mass function to

date.
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“And it is He who placed for you the stars that you may be guided
by them through the darknesses of the land and sea. We have

detailed the signs for a people who know.”

-Al Qur’an, Sura Al-"An’am, Verse 96

(Sahih International Translation)
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Chapter 1

Introduction

Star clusters and associations have long been astronomical “Rosetta Stones”: from
their initial discovery to the present, clustered groups of stars have served both as
landmarks of the structure of the Universe and laboratories for a variety of astro-
physical phenomena. From helping us determine the shape and size of the Galaxy to
unveiling the details of stellar evolution, star clusters and associations have marked
contributions to nearly all fields within astronomy.

In this thesis, we search for the most luminous star clusters and OB associations
in the Galaxy. We use radio and infrared observations to identify the locations of
the most luminous clusters based on their reprocessed emission and the morphology
of their surrounding medium. We then develop a technique to identify candidate
clusters and associations in the identified fields, using the method to identify the most
luminous OB association in the Galaxy. We use spectroscopic techniques to confirm
the existence of the identified association. We then apply the developed technique to
all the remaining regions within the original study to double the number of massive,
young clusters and OB associations identified in the Milky Way.

In this introductory chapter, we briefly outline the history of stellar cluster and
OB association observations in the Galaxy. We then motivate the search for massive

clusters and associations both as laboratories of star formation and of feedback into
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their surrounding environments.

1.1 Star Clusters & Associations in the Galaxy

1.1.1 Historical Observations

While numerous stellar clusters have been observed as cloudy nebulae since Antiquity,
Galilei (1610) was the first to use a telescope to resolve many of these groups into their
constituent stars. The first discoveries of new star clusters previously unseen by the
naked eye were recorded by Hodierna (1656), who was able to resolve M47 and M41
into individual stars with the aid of a telescope (Fodera-Serio et al. 1985). The next
few centuries saw the work of Messier (1771) and Herschel (1786) catalog hundreds of
new star clusters. Herschel’s work made the early morphological distinction between
the circular, dense globular clusters and the irregular, sparse open clusters, the former
being recognized as older populations. Michell (1767) was the first to infer physical
association of the stars in a cluster based on statistical arguments. While the open
clusters were inferred to be gravitationally bound, unbound stellar associations were
discovered by Ambartsumian (1947), providing the first evidence of ongoing star
formation in the Galaxy (Ambartsumian 1954). Further catalogs saw associations of
luminous O-type stars discovered across the Galaxy, and named O associations (later
OB associations; Blaauw 1964).

Our view of H II regions has been intimately connected to the investigation of stel-
lar clusters and OB associations. The first H II region discovered was the Orion Nebula
by Nicolas Claude Fabri de Peiresc in 1610, independent of Galileo’s observations of
the Orion cluster (Chapin 1957). Grouping the cluster and the nebula as related phe-
nomena is credited to Messier (1771). With the development of spectroscopy, further
investigation enabled the detection of line emission from these nebula, specifically

Ha and [O 1I] (Struve & Elvey 1938). Based on these observations, Stromgren (1939)
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proposed that O-type stars, either individually or in clusters, were ionizing the gas in
these regions, causing the observed line emission. This model proved to be useful for
predicting observable phenomena: Kardashev (1959) showed that it was possible to
detect hydrogen recombination emission from these regions in the radio. The field
opened up with the first detection of hydrogen recombination line emission in the
radio by Hoglund & Mezger (1965), which led to searches for H II regions though
radio recombination line emission (Mezger & Hoglund 1967), and continuum emission
(Westerhout 1958; Mezger & Henderson 1967).

The great advantage of the radio H II region searches was their insensitivity
to dust extinction, allowing surveys of the entire Galaxy and determinations of its
luminosity function to take place (Smith & Kennicutt 1989; Dupree & Goldberg 1970,
and reference therein). Searches for the ionizing clusters powering the H II regions,
however, are highly sensitive to the dust extinction since they had been conducted in
the visible wavelengths. Consequently, while the census of Galactic H II regions has
been treated as nearly complete since the 1970s, the census of the stellar clusters and

OB associations powering them is crudely established at best.

1.1.2 The Infrared Revolution: An Embarrassment of Riches

The development of infrared detector technology over the past two decades has
dramatically reshaped the field. Astronomical observations in the near-infrared
wavelengths (NIR; 1 ym < A < 2.5 um), like the visible, are dominated by emission
from stellar photospheres. However, the effect of dust extinction is greatly diminished,
enabling the detection of stars at much further distances into the Galactic disk than
was previously possible.

The advent of large-scale NIR surveys has opened the possibility of finding the
stellar clusters and OB associations illuminating the radio identified H II regions.

Motivated by the pioneering Two-Micron Sky Survey (Neugebauer & Leighton 1969),
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the modern surveys include the Infrared Space Observatory (Kessler et al. 1996),
the Deep Near-Infrared Survey of the Southern Sky (Epchtein et al. 1994), and most
notably the Two Micron All-Sky Survey (2MASS; Skrutskie et al. 2006). However, in
a twist of fate, the surveys have identified too many stars. In 2MASS, ~ 500 million
sources have been identified across the sky. With new, more sensitive NIR surveys
arriving (Dye et al. 2006; Saito et al. 2012), the number of observed stars is steadily
increasing. To find stellar clusters and OB associations with this influx of data, the
challenge is now sorting though all point sources not associated with the cluster itself,

rather than just visually identifying areas with high concentrations of stars.

In this thesis, we initially seek to identify the most luminous clusters and associa-
tions in the Galaxy through their reprocessed emission and the morphology of their
surrounding structures. This approach helps overcome the embarrassment of riches

that has come with near-infrared surveys.

1.2 Young, Massive Star Clusters as Stellar Nurseries

It has long been established that most stars form in clustered environments (Lada &
Lada 2003). Specifically, most (~ 90%) stars form in OB associations (that are assumed
to be gravitationally unbound) with the remainder mostly being born in stellar clusters
(that are assumed to be gravitationally bound; Roberts 1957; Miller & Scalo 1978).
Both of these objects are formed in giant molecular clouds (GMCs), thus the GMCs
host nearly all of the Galaxy’s star formation. While the gravitationally-bound stellar
clusters remain grouped over long periods (~ 107~ yr), the associations fly apart
seeding the Galactic disk with its ambient population of stars. To fully understand

the process through which stars form, we must probe their natal environments.

The statistical distribution of cluster and association masses provides insight into
where the star formation process occurs in the mass spectrum. The canonical value of

cluster mass function’s spectral index (IN/dM o M*) is &« = —2 between 10% and 10°
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Mg (Lada & Lada 2003; de Grijs et al. 2003). This value indicates that fully half of the
total mass of stars form in the most massive half of clusters (> 103° M)). Recently,
Murray & Rahman (2010) argue for a slightly shallower value for the spectral index
(x ~ —1.7 — —1.9) which would imply that the most massive clusters contain the
majority of star formation in the Galaxy. In either case, the most massive star clusters
and OB associations host a significant fraction, between half to most, of the ongoing
star formation in the Galaxy.

A plethora of mysteries linger in our understanding of star formation. While
theory provides great insight into a variety of factors that play a role, from turbulence
to magnetic fields, it is through the direct observation of the formation process that
we can constrain our paradigm of stellar birth. Since the timescales of formation are
longer than recorded human history, we require a large sample of regions at a variety
of ages to piece together this picture observationally. Consequently, identifying the
most luminous young, massive clusters and OB associations establishes this laboratory

of star formation.

1.2.1 The Intial Mass Function

Star formation is inherently a statistical process where smaller stars are more likely to
be produced than bigger stars. The distribution of stellar mass at the time of birth,
known as the stellar initial mass function (IMF), has been well established showing
little variation within the Galaxy (Kroupa 2001; Chabrier 2003). Regardless of specific
form, the IMF strongly favours the production of low mass stars; the mean mass per
star is < 1 Mg. This indicates that to form any O-type stars (with masses 2 16 M),
the total stellar mass of the cluster or association must be very large; only ~ 0.2%
of stars by number are O-type stars. Inversely, this indicates that if a cluster of stars
contains even a single O-type star, it is probable that there are an overwhelming

number of lower mass stars associated with the cluster.
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Despite their relatively small numbers, the O-type star population dominate the
total luminosity of a cluster or association; luminosity is a steep function of stellar
mass (dL/dM ~ M'~37; Zinnecker & Yorke 2007). This is an especially pronounced
effect when only ionizing (hv > 13.6 eV) luminosity is considered: in a fully sampled
cluster or association, half of the total ionizing luminosity is produced by stars with
masses 2, 60 My (Murray & Rahman 2010). Consequently, taking into account the
total stellar mass, the most luminous clusters and associations at a given age are also
the most massive.

As stated by Zinnecker & Yorke (2007), high-mass star formation is not simply a
scaled-up version of low-mass star formation. Further, the evolutionary sequence of
these most massive stars is exotic in comparison to their lower mass counterparts,
involving Wolf-Rayet and Luminous Blue Variable stages (Langer et al. 1994). To be
able to probe the formation and evolution of these most massive stars, a large sample
is required. Finding the most massive stellar clusters and OB associations will provide
a more robust laboratory to test models of massive star formation and evolution than

is available with the small sample of such clusters and associations know to date.

1.2.2 Measuring the Star Formation Rate

Massive, O-type stars have extremely short lifetimes; the most massive/earliest O-
type stars have main-sequence lifetimes of less than 3.9 Myr (Bressan et al. 1993),
in comparison to solar mass stars with lifetimes ~10 Gyr. Because of this, massive
stars and the clusters they reside in are effective at tracing recent and ongoing star
formation. Specifically, both local and global rates of star formation can be measured
using the reprocessed emission coming from these most luminous stars. In fact, most
modern measures of the star formation rate are dependent on some form of emission
arising from massive stars.

Traditional tracers of extragalactic star formation include the ultraviolet continuum,
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hydrogen or forbidden oxygen line, and far-infrared continuum emission (Kennicutt
1998). Due to the substantial dust extinction that prevents many of these tracers from
being detected for all but the nearest star forming regions, these methods are not
used for global Galactic studies. Rather, radio measurements of H II regions (§1.1.1)
have been traditionally used for measuring the Galactic star formation rate (Smith
et al. 1978; Murray & Rahman 2010). However, the proximity of objects in the Milky
Way as compared to even the nearest galaxies enables alternative measures of the rate,
including counting the total number of young stellar objects detected in the infrared

(Robitaille & Whitney 2010; Lada et al. 2010).
Recent work by Chomiuk & Povich (2011) has shown a discrepancy between

the tracers of star formation: either the Galactic tracers lead to an overestimate or
the extragalactic tracers lead to an underestimate. The solution to this discrepancy
will likely come from more detailed investigation of Galactic star forming regions,
specifically from the detailed study of stellar populations and emission arising from

young, massive star clusters and OB associations.

1.3 Feedback produced by Young Massive Star Clusters

Massive star formation is a violent process; as gas accrets into a gravitationally-bound
clump and begins forming the protostar, some of the energy from the collapse powers
winds and jets pushing outward. As the process of nuclear fusion begins in the
star’s blistering core, the energy produced inside and from the motions of the falling
gas heats the surface, producing a plethora of high energy photons. These photons
permeate the surrounding natal medium, ionizing and heating it, causing it to balloon
outward. In addition, some of the material from the star itself is launched outward at
high speeds producing an energetic stellar wind. With large numbers of these young,
massive stars together, as is common in massive stellar clusters and OB associations,

the copious energetic photons produced transfer significant amounts of momentum
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to their absorbing material pushing it away from the central cluster. Finally, in their
last gasp of life, the massive stars detonate in supernovae, injecting excessive energy
into their host medium. Collectively, these processes are referred to as “energetic
feedback”, or more simply, feedback.

The massive, young stellar clusters and OB associations, being the largest repository
of the massive stars, are the dominant sources of feedback within the Galaxy. It is
only through identifying and characterizing the complete Galactic population of
young, massive star clusters and OB associations that we can produce a global view

of energetic feedback and its effect on the Galaxy’s ecology and structure.

1.3.1 Mechanisms of Interaction

The classical model of feedback from massive stars was proposed by Oort (1954) an
O-type star ionizing its surrounding medium. Schematically, the mechanism uses
H II region gas pressure to inflate a warm bubble of ionized gas into the surrounding
medium: the ionizing photons produced by the O-type stars are absorbed by the gas
surrounding it. The ionized gas heats up and the pressure increases. Since the ionized
gas is no longer in pressure equilibrium with the surrounding, neutral medium, the
ionized region expands outward, sweeping up its surroundings into a shell at its
border.

However, O-type stars produce more than just ionizing photons; stellar winds
produced by the same massive stars have been noted to provide an additional source
of feedback through their mechanical interaction with their surrounding medium
(Avedisova 1972; Castor et al. 1975). This mechanism uses the high rate of mass
loss from O-type stars (~ 107° M, yr~!; Puls et al. 1996) to physically push on the
surrounding medium. The ram pressure of the winds cause a region of hot, shocked
gas to inflate into a bubble. The differing models of this mechanism vary in their size

and luminosity predictions. However, the recent work by Harper-Clark & Murray
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(2009) indicates that the stellar winds may be dynamically unimportant in the case of
an inhomogeneous surrounding medium since the winds are able to leak outside of

the shell.

Protostellar outflows have been shown to drive turbulence into the material sur-
rounding a forming star (Matzner 2007; Norman & Silk 1980). While this method is
not limited to just the most massive stars, it has been shown to significantly drive

turbulence in OB associations, especially at the early stages of cluster formation.

Supernovae are thought to be significant contributors to cluster feedback through
their heating and material ejection (McKee & Ostriker 1977; Chevalier 1974). Since
supernovae are detonated at the end of the life of a massive star, this mechanism does
not act until later in the evolution of a massive cluster and in short, intense bursts.
However, for the most massive clusters, large numbers of supernovae can occur in
relatively quick succession, all with large amounts of energy being deposited into the

interstellar medium.

Most recently, the radiation pressure from young, massive clusters and OB as-
sociations has been shown to be a significant contributor to the feedback of these
objects into their natal environment (Murray et al. 2010). The radiation pressure is
channeled into feedback through the absorption and scattering of photons produced
by the central cluster; as the photons are absorbed or scattered, the momentum of the
photons is transferred to the absorbing material. Since the primary source of opacity
in the interstellar medium is dust, it is primarily the dust to which the momentum is
transferred. Krumholz & Matzner (2009) find that while H II gas pressure is likely
the driving mechanism for regions with only a handful of massive stars, radiation

pressure may dominate for regions powered by massive clusters.

It is likely that each of these mechanisms have their own regime of influence based
on the powering cluster’s mass (and luminosity), the radial distance from the cluster,

and the age of the system. Initial observational studies support this hypothesis (Lopez
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et al. 2011), but a systematic study of massive clusters and their surrounding media
is necessary to determine the dominant feedback mechanisms and their reach. This

highlights the need to identify the Galactic population of young, massive clusters.

1.3.2 Interactions with the Natal Environment

A long standing problem of star formation has been that of inefficiency: what prevents
all gas in a giant molecular cloud from turning into stars? Alternatively posed,
what prevents gravity from collapsing all gas in a GMC into stars in a free-fall time?
Turbulence has been posed as the primary mechanism of support, consistent with the
observed CO linewidths of Galactic GMCs (Zuckerman & Evans 1974). Numerical and
analytic studies indicate that gas accretion onto the cloud is a possible driving source
of the required turbulence (Vdzquez-Semadeni 2011; Goldbaum et al. 2011). However,
massive stars and the clusters in which they reside have been attributed to dominate
the support and destruction of GMCs (Matzner 2002). GMCs being the birthplaces of
these massive clusters, feedback from the clusters will directly act on the molecular
gas. The identification of the Milky Way’s most luminous clusters and OB associations
will open new sites for the investigation of the feedback of the clusters into their natal

environment.

1.4 Thesis Outline

In this thesis, we seek to identify the most luminous young, massive clusters and OB
associations in the Galaxy. We examine 13 of the 14 most luminous free-free sources
in the Galaxy from Murray & Rahman (2010), responsible for 1/3 the total ionizing
luminosity, to identify coherent complexes of star formation in Chapter 2. In Chapter
3, we search for the central powering OB association of the most luminous complex

from the previous chapter, the Dragonfish Nebula. We conduct spectroscopy on
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sources within the previously identified candidate association to confirm the existence
of the most luminous OB association in the Galaxy in Chapter 4. Refining the method
of Chapter 3, we use it to find candidate clusters/associations in all the remaining
complexes in Chapter 5. We summarize our conclusions in Chapter 6 and discuss

future directions.



Chapter 2

Star Forming Complexes in the Spitzer

Glimpse Survey

A preliminary version of this chapter was published as:
“A New Sample of Very Massive Star Forming Complexes in the Spitzer GLIMPSE
Survey”

Rahman, M., & Murray, N., 2010, The Astrophysical Journal, 719, 1104

2.1 Chapter Overview

We examine the thirteen most luminous sources in the WMAP free-free map using
the Spitzer GLIMPSE and MSX surveys to identify massive star formation complexes,
emitting one-third of the Galactic free-free luminosity. We identify star forming
complexes by a combination of bubble morphology in 8 ym emission and radio
recombination line radial velocities. We find 40 star forming complexes associated
with our WMAP sources, and determine unique distances to 31. We interpret the
bubbles as evidence for radial expansion. The radial velocity distribution for each
source allows us to measure the intrinsic speed of a complex’s expansion. This speed

is consistent with the size and age of the bubbles. The high free-free luminosities,

12
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combined with negligible synchrotron emission, demonstrate that the bubbles are
not driven by supernovae. The kinetic energy of the largest bubbles is a substantial
fraction of that measured in the older superbubbles found by Heiles. We find that the
energy injected into the ISM by our bubbles is similar to that required to maintain
the turbulent motion in the gas disk inside 8 kpc. We report a number of new star
forming complexes powered by massive (M, > 10*M,,) star clusters. We measure the
scale height of the Galactic O stars to be h+ = 35 £ 5 pc. We determine an empirical
relationship between the 8 um and free-free emission of the form Fg ym & Fflf'l. Finally,
we find that the bubble geometry is more consistent with a spherical shell rather than

a flattened disk.

2.2 Introduction

The most massive star clusters (M, > 10* M), referred to as super star clusters, have
been regularly observed in extragalactic star forming complexes (Ho 1997), but until
recently such massive clusters have evaded detection in our own Galaxy. This has
largely been due to the heavy dust obscuration within our own Galactic disk. These
clusters are home to the most massive stars in the Galaxy, including the vast majority
of O and B stars. The stars in turn produce most of the ionizing luminosity and stellar
winds that inject energy and momentum into the interstellar medium (ISM), blowing
bubbles and producing shell structures. Over the last decade a number of young,
massive clusters have been found in the Galaxy, including the Arches and Quintuplet
clusters near the Galactic centre region (Figer et al. 1999), Westerlund 1 (Clark et al.
2005), and RSGC 1, 2, & 3 (Figer et al. 2006; Davies et al. 2007; Clark et al. 2009), either

by directly imaging the stars, or by the stellar radio emission.

Another possible method of locating these young, massive star forming complexes
is to look for the environmental effects caused by such clusters, such as H II regions,

or shell and bubble structures. These effects can be observed in wavebands where
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extinction through the Galactic plane becomes less of an issue, such as the radio and
infrared. Extensive surveys of H II regions both in the northern and southern sky have
been conducted with limited success in finding these massive star forming complexes

(for a recent census, refer to Conti & Crowther 2004).

In Murray & Rahman (2010, hereafter MR10), we used the Wilkinson Microwave
Anisotropy Probe (WMAP) maximum entropy method free-free foreground emission
map (Bennett et al. 2003; Gold et al. 2009) to determine the star formation rate in
the Galaxy. WMAP is uniquely positioned for global Galactic star formation studies,
with its high sensitivity, all-sky, multi-frequency coverage that allows for the robust
separation of the synchrotron, dust, and free-free emission that are produced by the
Galaxy. We found that the 18 most luminous regions (located within 14 WMAP
sources) produce over one-third the total ionizing luminosity of the Galaxy, implying
that one-third the total number of O stars reside in these regions. These sources
contain bubble structures having radii ranging from 5 to 100 pc. Most of the ionizing
photons from the embedded stellar population escape the bubble and ionize the
surrounding material, creating the Extended Low-Density regions (ELD; Lockman
1976; Anantharamaiah 1985a;b). Examination of the Spitzer Galactic Legacy Infrared
Midplane Survey Extraordinaire (GLIMPSE) 8 um images shows that many known
H II regions appear on shells or walls of bubbles. These known H II regions are
generated either by the illumination of swept up material by the central cluster, or
by star formation triggered in the swept up material. In either case, the ionizing
luminosity of the WMAP source is larger than that given by summing the total

emission from all of the H II regions in the area.

Further, a large number of the known H II regions in a WMAP source had not
previously been associated with one another, a result of their disparate radial velocities.
The range of radial velocities had been translated into different distances along the

line of sight. We, on the other hand, interpret the differences in radial velocity as the
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result of bubble expansion; the H II regions lie on shells, with velocity differences of
order 15kms~1, consistent with the expected expansion speed of a bubble in the ISM,

e.g., Harper-Clark & Murray (2009).
In this chapter we analyze the most luminous WMAP sources using the GLIMPSE

and MSX surveys, and previously known H II region velocities. We describe our
procedure for associating the H I and 8 ym emission using an intrinsic expansion ve-
locity criteria in §2.3. We discuss the general properties of the star forming complexes
(which we define in §2.3.1) in §2.4. We discuss each of the star forming complexes
in depth in §2.5. In §2.6, we determine the scale height of O stars in the Galactic
disk, quantify the relationship between the 8 ym and free-free emission, discuss the
expansion of the star forming complexes as a turbulent driving mechanism of the
Galaxy’s molecular gas, and comment on the three-dimensional geometry of observed

bubble structures. Finally, we summarize our results in §2.7.

2.3 Data Analysis

In MR10, we divided the total flux of the WMAP regions along a given line of
sight based on various distance determinations (radio recombination lines, molecular
absorption lines, and stellar distances). Using this division, one-third of the Galactic
free-free emission arises from 14 discrete WMAP sources. These sources contain more

than one-third of the O star population of the Galaxy.

Here we investigate in more detail, using additional radial velocities, the 13 most
luminous free-free sources in the Galaxy from MR10 (we exclude the Galactic Centre

region since it is well studied already).

A number of well-known massive star forming regions are not included in our
sample, including the Carina region, NGC 6357 and Cygnus OB2. These regions,
identified in MR10, have lower ionizing luminosities than the regions we investigate in

this study. The WMAP sources are highly confused, so not every complex identified
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in this chapter will be home to a super star cluster, but we expect that each of the
WMAP sources we consider will contain at least one complex that may be home to
a super star cluster with a mass greater than those found in Carina, NGC 6357, and

Cygnus OB2.
Each of the WMARP sources are fit by ellipses, with major axes between ~2 to 5

degrees; sizes, positions and fluxes are given in Table 2.1. These sources are confused
(contain multiple star forming complexes) as a result of the large beam size of the
WMAP satellite. The WMARP free-free map is presented in Figure 2.1, indicating the

location of each of the thirteen sources.

We use published radial velocity measurements together with GLIMPSE 8 ym
images to better resolve and classify these star forming complexes. This improves on
our use of the catalogue of Russeil (2003) in MR10. In other words, we classify star
forming complexes on the basis of kinematic distances (as determined through radial

velocities towards known H II regions) and morphology seen in the 8 micron bands.

We carried out a SIMBAD search for H II regions within each of the WMAP sources

and compiled the associated hydrogen recombination line velocities.

Our morphological analysis was primarily conducted using the 3.1 by 2.4 degree
Band 4 mosaic images from GLIMPSE (Benjamin et al. 2003). In many cases, these
mosaics were insufficiently large to encompass the entire WMAP sources from MR10.
In these cases, adjacent images were mosaicked together using the Montage package.
In cases where the sources were outside the GLIMPSE coverage, we substituted Band

A mosaics from MSX (Price et al. 2001).

We use the 8 micron band because it is dominated by polycyclic aromatic hydrocar-
bon (PAH) emission, which Cohen & Green (2001) have shown to trace the free-free
emission reasonably well. The physical origin of this relationship stems from the
effects of ultraviolet radiation, presumably coming from a massive star or massive
stellar cluster. The high-energy UV photons ionize the region, giving rise to free-free

emission. Lower energy ultraviolet photons excite PAH molecules, causing them to
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emit in one of many vibrational modes. Specifically in the GLIMPSE Band 4 and
MSX Band A wavelength ranges, these vibrational modes are C-C stretching at 7.6
pum, and C-H in-plane bending at 8.7 ym (Allamandola et al. 1989). However, higher
energy extreme ultraviolet photons destroy the molecules rather than excite them
(Voit 1992), so areas with sufficient high-energy ultraviolet flux should produce little
PAH emission. This would result in a lack of PAH emission close to a UV source, with
substantial emission coming from outside the radius where extreme UV photons are
able to penetrate. However, small dust grains located throughout the H II region will
also be emitting in the 8 ym band, so, while no PAH emission is expected, warm dust
continuum emission should be present. This leads to warm dust emission dominating
the 8 ym band towards the centres of H II regions, while PAH emission dominates at
greater distances (Povich et al. 2007). Consequently, we use the 8 ym GLIMPSE and
MSX images as tracers of the presence of massive stars through this work. We find a
surprisingly strong relationship between the 8 ym emission and free-free emission,

which we discuss in §2.6.2.

2.3.1 Definition of Star Forming Complexes

We define star forming complexes (SFCs) as subsets of WMAP sources having similar
radial velocities (15 km s~1), copious 8 um emission in Spitzer and/or MSX images,
and finally, morphologies that are consistent with physical association, e.g., bubble,
shell, or finger/pillar structures. In other words, star forming complexes are regions
identified by features correlated both in space and in velocity.

To determine the location and size of each of the star forming complexes we
overlaid the positions and velocities of the known H II regions onto the 8 micron
mosaics of the region and visually inspected the result. An example classification
based on morphology and velocity is shown in Figure 2.2.

To associate each of the H II regions with a specific SFC, the H II region must
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satisfy a number of criteria; not only do each of the identified H II regions have to
fall within the velocity criteria, but they must also be positionally coincident with a
morphological feature. In most cases, we identify known H II regions as bright areas of
8 ym emission, usually on the shells or in the centre of identified regions. In addition,
the distribution of velocities along any given sight-line within a specific WMAP source
exhibit a natural grouping of velocities of less than or equal to +-15km s, indicating

that our velocity criteria has an empirical basis in addition to its theoretical motivation.

We note that some confused galactic sight-lines have a velocity separation between
spiral arms of less than 20kms~!, and thus our velocity criteria may confuse H II
regions associated with different spiral arms with an overlapping SFC. However, the
distributions of H II region velocities are heavily centre weighted and thus small
degree of contamination will not greatly affect the mean v sg and kinematic distance
of the SFC. In addition, these regions often demonstrate complicated structure in
position and velocity space, and the measured H II region velocities may also be
attributed to turbulent motions within the SFC, expansion of sub-regions within the
SFC, or the SFC as a whole. Consequently, we view the measured expansion velocities

as an upper limit.

Having determined the size and location of a star forming complex, we calculated
a median velocity from the measured velocities. A kinematic distance was then
determined using the Clemens (1985) Galactic rotation curve. In cases where the
kinematic distance is ambiguous, we used published absorption line data, where

available, to determine if the complex is at the “near” or “far” distance.

In the next section, we describe each of the “star-forming complexes”. In the
supplemental online material, we present tables of each of the known H II regions with

positions and velocities that are associated with each of the star forming complexes.
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Galactic Latitude

90 60 30 0 330 300 270
Galactic Longitude

Figure 2.1: The WMAP free-free foreground emission map with the target sources indicated
with black ellipses. The Galactic Centre region, which has been excluded from this work, is
indicated in red. The map is described in MR10. (A colour version of this figure is available in

the online journal.)

2.4 Properties of Star Forming Complexes

The combined analysis of the WMAP sources with the GLIMPSE image mosaics and
the H II region velocities yields 40 star forming complexes. Ten of the thirteen WMAP
sources harbor multiple star forming complexes; sources within the inner third of the
Galaxy are found to be especially confused, with multiple SFCs. However, as already
noted, combining morphology from the 8ym emission with the velocities of known
H II regions allows for a reasonably clear view of the physical separations of the star
forming complexes.

These star forming complexes have mean radii between an arcminute and a degree,
and distances between 3 and 17 kiloparsecs. The angular sizes translate into physical
radii between 3 to 75 parsecs. The Galactic distribution of the star forming complexes
is presented in Figure 2.3.

The majority of known H II regions in the star forming complexes lie in shell-
like structures traced by 8 ym emission in the Spitzer or MSX images. Most of the

remainder are found in the centre of the SFC.
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Figure 2.2: A Spitzer GLIMPSE image of the G49 WMAP source with the two star forming
complexes indicated with the green ellipses and the H II region velocities indicated with the

red crosses. (A colour version of this figure is available in the online journal.)
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We interpret those H II regions lying on shell-like structures in one of two ways. In
many cases it is clear that the H II region is simply swept up shell material illuminated
by a central cluster. In other cases, however, the shell material is illuminated by young
stars resulting from triggered star formation in the swept up shell, as described by

Elmegreen (1998). In some cases, the triggered stars are blowing their own bubbles in

the shell.

In many cases, we find a low level of emission towards the centre of the bubble or

shell structure; we interpret this as the evacuation of the material from the interior of

the bubble.

Although a comprehensive search for known H II regions was conducted over each
of the WMAP sources, not every emission feature in the 8 micron GLIMPSE image
is associated with a radial velocity determination. In some cases, particularly bright
8 ym features in the GLIMPSE mosaics are not coincident with any radial velocity
measurements, indicating that we are potentially missing star forming complexes
within the WMARP sources. We identify these complexes in the description of each of
the WMAP sources, and we suggest that further radial velocity measurements would
be instructive. This does add an uncertainty in determining the true stellar population
of such regions and we comment where this is the case. In some cases we believe that
a significant star forming region has not been identified due to a lack of conclusive

H 1I data.

We present our SFCs in Table 2.2 with the columns as follows: column (1) the cata-
logue number, columns (2) and (3) the position of the sources in Galactic coordinates,
columns (4) and (5) the semimajor and semiminor axes of the complexes in arcminutes,
column (6) the position angle of the complex, column (7) the median velocity in km
s~1, columns (8) and (9) the measured and corrected half-spread of velocities in km
s~1 where sufficient H II regions are identified as associated with the star forming

complex, column (10) the distance to the complex in kiloparsecs, column (11) the mean
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radius of the source in parsecs, column (12) the dynamical age of the complex given
the velocity spread, and column (13) the reference that resolves the distance ambiguity
(where applicable). In cases where the kinematic distance ambiguity remains, we
indicate the properties resulting from both distances in columns (10), (11), and (12).
We refer to complexes from this table as “SFC” followed by the catalogue number

hereafter.

We present 8 micron images from GLIMPSE or MSX for each of the WMAP sources
in Figures 2.4 to 2.16. On each of these images, the location and size of the WMAP
source is indicated with a dotted ellipse, and the location of SFCs is indicated by
a solid (red, in the online copy) ellipse. Each of these images is presented with a

logarithmic stretch to highlight fainter morphological features.

While individual velocities towards H II regions may be known with great precision
(generally to better than 4= 1 km s~ 1), velocities to the entire complexes are determined
with much less accuracy; the H II regions are randomly distributed (in angle) around
sources. Further, some of the SFCs are associated with a very limited number of
radial velocities measurements. In either case, the maximum error in the mean
source velocity is constrained by our selection criteria that a complex have a velocity
spread: 2Avy, < 30km s~ . This maximal velocity error corresponds to an error in the

kinematic distances of approximately 30%.

To estimate the half-velocity spread, Avy,, we first require that a SFC have multiple
velocity measurements available. Next, we require that there be a spread in the
measured velocities greater than 3kms~!; otherwise we suspect that what appear
to be multiple velocity measurements are actually measurements of the same H II
region (the Galactic coordinates are often not sufficiently precise to discriminate
between physically different versus apparently different sources). Given a complex
that satisfies these two criteria, we define the measured Avy,, as half the difference

between the maximum and minimum radial velocity.
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This parameter must be corrected for sampling effects; it is unlikely that the
maximum and minimum velocity of an expanding complex will be found in a random
selection of H II regions. Further, since most of the known H II regions appear on
the edges of (presumably expanding) shells, the component of the expansion velocity
projected onto the radial velocity is expected to be smaller than unity. Thus the
measured half-velocity spread would generally be an underestimate of the actual

expansion velocities of the complexes.

We correct the half-velocity spread by a geometric factor found by running a Monte
Carlo simulation modeling the difference between the observed half-velocity spread
and the actual expansion velocity with a given number of velocity observations. The
mean correction factor is 2.0, 1.4 and 1.2 for 5, 10 and 15 velocity measurements respec-
tively. The error on this factor ranges from a factor of 2 for 5 velocity measurements,
to 15% for 15 measurements. The corrected half-velocity spreads, Av., are also given
in Table 2.2. For complexes where less than 5 velocity measurements are available,
no correction factor is applied as the Monte Carlo simulation shows that the result is
unreliable. These complexes do not have a corrected half-velocity spread presented.
The measured half-velocity spreads for these complexes should be treated as lower

limits of the expansion velocity.

The dynamical age, 74,,, of the system is determined by dividing the mean
radius of the complexes by the half-velocity spread. The dynamical ages of all of the
complexes are below 107 years, consistent with the existence of massive main-sequence

stars producing large amounts of ionizing luminosity.

The true age of each of these systems is an undetermined quantity but the selection
criteria for these complexes imposes some constraint on the ages. Specifically, these
complexes are selected as the most luminous in free-free emission, indicating the
presence of massive O stars, specifically those with short main-sequence lifespans. In

MR10 we showed that the total ionizing luminosity of a cluster with a standard initial
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stellar mass function rapidly decreases after the cluster reaches an age of 4 Myrs. This
indicates that the majority of the ionizing luminosity in a young cluster is quenched
even before the late-O stars evolve off the main sequence.

In SFCs where a discernible, closed bubble is illuminated with free-free or 8 ym
emission, an upper limit to the true age exists; a closed, fully illuminated bubble
indicates the existence of a central ionizing source, which presumably is also blowing
the bubble. This allows us to put an upper limit on the age of 4 Myrs, the lifetime of
the most massive stars that produce the majority of ionizing photons in the Galaxy.
In SFCs with only a diffuse bubble structure there is an ambiguity; the bulk of the
ionizing luminosity may come from a central cluster, or it may come from star clusters
that have been triggered along the shell of the region evacuated by a central cluster. In
the latter case, it would be incorrect to constrain the age of the complex to be less than
4 Myrs. This circumstance is particularly relevant when searching for a central stellar
cluster; if the age cannot be constrained to under 4 Myr, the most massive stars in
the central cluster have already evolved off the main sequence, leaving more evolved

objects rather than bright, blue main-sequence objects.

2.4.1 Bubbles

In many of these complexes, we observe bubbles at a variety of scales. Some bubbles
essentially enclose the associated star forming complexes, while smaller bubbles often
lie in the walls of larger bubbles. Many of the smaller bubbles are listed in Churchwell
et al. (2006), but the larger bubbles, with radii larger than 10’, have not been previously
catalogued.

In MR10, we find that each of the WMAP sources that we have selected require
ionizing luminosities of Qy > 10°! s~!, consistent with young stellar populations with
M > 10* M. Such massive clusters may drive superbubbles, a notion supported by

the fact that the largest bubbles we find have mean radii approaching 50 pc.
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We present a list of bubbles associated with each of the star forming complexes
in Table 2.3. The columns are as follows: column (1) the catalogue number, columns
(2) and (3) the positions of the bubbles in Galactic coordinates, columns (4) and (5)
the semimajor and semiminor axes of the bubbles in arcminutes, column (6) the
position angle of the bubble, column (7) the associated star forming region from Table
2.2, column (8) the mean radius of the bubble in parsecs using the distances to the
associated star forming complexes, column (9) the morphology classification flag of
the bubble, and column (10) the GLIMPSE bubble catalogue number from Churchwell
et al. (2006). Where the kinematic distance ambiguity has not been resolved, the mean
radius of both the near and far distances are indicated. The morphology classification
flag is C if a nearly closed or complete shell is visible in the GLIMPSE 8 micron image,
or B if the bubble appears to be broken or blown-out. The GLIMPSE bubble catalogue
number is indicated where the bubble has a similar position, size and shape to the

source indicated in Churchwell et al. (2006).

2.4.2 HII Region Radial Velocities

Finally, we list the individual H II region velocities for each of the identified star
forming complexes in Table 2.4, available as an online supplemental table. The
columns are as follows: column (1) the associated star forming complex from Table
2.2, column (2) the name of the H II region, columns (3) and (4) the positions of the
complex in Galactic coordinates, column (5) the velocity of the complex with respect

to LSR in km s™1, and column (6) the reference from which the velocity was taken.
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Figure 2.3: The Galactic distribution of the Star Forming Complexes identified in this analysis.
The filled circles indicate sources for which a unique distance has been determined, while open
circles represent sources for which the kinematic distance is ambiguous. Both the near and far
distances of these sources are presented with lines connecting the two. The dash-dotted circle
indicates the radius within which half the total ionizing luminosity of the Galaxy is produced
(from MR10). The spiral arms (solid grey lines) overlaid are taken from Nakanishi & Sofue

(2006), and the Galactic central bar (dashed grey line) is taken from Benjamin et al. (2005).
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2.5 Individual WMAP Sources

2.5.1 G10 including the W31 region

This WMAP source is dominated by four seemingly disparate star forming complexes
(see Figure 2.4), although SFC 1 and 2 may be associated as they are both in W31
(Westerhout 1958). We begin with a discussion of these two complexes.

SFC 1 and 2 contain the brightest 8 ym emission, although there is a significant 8
micron background over this entire WMAP source that we cannot clearly attribute to
any of the 4 complexes. In addition to being in W31, SFC 1 and 2 are also linked by
their close angular proximity and similar radial velocities. We treat them as separate
complexes as they are each enclosed by their own shell structures. The high surface
brightness 8yum emission located in the centre of each of SFC 1 and 2 is indicative
of a young central cluster that has not had time to evacuate its environment. This
is consistent with the short dynamical time determined for SFC 1. Strong molecular
line emission is found by Kim & Koo (2002), who conclude that there are active
interactions between the forming stellar clusters and their parent molecular clouds.
They also assume a closer distance, associated with the expanding 3 kpc arm of the
Galaxy (with a distance of 6 kpc from LSR), but they do note that there is evidence
that the complex is at the further distance. Assuming the near distance, they estimate
star cluster masses of 1.22x10* M, for SFC 1 and 3.11x103 M, for SFC 2.

The radio nebula G10.0-0.3 and associated soft gamma repeater are coincident
with SFC 1 with a distance of 14.5 kpc, consistent with our distance (Corbel et al. 1997;
Vasisht et al. 1995). Further, there exists a luminous blue variable with a total mass
(single or binary) exceeding 190 M, consistent with the further distance (van Kerkwijk
et al. 1995; Eikenberry et al. 2004). The complex also contains a soft-gamma repeater
(Kulkarni & Frail 1993). Corbel & Eikenberry (2004) suggests that W31, specifically

SEC 1, may be separable along the line of sight into a component in the 3 kpc spiral
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arm, and a component at 14.5 kpc. We find this to be consistent with SFC 1 being a
massive young star forming cluster at a distance of 14.5 kpc, with shell-like structure
evident in the north-west and south-east edges of the region. Adjusting the values of
Kim & Koo (2002) for the further distance, clusters of masses 7.1x10* M, and 1.8 x10%

Mg are required for SFC 1 and 2 respectively.

SFC 3 and 4 are distinctly separated from SFC 1 and 2 as they both have sub-
stantially different radial velocities; the difference in velocities being 60 kms~! and
15km s~ ! respectively. We view SFC 3 as a smaller, closer star forming complex than 1
and 2. SFC 4, however has the morphology of a blown out bubble. The distance to this
region, 16.7 kpc, implies a large bubble size of 46 pc. The strong 8 ym illumination
on the northwest side of the complex is potentially a triggered star forming complex
from the expansion of the now blown out bubble. However, the bubble structure is
illuminated along the shell in all but the south (in the proposed area of blowout), indi-
cating that a central ionizing source still exists within the bubble that is illuminating
the southeast side; the interior of the bubble appears evacuated. We infer that the

central cluster is still sufficiently young to possesses ionizing stars.

At the location (I,b) = (10.7, —0.16), there appears to be a hole in the background
level of 8 ym emission. There are no known H 1II regions within this hole, suggesting
that this is an extinction effect. If this is an extinction effect at 8 microns, the column
towards this complex must be particularly large. We suspect that this is an infrared
dark cloud (IRDC). In 2MASS (Skrutskie et al. 2006), there does not appear to be any
significant void of background stars, indicating that this IRDC is sufficiently distant
to have no effect on the local field star population, but is closer than the source of
the 8 ym background in this region. More detailed study of this object is required to

establish its existence, let alone determine its physical properties.
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Figure 2.4: The 8um GLIMPSE Image of the star forming complexes in G10. For each star

forming complex, the v gg and vy, (Where available) are indicated.
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2.5.2 G24 including the W41 and W42 Regions

WMAP source G24 (Figure 2.5) encompasses a particularly complicated region. It is
one of the largest WMARP sources (spanning nearly 4 degrees in the Galactic plane)
and contains both W41 and W42 (Westerhout 1958).

SFC 5 encompasses the supernova remnant W41. In the one square degree region
surrounding W41, velocity measurements suggest the H II regions are caused by
confusion of spatially separated H II regions (Leahy & Tian 2008), consistent with the
4 spiral arms along the line of sight in this direction. We find SFC 6 associated with
one of the overlapping components. There is a second known supernova remnant,
G22.7 -0.2 (van den Bergh 1978), also within SFC 5.

In addition to SFC 5 and 6, we identify 6 additional star forming complexes within
this WMAP source. For a number of these complexes, specifically SFC 7, 9, and 12,
the kinematic distance ambiguity remains. SFC 7 and 8 are easily distinguished by the
presence of H II regions along their perimeters. There is a lack of strong central 8 ym
illumination in both of these star forming complexes, indicating that their centres have
been evacuated. In addition, the rims of SFC 7 and 8 are not particularly bright in
8 ym emission, indicating that the hypothesized shell has dispersed or that the central
cluster is no longer emitting ionizing radiation. Either circumstance implies that these
two complexes are older (> 4.5 Myr) and that the majority of the observed 8 ym and
free-free emission is provided by triggered regions on the perimeter.

SFC 9 contains only a single H II region velocity in its centre, but exhibits a clear
bubble morphology. SFC 10 is a much larger region, with a mean radius of 43 pc.
While the brightest 8 ym regions lie towards the southwest side of the region, the
north and eastern edges are defined by a clear shell structure. There is a H II region
on the northern shell that has a similar velocity to those of the brighter regions to the
southwest. In addition, there appears to be a central component to the 8 ym emission

in this complex at (I,b) = (24.8°, 0.1°).
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Figure 2.5: Same as Fig. 2.4, except the G24 regions are shown.

SEC 11 is associated with the W42 radio source but also includes an extended
shell structure to the south and west of the original radio source with consistent
velocity measurements along the shell. Lester et al. (1985) argue for the near galactic
distance on the basis that there is minimal extinction towards the source in sulphur
forbidden line emission, disregarding the known absorption velocities. Independent
of the central source distance for the W42 region, an associated H II region at (/,b) =
(25.41°, -0.25°) is also determined to be at the near kinematic distance (Kolpak et al.
2003), hence we adopt this distance. Blum et al. (2000) find a central cluster with a
single O5-6.5 star, indicating that this is comparable to a cluster a few times the mass

of Trapezium, rather than something particularly massive.

SEC 12 is a more extended complex outlined by a shell morphology its western
edge. This bright 8 ym emission is associated with 2 similar H II region velocities. The
overall size and shape of the complex is suggested by the shell-like structure visible
in the southeastern edge, but additional H II velocity measurements are required to

ensure this structure is associated with the known H II regions.
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2.5.3 G30 including the W43 region

While G30 is also a large complex (~ 4° along the major axis, Figure 2.6), it is
reasonably simple. We identify 6 star forming complexes within this WMAP source,

SFC 13-18, but two are clearly dominant; SFC 17 associated with W43, and SFC 14.

SEC 17 consists of a bright central region with a shell outlined by a series of H II
regions all at similar velocities. W43, located at (/,b) = (30.75°, -0.02°), lies inside
SFC 17. This central region has been identified as a ministarburst region with the
detection of a cluster of Wolf-Rayet and OB stars, undergoing a second generation of
star formation through the submillimeter observations of massive young stellar objects
(Motte et al. 2003; Lester et al. 1985; Blum et al. 1999). We identify a much larger shell
surrounding this complex at similar radial velocities to the central complex. There is

no obvious bubble associated with this SFC.

SFC 16, at (I,b) = (30.54°, 0.02°), is projected completely inside and is much smaller
than SFC 17. However, SFC 16 is distinguished by a significantly different radial
velocity (44 vs. 99 km s~ 1), and consequently, a significantly different distance (11.9

kpc as compared to 6.3 kpc).

SFC 14 is located at a similar velocity to SFC 17, but is separated on the sky by an
angle of ~ 0.6° and it is located at the far distance (8.7 kpc) while SFC 17 is located at
near distance (6.3 kpc). SFC 14 resides in the same 8 micron background as SFC 17.
It is known to be forming stars, as it contains a hot molecular core and is associated

with a molecular cloud (Olmi et al. 2003; Pratap et al. 1999).

The remainder of the star forming complexes within this WMAP source are low
brightness sources in 8 ym emission and are not expected to contribute significantly

to the total young stellar population.
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Figure 2.6: Same as Fig. 2.4, except the G30 regions are shown.

254 G34

We identify 3 well separated star forming complexes in G34, SFCs 19, 20 and 21
(Figure 2.7). The dominant complex is SFC 19, coincident with the majority of the
background 8 ym emission in this area. At the heart of this star forming complex is
the cometary H II region G34.3+0.2 (Reid & Ho 1985). Outside the inner 10 arcminutes
of the radio source, we find three bubble structures (identified as bubbles 22, 23 and
24), indicating that this complex is composed of more than just the single O7V star

assumed by Rodriguez-Rico et al. (2002).

SFC 21 is suggested primarily by its morphology, as only two H II region velocities
are identified. The most prominent structure is on the east, where we identify a
number of bubble-like objects. Our primary motivation in associating this large
diffuse region together is the existence of structure all along the perimeter of the
bubble, following the shell of the structure on the east. It is also possible that this
complex consists of two separate star forming complexes, on the east and the west,

but in that case it is unclear where the boundary between the two would be.
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Figure 2.7: Same as Fig. 2.4, except the G34 regions are shown.

In MR10, this WMAP source was assigned a distance of 10.5 kpc taken from Russeil
(2003); this is consistent with our present estimate to the distance to SFC 21. However,
from the 8 ym emission evident in the Spitzer image, the majority of the free-free
emission may well be coming from SFC 19, located at a distance of only 2.2 kpc. This

would reduce the ionizing luminosity of the region dramatically.

2.5.5 G37 including the W47 region

Two star forming complexes have been identified in this WMAP region, both at similar
velocities and exhibiting ring structure. SFC 22, which includes W47, is the larger

source (Figure 2.8). There are 14 known H II regions, located in the upper half of
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the bubble. While the southern shell is more diffuse, we do not classify this bubble
as blown out, as a wall is still visible in the 8 ym emission. Much diffuse 8 ym
emission is visible outside this region but specifically towards the brighter regions on
the northern shell, implying that the majority of the emission is due to the triggered
regions on the shell wall rather than a central source. This suggests that the complex
is old. The uneven illumination of the shell structure further supports this assessment.
W47, located on the northeastern shell of SFC 22, has not been extensively studied in
the literature.

SEC 23 has similar radial velocities, but we are unaware of any resolution of the
kinematic distance ambiguity in this case. A nearly circular shell structure is visible

with a gap on the southeastern wall.

2.5.6 G49 including the W51 region

The complex containing WMAP source G49 is a well studied area owing to the
presence of W51 (Figure 2.9). We identify two star forming complexes within this
source. The chaotic structure in the 8 ym emission indicates that these complexes are
particularly active and young. This chaotic structure makes it difficult to determine
the actual shape and size of the star forming complexes. In the case of SFC 25, the
shape is motivated by shell structure on the northwestern edge. For SFC 24, the shape
is motivated by the distribution of H II regions. In both cases, we suspect that the true
extent of the star forming complexes may be larger. The distances to these complexes
are similar, 5.6 kpc for SFC 24 and 5.7 kpc for SEC 25. These distances are consistent
with the distance of 5.1 kpc determined through trigonometric parallax to W 51 IRS2
(Xu et al. 2009). Ultimately, we have separated these complexes into two due to the
separation of known H II regions into two clusters on the sky. The two complexes
have previously been separated in the literature, where SFC 24 is labelled W51B and
SFC 25 is W51A.



CHAPTER 2. STAR FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY

Galactic Latitude

0.75

0.50]

0.25

o
=
S

38.5 38.0 37.5 37.0
Galactic Longitude

Figure 2.8: Same as Fig. 2.4, except the G37 regions are shown.
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W51 is a well known star formation region (Kang et al. 2009). Conti & Crowther
(2004) separate SFC 25 into W51 A and W51 West, placing them at a similar distance
of 5.1 kpc. They determine an ionizing luminosity for both these sources of Qy =
1.01 x 10°! from ground based observations of the free-free flux. For SFC 24, they
determine an ionizing luminosity of Qy = 1.07 x 10°°. Adjusting for the difference in
the presumed distance, the total ionizing luminosity from the three Conti & Crowther
sources accounts for a quarter of the ionizing luminosity determined from the entire
WMAP source. This is not surprising; as we indicated in MR10, the bulk of the
ionizing luminosity leaks beyond the more compact H II region defined by ground-
based observations into the extended low density (ELD) region.

Figuerédo et al. (2008) propose a smaller distance of 2.0 kpc to W51A based on the
spectrophotometric distance of a number of O stars observed in the region, in contrast
to the extensive kinematic and now trigonometric parallax distances determined. In
the spectral classification of their target stars, there were unable to determine the
luminosity class and argue for ZAMS based on the presence of ongoing star formation
indicating a young region. However we have determined the dynamical age of the
system to be two million years, which is sufficient for the most massive of stars
to evolve off the main sequence. Further, the difference in the smaller and larger
distances corresponds to a difference of 2 in magnitude, which in turn corresponds
reasonably to the difference between the K-band magnitudes of a mid-to-late O star
from luminosity class V to I (Martins & Plez 2006). Thus a more consistent story is
that the identified stars are actually supergiants at the original distance of the source,

5.1 kpc.

2.5.7 G283 including the NGC 3199 and RCW 49 regions

We identify one star forming region, SFC 26, in WMAP source G283 (Figure 2.10).

Unlike the complexes closer to the Galactic centre, there is little confusion in this



CHAPTER 2. STAR FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY

0.25

0.00

Galactic Latitude
o
N
[¢)]

50.0 49.5 49.0 48.5
Galactic Longitude

Figure 2.9: Same as Fig. 2.4, except the G49 regions are shown.
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source. In fact, SFC 26 is similar in shape and size to the WMAP source. We use the
MSX image in this complex as only the eastern edge of this source has been included

in the GLIMPSE survey.

SEC 26 is associated with NGC 3199 and RCW 49, both known regions of active
star formation. NGC 3199, located towards the southwest of the WMAP source, is
associated with the Wolf-Rayet star WR 18 (Deharveng & Maucherat 1974). We know

of no in-depth attempt to find a cluster in this region.

RCW 49 is located in the northeast half of the WMAP region and is associated
with the brightest patch of 8 ym emission within the WMAP source. RCW 49 is a well
known massive star forming complex with its embedded massive cluster Westerlund
2. For a review of this association, see §2 of Tsujimoto et al. (2007). Extensive surveys
of the cluster have been completed in the infrared (Ascenso et al. 2007), and x-rays
(Tsujimoto et al. 2007). Ascenso et al. (2007) find a total cluster mass of 7 x 10°> Mg,
using a distance of 2.8 kpc as compared to our distance of 4 kpc. This is a factor of
four smaller than the estimate of the total stellar mass that we determine for the entire
WMAP source using their distance. This indicates that a substantial number of stars
associated with Westerlund 2 have evaded detection thus far and/or there is more

than one substantial cluster associated with this star forming region.

2.5.8 G291 including the NGC 3603 and NGC 3576 regions

We find two overlapping star forming complexes associated with the WMAP source
found at G291; SFC 27 and 28 (Figure 2.11). The separation of these two complexes
is motivated by the substantial difference in H II velocities. In SFC 27, the mean
velocity is —22kms~! and extends to —16 kms~! while SFC 28 has a mean velocity of
16kms~! and extends to 9kms~!. Note that the bright region associated with NGC
3576 at (1,b) = (291.3°, -0.7°) in the shell of SFC 27 is projected to lie within SFC 28.
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Figure 2.10: Same as Fig. 2.4, except the G283 regions are shown.
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Persi et al. (1994) find a young massive cluster embedded in NGC 3576, detecting
40 cluster members with K band photometry. Barbosa et al. (2003) find a number of
massive young stellar objects, indicating active star formation. NGC 3576 is located
on the shell of the star forming region, suggesting that it may have been induced by a
possible central cluster. This is consistent with the small size of the NGC 3576 region,
indicating its youth.

SFC 28 is dominated by NGC 3603, located centrally within the region. Morpho-
logically, it appears that material being swept up in the northwestern edge of the shell
is triggering further star formation. This appears to also be the case at the location (/,b)
= (291.1°, -0.75°), which happens to overlap SFC 27. NGC 3603 is a known massive
star forming complex powered by HD 97950, often labelled a “starburst cluster”(for
an extensive review see Melena et al. 2008). Conti & Crowther (2004) determine a total
ionizing luminosity from NGC 3576 and NGC 3603 of Q) = 3.4 x 107! similar to the

ionizing luminosity for the entire WMAP source, Qy = 4.2 x 10°L.

2.59 G298

G298 is an archetypal region of triggered star formation (Figure 2.12). We identify
a single star forming complex associated with this WMAP source, SFC 29. In this
star forming region, we see an evacuated bubble with a continuous shell in the 8 ym
emission, with elephant trunk structures and three possible locations of triggered star
formation on the rim of the bubble; on the northeast, northwest, and southwest. A
great deal of 8 ym emission is coming from north of the source, consistent with UV
photons leaking out of the central bubble and illuminating further material, with the
majority of material being closer to the galactic midplane.

Conti & Crowther (2004) identify only the northeast and northwest shell regions
which they identify at (/,b) = (298.227°, -0.340°) and (I,b) = (298.862°, -0.438°), with a

total ionizing luminosity of Qy = 1.5 X 10°1, which is substantially smaller than the
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Figure 2.11: Same as Fig. 2.4, except the G291 regions are shown.
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Figure 2.12: Same as Fig. 2.4, except the G298 regions are shown.

value we determine for the entire WMAP source, Qy = 7.7 x 10°!. This larger ionizing
luminosity implies that a truly massive cluster exists in this region, substantially larger
than the two sources on the shell. Since this is the single, most luminous SFC in the

Galaxy, we name and focus a search for the powering cluster in Chapters 3 and 4.

2,510 G311

The WMAP source G311 is a particularly large on the sky, stretching ~ 3 degrees
along the Galactic plane, with a substantial 8 ym emission background (Figure 2.13).
As this is a southern galactic plane source, it is not well studied, and we only identify
three star forming complexes convincingly, one of which appears to be dominating

this area in the sky.
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SEC 31 is central to both the WMAP source and the background 8 ym emission
and has a large angular size (nearly 0.5°). Further it is outlined through its shell
morphology as well as the presence of multiple known H II regions along the shell. For
these reasons, we infer that it is the dominant star forming complex within this WMAP
source. SFC 30 is a much smaller region with a similar radial velocity measurement to
SFC 31. However, the resolution of the kinematic distance ambiguity places SFC 30 at
3.5kpc and SFC 31 at 7.4 kpc.

SFC 32 overlaps the southeastern edge of SFC 31, but is defined by H II regions
having significantly different radial velocities, placing it much further away (13.6 kpc
versus 7.4 kpc). There is a known supernova remnant located on the northwest edge
of this shell (G311.5-0.3), which we associate with SFC 32 rather than SFC 31 due to
its large distance of ~ 17 kpc derived from a surface brightness-distance relationship
(Milne 1979).

The image shows a ridge in the 8 ym emission continuing from the southeast wall
of SFC 31 strongly suggesting that this ridge is associated with the SFC. It is located
from (/,b) = (311.9°, -0.2°) to (I,b) = (312.5°, 0.1°). However, there are no measured H II

velocities for this feature, so we cannot confirm the association.

2.5.11 G327

All the H II region velocities in G327 lie within +13 km s~! of each other, so we identify
only one star forming region, SFC 33 (Figure 2.14). The morphology revealed by
the 8 ym emission is rather complicated consisting of multiple bubbles. We interpret
this complex as an example of cascading star formation; an instance where multiple
generations of triggered star formation occur in sequence. We find a large, diffuse
shell, outlined by the red ellipse in Figure 2.14, with a number of known H II regions
along the wall. Towards the south and the southwest of the shell, there are two

additional clear bubble-like structures, identified as bubble 39 and 38 in Table 2.3.
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Figure 2.13: Same as Fig. 2.4, except the G311 regions are shown.

These both have additional H II regions visible on their walls. We interpret the largest
complex as a shell produced by an older central cluster. We speculate that the two
smaller (younger?) bubbles were formed from clusters that were triggered by the
original central cluster. These, in turn, are now triggering a third generation of star

formation.

A previously identified source, G327.3-0.6 (Wyrowski et al. 2006), lies at the
southern edge of SFC 33. This author identifies H II regions, hot cores and cold
clumps. There is evidence that G327.3-0.6 was triggered by the expansion of the
bubble on the south rim of SFC 33 (Minier et al. 2009).

We suggest that an older massive cluster should exist towards the centre of SFC 33

and may be visible in infrared surveys, as this complex is not particularly distant (3.7

kpc).
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Figure 2.14: Same as Fig. 2.4, except the G327 regions are shown.

2,512 G332

G332 is another large WMARP source (~ 3 degrees) with only two distinct clusters
in H II radial velocities (Figure 2.15). SEC 34 is the dominant star forming complex
covering the majority of the WMAP source, while SFC 35 is a smaller complex
projected to lie in the interior of SFC 34.

The Spitzer image of SFC 34 is dominated by 8 um -bright regions along the
southeastern edge. The bright southeastern ridge includes RCW 106 right at the
southern edge of the complex to the region at (I,b) = (333.6°, -0.2°). Conti & Crowther
(2004) find three Giant H II regions associated with this complex, all with distances
similar to our derived distance to SFC 34 (~ 3.4 kpc) with a total ionizing luminosity
of Qy = 5.0 x 10°°s~ 1. From MR10, we associate an ionizing luminosity of at least
Qp = 5.0 x 10°1 s~ ! to this SFC, implying that the majority of ionizing photons are

escaping the compact H II regions. In addition, interactions between the known H II
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Figure 2.15: Same as Fig. 2.4, except the G332 regions are shown.

regions and its parent molecular cloud have been investigated by Bains et al. (2006).

2.5.13 G337

G337 is the widest WMAP source, spanning over 5 degrees in the Galactic plane
(Figure 2.16). Five star forming complexes are identified, SFC 35-40. There is a very
prominent background diffuse 8 ym emission which is difficult to associate with
a specific SFC. Each of the star forming complexes are well separated both on the
sky and by radial velocities. SFC 36, 38 and 40 lack strong central 8 ym emission
suggesting that they have evacuated their surroundings. In contrast, SFC 37 and 39
show filled morphologies, suggestive of youth. SFC 39 is associated with a pulsar

wind nebula and a gamma-ray source (Lemiere et al. 2009).
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Figure 2.16: Same as Fig. 2.4, except the G337 regions are shown.

50



51

CHAPTER 2. STAR FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY

6¢ 9¢tl e e 49 06 ¥'s 06 87S'0- 099'TIE €€

9 €y 99 i €1 01 gg- 06 0's¢C gL L300~ €ISTTIC  TI¢

9 9 qe e e 16- 06 8¢ ¢ 607’0 98601 0¢

79 69 L6 A L (4 0 (44 VA 74 TS0~ S09'86C 6T

€9 £9 ¥s A L 91 St- ¥/ ¥ve 695°0- €99°T6C 8¢

8¢ L € 01 9 [14 06 8'q¢C 9'9¢ L0 €48°06C LT

S 4> €9 4 0¢ St 0 8¢- €Iy 999 609°0- €88'€8C 9¢

1 81 LS €1 01 09 69 08 6'¢l €Fc0-  e8¥'ev  9¢

0¢ A 9°¢ 9 4 89 0 LY 6'8 90€'0- €8067 FC

8C0I 66°SE e e LS 0 7o 8'6 120'0- T6C8E €T

4 vy |4 qot S €l 0s 0 8'¢¢ 8¥¢ ¥8€°0- I8%'LE ¢C

[4 4 11 e e i 0 gzl 9'9¢ €L00- 6879 1T

1 € € e e 19 9/ ¥'C 8¢ 067'0- 8¢0Ge 0C

[4 S [4ré e e LE €1~ T4 [43 9F1T'0 £VTIE 61

[4 4 4 e e 96 0 LY €q 8¢00 29TCE 8T

[4 (4% 119 €9 8 L 66 0 €yl 6'¢C ¥20'0- 0650¢ LI

PA AN D) Ed) (sw)  (psuny)  (psuny)  (Sop)  (unwore)  (unwore)  (3ap)  (Sap) 4
va ufip <> a v gy ASTn Vd urws [ews q 1

(p,4uod) 7z 9lqeL



52

CHAPTER 2. STAR FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY

"S9OUE)SIP TeJ pue Jeau a) Juasard am Io anbrun Joy3Ia ST 90Ue)SIP dIILWSULY Y} “USAIS

SI 9DUSI9JaI OU JISUM SISED U] "PIA[OSII ST A}IIqUIE 9DUE)SIP DIJRWSULY d} UOTUM Aq 9DINOS d} S93edIpUL JY V(X YL — 910N

(€002) Te 32 ed[oX (£) ‘(£861) sdukeH 3 [[PmseD (9) (0L61) Te 12
uos[IM (6) “(€661) Te 19 18ered (F) (F002) Te 32 O[Imas (€) ‘(F661) erueq 3 reyony (z) “(0661) Te 12 [PMYPIMYD) (T) — S90udIajy

9 T 1T vy s T €9- °r4 69 ot 8190 8888¢tc 0OF
8¥0T 6lF ¢€€r'se ¥ ¥ €¢- 89 e 99 0CT'0 <CI¥8ee 6€

9 0¢ 81 ge 6 V4 8¥- 91- 8¢l 1ce G0C0- 8¥8LEE 8€
9 09 67 601 01 V4 V.- 1e 811 06l 610°0- TL69cE LE
TL190 119 TOL¥S 01 9 88- 09- €€ v 61C°0- ¥8Y9cc 9¢

9% L6°SS T T 16- 06 6’1 q¢ 9/00- 8¢l'ecee ¢G€

9 6'S 6€ ve V4 9 4% 0 c0¢c 98y ccl’'0-  608°CEc  vE
9 e 9¢ L€ L1 €l 09- 0 L'1e 6F¢ 840°0- 9e¥'Lce €€

P (W) (od) Edy)  (usun) (_sun)) (_sup)) (Sop) (urwore) (unwore)  (Svp)  (3dp)  #
Va :@N <> a 20y vi ASTp vd uruws [ewrs q 1

(p,Auod) 7z olqeL



CHAPTER 2. STAR FORMING COMPLEXES IN THE SPITZER GLIMPSE SURVEY

Table 2.3.  Bubble-like Objects Associated with the Star Forming Complexes

l b smaj smin PA Associated <R> Classification ~ GLIMPSE

# (deg) (deg) (arcmin) (arcmin) (deg) SF Complex (po) Flag Bubble
1 10.316 ~ -0.137 1.6 1.2 50 2 6.1 C

2 10.763  -0.498 11.7 7.3 55 4 46 B N2
3 23.703  0.166 0.3 0.3 66 7 0.5,09 C

4 23.873  -0.114 0.6 0.4 -76 8 15 C

5 23.880  -0.350 0.4 0.3 69 8 1.0 C

6 23904  0.070 0.4 0.4 90 7 07,12 C N32
7 24.050  -0.321 26.1 14.5 -9 8 61 C

8 24.095  0.456 0.8 0.7 -52 9 13,21 C

9 24.133 0.438 29 2.3 0 9 45,73 B

10 24.505 0.240 5.4 3.1 -50 10 7.5 B N35
11 24840 0.106 4.6 2.1 -64 10 59 B N36
12 25292 0.296 2.2 15 90 10 3.3 B N37
13 25323 -0.293 5.4 5.4 0 11 6.4 B

14 25992  0.119 18.4 11.4 0 12 28, 38 B

15 26112 -0.030 2.4 2.0 0 12 42,5.6 B

16 28.827  -0.230 14 1.1 22 13 1.9 C N49
17 30456  0.443 3.0 2.6 0 15 2.9,9.0 C

18 30.612 -0.194 11.0 5.8 0 17 15 B

19 30736  -0.022 3.0 2.1 -36 17 47 C N52
20 32.098 0.090 1.0 0.8 -43 18 21 C N55
21 32159 0.039 4.6 4.0 0 18 10 C

22 34156  0.145 3.8 2.6 11 19 2.0 B N61
23 3429  0.077 2.0 19 90 19 12 B

24 34331 0.213 1.7 1.5 -38 19 1.0 B N62
25  35.002 -0.130 5.1 3.2 -68 21 13 B

26 35.032 -0482 1.6 14 54 20 1.3 B

27 35.259 0.119 0.5 0.4 -28 21 15 C N66
28  35.642  -0.059 5.8 29 -75 21 14 C N68
29 37481  -0.384 24.8 23.8 0 22 74 B

30 38293 -0.015 8.1 74 0 23 79,22 B N71
31 38352 -0.133 1.0 0.9 0 23 1.0,2.8 B N72
32 298218 -0.323 2.4 1.7 90 29 5.8 C 5181
33 298527 -0.562 18.5 14.7 -51 29 47 C
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Table 2.3 (cont’d)

l b smaj smin PA Associated <R> Classification =~ GLIMPSE

# (deg) (deg) (arcmin) (arcmin) (deg) SF Complex (po) Flag Bubble
34 310985  0.409 3.2 2.8 90 30 3.1 C 5137
35 311487 0.401 2.5 1.7 12 31 4.6 B 5133
36 311495 -0.013 242 17.7 -72 31 45 B

37 311916 0.222 22 14 -73 31 3.9 C

38 326.882 -0.389 13.1 8.0 -66 33 11 B

39 327532 -0.605 149 14.1 0 33 16 B

40 333.158 -0.076 2.5 1.9 90 35 3.6,6.3 B

41 336484 -0.219 41 3.3 -60 36 58,11 C

42 336.778  0.089 29 24 -20 37 84 B

43 336.853 -0.016 1.6 12 82 37 45 B

44 336.887  0.059 2.7 1.6 0 37 6.8 B

45 336921 -0.195 2.2 1.9 -70 37 6.4 C

46 337.153 -0.178 1.8 1.6 68 37 54 B

47  337.676  -0.335 2.1 1.8 35 38 2.0 C 537
48 338.891 0.596 3.7 3.0 -55 40 43 B 529

Note. — The classification flag refers to the morphology of the bubble: 'C” indicates that the bubble is a closed
bubble and ‘B’ refers to a broken bubble.
The GLIMPSE bubble column indicates the identification of this bubble in Churchwell et al. (2006) with the catalogue

number.

2.6 Discussion

It has been noted before that complexes with elevated free-free emission are associated
with elevated 8 ym emission (Cohen & Green 2001; Murray & Rahman 2010). In
MR10, we used this correlation to argue that, based on the higher resolution 8 ym
images, both the free-free and 8 ym emission are powered by a central source. In this
chapter, we have shown that bubbles are associated with all of the sources we have
examined. The bubbles are identified by their bright rims as seen in 8 ym emission.
In addition, the bubbles are surrounded by an elevated background of 8um

emission. The total luminosity in the 8 ym band of our WMAP sources is dominated
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Table 2.4. H II Region Velocities

Associated Star l b VISR Reference
Forming Complex Name (deg) (deg) (km s~ 1) Number

1 [L89b] 10.073-00.412  10.0732  -0.4119 13.6 1

GRS 010.20 -00.30 10.1467  -0.3377 13 2

[WMG70] 010.2-00.3  10.149 -0.343 14.2 3

PMN J1809-2019 10.1589  -0.3489 14.2 1

GAL 010.2-00.3 10.1615  -0.3546 12.8 4

[L89b] 10.190-00.426  10.1898  -0.426 36.2 1

[L89b] 10.190-00.426  10.1898  -0.426 5.4 1

2 [WC89] 010.30-0.15B 10.303  -0.1462 7.7 5

GAL 010.32-00.16 10.3148 -0.15 13.1 4

3 GAL 010.46+00.02 10.458 0.0239 70.1 1

GAL 010.46+00.03 10.4625 0.034 68.9 4

GAL 010.47+00.03 10.4722  0.0264 68 6

4 GAL 010.6-00.4 10.6205 -0.3872 0.2 7

[SG70] 010.6-0.4 10.6258  -0.383 0.4 8

[KC97¢c] G010.7-00.5  10.6639  -0.4666 24 1

References. — (1) Lockman (1989); (2) Anantharamaiah (1985a); (3) Wilson et al. (1970);
(4) Bronfman et al. (1996); (5) Kim & Koo (2001); (6) Wood & Churchwell (1989); (7) Wink
et al. (1982); (8) Lockman et al. (1996); (9) Quireza et al. (2006); (10) Kolpak et al. (2003); (11)
Caswell (1972); (12) Wink et al. (1983); (13) Pestalozzi et al. (2005); (14) Kuchar & Bania (1994);
(15) Walsh et al. (1997); (16) Rodriguez-Rico et al. (2002); (17) Caswell & Haynes (1987); (18)
Georgelin & Georgelin (1970); (19) Russeil et al. (2005); (10) Ikeda et al. (2001); (21) Gardner &
Whiteoak (1978); (22) Caswell et al. (1975); (23) Downes et al. (1980)

Note. — Table 2.4 is published in its entirety with the article Rahman & Murray (2010)
in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance

regarding its form and content.
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by the elevated background as opposed to the high-surface brightness emission from
the bubble walls. We conclude that the bulk of the ionizing photons from the central
source escape through the bubble walls to reach distances of 100-200 pc or more,
confirming the results of MR10.

Previous estimates of stellar masses associated with giant H II regions have been
underestimates of the total stellar mass at those locations. This follows from the fact
that the H II regions reprocess only a small fraction of the ionizing photons in a given
WMAP source.

We suggest that massive clusters inhabit the central regions of the complexes.
These clusters have evaded detection due to the lack of high surface brightness H II or
radio continuum emission. We suggest that this results from a lack of gas and PAH
particles in the immediate vicinity of the young clusters. The clusters have evacuated
their surroundings, leaving little material to reprocess the ionizing photons emitted

by the cluster.

2.6.1 Scale Height of O Stars

As discussed above, the WMAP sources studied in this chapter are expected to contain
approximately one-third of the O stars in the Galaxy. Using those objects in our
catalogue with unique distances, we estimate the scale height of the O stars. As a first
approximation, we assume that each of the star forming complexes contain a similar
number of O stars. Using this assumption, we construct the cumulative distribution
function of star forming complexes as a function of their height above the galactic

plane. The scale height of the distribution is

h« = 35 + 5pc. 2.1)

This value is consistent with that obtained by Elias et al. (2006) for the local galactic

disk (within 1 kpc) of hf gp = 34 & 3 pc for their O-B2 subsample. Both are smaller
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than the value obtained by Reed (2000) of iij G = 45 & 20 pc for all OB stars within a
distance of 4 kpc, but easily fall within their error bars. We note that the scale height of
the molecular gas is  ~ 40 pc (Malhotra 1994), and the scale height of the GLIMPSE
bubbles is 1 = 40 pc if the population is assumed to be at an average distance of 4 kpc

(Churchwell et al. 2006).

2.6.2 Free-Free to 8 ym Emission Relationship

A morphological correlation has been established between the MSX 8 micron emission
and the radio continuum (Cohen & Green 2001). We investigate this correlation using
the WMAP free-free emission maps and the 8 ym emission from the GLIMPSE 8
micron mosaics. For each WMAP source, we summed the free-free emission from the
inside the Source Extractor ellipse from MR10. We summed the 8 ym from the same
ellipse in the Spitzer GLIMPSE mosaic. The result is shown in Figure 2.17. From a

least-square fit, we find the following relationship:

Fg yum o Fgt =0 (2.2)

where Fg um is the integrated 8 micron GLIMPSE flux and Fg is the integrated 90
GHz free-free emission from the WMAP free-free foreground emission map. We find
a similar relationship using the MSX Band A integrated flux in place of the GLIMPSE

measurements.

We note that while the 8 ym emission may be caused both by PAH emission as
well as warm dust continuum emission, the total flux in the 8 ym band is dominated
at large radii rather than the small, bright areas towards individual H II regions (MR10,
Figure 7). As such, we infer that the driver of this relationship is the PAH emission and
not the warm dust emission. While this correlation is strong, the physical meaning

behind it remains an open question.
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Figure 2.17: The comparison between the total flux integrated over the complexes presented in
Table 2.1 in free-free emission through the WMAP free-free foreground emission map at 90
GHz, and in 8 ym emission taken through the GLIMPSE 8 micron mosaics. The slope of the

best fit line is 1.1 £ 0.3. Complexes without GLIMPSE coverage are excluded from this plot.
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We caution against the use of this relationship without any physical insight,
especially to extragalactic regions. Calzetti et al. (2007) find that 8 ym emission is a
poor tracer of the star formation rate due to sensitivity to metallicity, size and star
formation history. Consequently, we warn against the use of this relationship as a

calibration of the star formation rate.

2.6.3 Velocity Dispersion of the Molecular Gas

Both molecular and atomic gas in the disk of the Milky Way are seen to have supersonic
velocity dispersions. These dispersions are normally interpreted as being due to
turbulence, although their origin is uncertain. If the motions are due to turbulence,
they must be driven, since undriven turbulence decays on roughly a dynamical time
(Mac Low et al. 1998). Furthermore, the turbulence must be driven on 100 pc scales,
since three dimensional turbulence cascades from large scales to small scales and not
the other way around. A number of driving mechanisms have been proposed (Mac
Low & Klessen 2004; Miesch & Bally 1994), including supernovae, stellar winds, and
gravitational instabilities, with no conclusive evidence for any particular mechanism.
We investigate the kinetic energy that is injected into the ISM by the expansion of the
massive complexes that we identify. We note that all of the star forming complexes
we have identified are likely to be in giant molecular clouds—a preliminary search
shows that more than thirty are in fact in molecular clouds.

We calculate the mechanical luminosity in the expansion of each of the star forming
complexes using

7T
Lech = Ezomﬁr, (2.3)

where £y = 170M, pc~2 (Solomon et al. 1987) is the surface density of a GMC, and r
and Av, are taken from Table 2.2. For SFCs where the half-spread velocity was not
measured, we used the mean half-spread velocity, Av = 12 km s™1, of the known

sources. For cases where the kinematic distance remains ambiguous, we take the mean
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radius of the complex determined from both the near and far distances. Since the ratio
of the two distances is less than two, this introduces an error of less than a factor of two
for 9 out of our 40 SFCs. For each of the SFCs, we present the calculated dynamical
properties in Table 2.5 with the columns as follows: column (1) the catalogue number,
column (2) the mass swept up in the shell in solar masses, column (3) the kinetic energy
of the swept up shell in erg, and column (4) the mechanical luminosity produced by
the motion of the shell in erg s~ .

The total mechanical luminosity being injected into the ISM inside the solar circle
due to the expansion of these SFCs is the sum of the individual luminosities. We limit
ourselves to the radius of the solar circle as all of the SFCs are located either at or
within the solar circle, and thus will not be injecting mechanical luminosity into the

medium outside of this radius. We find

p¥
~ 38 0 1
Lyecn =~ 6.7 x 10 <—17OM . 2) ergs . (2.4)

This sum encompasses only one-third of the star formation in the Galaxy. The other
two-thirds should supply a proportionate amount of mechanical luminosity, for a total
kinetic luminosity of ~ 2 x 10% ergs™!.

We compare this luminosity to that required to maintain the velocity dispersion in

the molecular gas within the the solar circle:

L :1MU3
turb—2 2h 7

where h = 40 pc is the scale height of the molecular disk, the molecular gas mass

(2.5)

inside the solar circle M = 1.0 x 10°M, and a molecular gas velocity v = v/21n 20,

with 0,0 = 7kms~! (Malhotra 1994). The turbulent luminosity is

v 3 _
Lturb ~ 2.4 X 1039 <W> erg s 1. (26)

We conclude that the mechanical luminosity we see in the bubbles, multiplied

by a factor of three to account for the other two thirds of Galactic star formation, is
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similar to the turbulent luminosity seen in the molecular gas. This suggests that the
expansion of bubbles within the identified SFCs may eventually dissipate and be a

significant energy source driving the turbulent motions of the molecular gas disk.

Despite the similarities in the mechanical and tubulent luminosities, there exist
a number of challenges to this explanation of the velocity dispersions. First, the
mechanical luminosities measured are coming from the coherent expansion motion
of the shells within the SFCs. For the energy in the expansion to drive the velocity
dispersion, the fluid motions must cascade from ordered to random at a high efficiency.
Further, the mechanical luminosity will be injected into the molecular material sur-
rounding the SFC and not distributed throughout the molecular disk. Consequently,
the energy will be injected into a small fraction of the molecular material and will not
be able to drive turbulence in the regions outside of the SFCs. However, the similarity
between the mechanical and turbulent luminosities indicate that this mechanism is
likely to contribute some energy to the turbulent motions and this point merits further
investigation.

We note that the kinetic energies calculated for most of the bubbles (refer to Table

2.5) range from 10* to just below 10°% erg s~1.

The kinetic energies of our most
energetic bubbles are similar to those measured in the superbubbles identified by

Heiles (1979), which range from 4 x 10°!ergs—! to 2 x 10 erg s~ 1.

We note that our bubbles are selected by their ionizing luminosity, i.e., we require
a very young stellar population. In addition, we do not see significant synchrotron
radiation from these areas, indicating the absence of supernova remnants. This implies
that the clusters are too young to have had more than a few supernova explode, and
many of our sources likely have not had any supernovae go off. We infer that the
superbubbles in the Galaxy are not initially driven by the energy from supernovae,
but rather by the energy injected into the medium by the massive stars during their

lifetime. It may well be, however, that supernovae contribute significantly to the
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kinetic energy later in the evolution of a superbubble.
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Table 2.5. Dynamical Properties of the Star Forming Complexes

SFC  log My, log Ej log Lyecn

# 0 Mo)  (erg)  (ergs )
1 49 50.7 37.8
2 49 50.1 36.9
3 2.8 48.0 36.2
4 5.7 50.9 37.2
5 54 50.5 37.1
6 2.9 48.1 36.2
7 43 50.2 37.7
8 6.1 51.8 38.1
9 29 48.1 36.2
10 5.6 51.3 37.8
11 3.3 48.1 35.8
12 5.3 49.5 35.6
13 1.6 46.0 34.6
14 41 49.3 36.6
15 3.1 48.2 36.3
16 2.2 46.6 34.8
17 54 50.2 36.6
18 4.0 49.1 36.6
19 2.9 48.0 36.2
20 2.0 47.2 35.9
21 6.1 51.3 37.3
22 6.3 51.8 37.8
23 4.6 49.7 36.8
24 39 48.3 35.5
25 45 49.7 36.8
26 6.1 51.7 37.9
27 5.0 50.0 36.6
28 6.2 51.2 37.1
29 6.2 51.3 37.2
30 2.2 47.3 36.0
31 6.0 51.2 37.3
32 5.1 50.3 37.0

(O3]
w

54 50.8 37.5
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Table 2.5 (cont’d)

SFC  log My, log Ej log Lyech

# Mo) (erg)  (ergs™!)
34 55 50.1 36.3
35 28 48.0 362
36 35 485 36.1
37 5.8 50.8 36.9
38 45 494 364
39 3.9 48.1 35.1
40 38 49.0 365

2.6.4 Bubbles: Spherical Shells or Flattened Rings?

The three-dimensional geometry of the bubbles identified by Churchwell et al. (2006)
has been contested recently. Beaumont & Williams (2010) propose that Churchwell et
al.’s bubbles are flattened rings. Beaumont & Williams (2010) suggest that the aspect
ratios of these rings may be anywhere from a few to as much as 10. Nineteen of
our forty-eight bubbles are in the GLIMPSE bubble catalogs. We test the assertion of
Beaumont & Williams (2010) statistically using the bubbles in Table 2.3.

We model our bubbles as ellipsoids, following the procedure of Noumeir (1999)
with semi-axes 4, b, ¢ aligned along the x, y and z axes such that a > b > c¢. The matrix

equation for the ellipsoid is

u™Xu=1 (2.7)

where u is an arbitrary position vector. The matrix X is a diagonal matrix with entries
a?,b?,c?, corresponding to the semi-axes of the ellipsoid. We rotate the ellipsoid along

the z-axis by an angle 6, and along the y-axis by an angle ¢, producing the matrix
wcos’>p+c?sin¢  Bcospcosfsinf (¢ — ) sin¢cos ¢

X' = Bcospcosfsind  a*sin®f + b?cos’f —Bsin¢cosBsinh (2.8)

—(a+c?)singcos¢p —Psingcoshsind asin®¢ + c?cos® ¢
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where we define a = % cos? 0 + b?sin? 6, and g = a* — b?.
To determine the observed ellipse on the sky resulting from the rotation of the
ellipsoid, we produce an orthographic projection of the ellipsoid onto the y-z plane.

The resulting projection is

a*sin® 0 + b% cos?0 —pBsin¢cosBsinf

Xp = (2.9)
—Bsingcosfsin® wsin? ¢+ c%cos? ¢

To minimize the observed axis ratio, we assume the bubbles are circular rings with

a = b, implying the semi-major axis of the projected bubble is a, and the projected

semi-minor axis is \/ a2sin” ¢ + c2 cos? ¢. The resulting axis ratio, a function of only

the rotation along the y-axis, is given as

a

\/ a2 sin® ¢ + c2 cos? ¢

(2.10)

RaX((P) =

We compute the expectation value of the axis ratio (Ryx(a/c)), for a/c = 10 and
a/c = 4. Using eqn. (2.10) we find (R;x(10)) = 2.4 and (R,(4)) = 1.8. We compare
this to our sample of 48 bubbles, for which we find (Rs) = 1.3 £ 0.3, suggesting
that the intrinsic aspect ratio a/c < 4 at the two sigma level. In fact (Ry) = 1.3
corresponds to a mean intrinsic aspect ratio a/c = 1.7.

A more sensitive test is that of the maximum aspect ratio; the maximum observed
aspect ratio is 2.2, corresponding to a maximum inclination angle of 31° from the
face-on position of a ring with a/c = 4. For a random distribution of inclination
angles weighted by the metric in spherical coordinates, we would expect 48%, or
23 + 7 of the bubbles to have an aspect ratio greater than 2.2.

We note that if the observed maximum aspect ratio (2.2) is in fact the true mean
aspect ratio, then (R;,(2.2)) = 1.4, consistent with the observed mean aspect ratio.
We note further that if flattened shells do exist in the regions analyzed, we would see
bright linear structures in the 8 ym images with the length of order the diameter of

the observed bubbles. We do not see any such features in the images.
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We note that the bubbles in our sample are on average much larger than the bubbles
found by Beaumont & Williams (2010). In the case of these larger bubbles discussed
here, we find an insufficient number of observed bubbles with large aspect ratios to
support the geometry of a flattened ring and the original picture of nearly-spherical

shells is more likely to be physically correct.

2.7 Summary

From an analysis of the 13 most luminous sources found in the WMAP free-free
emission map, we have identified 40 star forming complexes using a combination
of morphology in 8 ym emission from the Spitzer GLIMPSE and MSX surveys and
velocities of known H 1II regions at the same location on the sky. For all 31 of
the 40 complexes we are able to determine a unique distance associated with the
radial velocity measurements, allowing us to determine the physical size of these
complexes. For 20 of these star forming complexes, there are a sufficient number of
H II region velocity measurements to estimate the expansion speed of the complex

and consequently, a dynamical age.

We catalogue 48 bubble-like objects, 19 of which have been previously catalogued
by Churchwell et al. (2006). For most of these bubbles, we were able to determine a
physical size. We also present a comprehensive list of the radio recombination line

velocity measurements associated with each star forming region.

We discuss each of the WMAP sources individually, commenting on the morphol-
ogy within the source. Many of the northern sky star forming complexes are associated
with previously identified star forming complexes. In most cases, the previous masses
(or luminosities) for embedded clusters are substantially underestimated, as earlier
studies often did not take into account the leakage of ionizing photons from the central
ionizing source. We also find substantial evidence of triggered star formation in many

of the star forming complexes. A number of our star forming complexes, especially
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the southern sky complexes, have not been previously investigated or identified as
possible locations of massive stellar clusters.

We determine the scale height of the Galactic O stars to be h+ = 35+ 5pc, consistent
with previous values for the scale height of OB stars in the local galactic plane. We
determine a strong empirical relationship between the total integrated 8 ym and
free-free emission; Fg ym & Pflf'l.

We show that the kinetic energy injected per unit time into the galactic medium by
the expansion of the star forming complexes is similar to that required to maintain
the velocity dispersion seen in the Galactic molecular gas. Thus we propose that the
expansion of the star forming complexes is a primary driver of turbulence in the
molecular gas of the Galaxy. We further show that the kinetic energy of the identified
bubbles is similar to that of known superbubbles, implying that superbubbles are
being produced before any supernova activity has taken place within the cluster.

Finally, we show that the three dimensional geometry of the bubbles is more
consistent with a nearly-spherical shell rather than a flattened ring geometry based

on statistics of the identified sample.



Chapter 3

A Candidate for the Dragonfish

Association

A preliminary version of this chapter was published as:

“A Candidate for the Most Luminous OB Association in the Galaxy”

Rahman, M., Matzner, C.D., & Moon, D-S., 2011, The Astrophysical Journal Letters,
728, 37

3.1 Chapter Overview

The Milky Way harbors giant H II regions which may be powered by star complexes
more luminous than any Galactic OB association known. Being across the disk of the
Galaxy, however, these brightest associations are severely extinguished and confused.
We present a search for one such association toward the most luminous H II region in
the recent catalog by Murray and Rahman, which, at ~9.7 kpc, has recombination rate
of ~ 7 x 10°! sec™!. Prior searches have identified only small scale clustering around
the rim of this shell-like region, but the primary association has not previously been
identified. We apply a near-infrared color selection and find an overdensity of point

sources toward its southern central part. The colors and magnitudes of these excess

68
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sources are consistent with O- and early B-type stars at extinctions 0.96 < Ag < 1.2,
and they are sufficiently numerous (406 = 102 after subtraction of field sources) to
ionize the surrounding H II region, making this a candidate for the most luminous OB
association in the Galaxy. We reject an alternate theory, in which the apparent excess

is caused by localized extinction, as inconsistent with source demographics.

3.2 Introduction

Very massive OB associations are objects of intense interest. Given that the association
birthrate (N) is observed to vary with association mass (M) as dNy/dIn My o
1/ My (McKee & Williams 1997), or possibly slightly flatter, a large portion of each
galaxy’s star formation occurs within its most massive OB associations. Giant OB
associations are most capable of disrupting their gaseous environment, from their natal
molecular clouds to the entire galactic neighborhood, and they inflate superbubbles
which erupt from the disk, feeding a galactic halo or fountain. They sculpt and
illuminate the giant H II regions seen in distant galaxies and are a notable feature of
starburst evolution. Being the most extreme examples of intense star formation in the
current universe, they are laboratories for the physics of star cluster formation such as
environmental influences on the initial mass function, formation of very massive stars,

and dynamical evolution with rapid stellar evolution.

Although several of the brightest known OB associations within the Milky Way
approach ‘super star cluster’ status (M > 10*M, Portegies Zwart et al. 2010), it is
possible that even more luminous associations have escaped detection because of
severe extinction and confusion in the Galactic plane. For instance, the Galactic OB
associations with the largest known ionizing output, S, are those powering the NGC
3603 H II, Arches, Quintuplet, and Galactic Center regions (log S/ s1 ~515,51.0,50.9,

and 50.5, respectively: Figer 2008; Conti & Crowther 2004); however, the upper
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limit of the Milky Way association distribution is estimated to be even brighter
(log S, /s~ ~ 51.7; McKee & Williams 1997).

In Chapter 2!, we identified 40 star-forming complexes within the 13 most luminous
(S > 3 x 10°! s71) free-free emission regions observed by WMAP and catalogued by
Murray & Rahman (2010). Many of these complexes are potential hosts to embedded
super star clusters. Of particular interest is the most luminous unconfused star-
forming complex located at (I, b) = (298.4,-0.4) with a kinematic distance of 9.7 kpc.
With an output of log S/s~! ~ 51.8, the stars powering this region may represent the
Milky Way’s most luminous OB association. (We refer to this region and its cluster as
G298 or, inspired by its 8 um appearance, as the ‘Dragonfish Nebula”: Figure 3.1.) The
region appears in 8 ym as a closed bubble surrounded by a prominent shell. Previous
searches using near-infrared (NIR) point source catalogs from 2MASS (Dutra et al.
2003) and Spitzer GLIMPSE (Mercer et al. 2005) have concentrated on the brightest
regions of free-free emission around the shell and relied on integrated source counts.
Although some clustering was discovered in these studies (Figure 3.2), the central
ionizing association is yet undiscovered.

In this Chapter, we identify a candidate for the central OB association powering
the Dragonfish, primarily by applying a color selection to the 2MASS catalogue. Our
candidate is potentially the most luminous (and thus massive) OB association in the

present Milky Way.

3.3 Feasibility and Methods

Only very luminous stars of deeply embedded OB associations are visible due to
distance and extinction. Whether the association can be identified using the 2MASS

point source catalogue (Skrutskie et al. 2006) depends on the OB association radius

IPublished as Rahman & Murray (2010)
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X 4.5’}1171

Figure 3.1: G298 or the Dragonfish region seen in the Spitzer GLIMPSE 3.6 (blue), 4.5 (green)
and 8.0 (red) ym bands (Benjamin et al. 2003).
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and field star density.

Radii in the range 10-30 pc are likely since most associations, irrespective of mass,
are disrupted immediately after birth (Roberts 1957). OB association birthsites in the
Milky Way have a limited range of mass column densities, & ~ 0.3 gcm =2 4 0.5 dex
(Fall et al. 2010). Using the definition of the turbulent virial parameter (from McKee &
Zweibel 1992), turbulent linewidths in these birthsites are
o = 5a'/2[(0.5/¢)(Z/.3gcm™2)Ms)/* kms~!, for associations of mass 10° M5 M,
which form with efficiency ¢ from a region with turbulent virial parameter a. Crossing
and formation timescales are both shorter than the ionizing lifetime and the terminal
expansion speed of an OB association is likely to be ~ ¢. For an association of
~ 10°M,, an age between 2—-4 Myr, and an expansion speed between 4-6 kms™!,
we therefore expect an expanding population currently 8-24 pc in radius, possibly
surrounding a dense core which survived the disruption event. For a physical radius
R = 10(R/10pc) pc with the ionizing luminosity of the Dragonfish as measured from
WMAP, the association source density is 10(R/10pc) 2 arcmin 2. We measure the
2MASS source population density in the Galactic plane to be 14 — 17 arcmin 2. For
R < 8pc the association dominates raw 2MASS source counts, whereas for R > 10pc
it is a minor variation of the 2MASS population which is difficult to detect using raw

source counts.

The NIR color information provides an additional avenue to search for the em-
bedded associations. We make use of this in the search for the embedded association
within the Dragonfish. Ionization from a coeval stellar population drops sharply after
4 Myr as its most massive and powerful stars turn off the main sequence, so it is
unlikely, though not impossible, that G298’s ionizing population is any older. The
ionizing population is sufficiently rich (S > 10 s~!: Kennicutt et al. 1989) to fully
sample the stellar initial mass function (IMF); its very massive stars should still be

present and visible.
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The association is likely highly extinguished, even if it has cleared its natal cloud.
At a distance of 9.7 kpc the fiducial distance-extinction relationship within the Galactic
disk, Ay/D ~ 1.6 kpc_1 (Binney & Merrifield 1998), predicts Ay ~ 16; this corre-
sponds to a Ks-band extinction Ak, ~ 1.0 (Nishiyama et al. 2008). We adopt the
Nishiyama et al. (2009) extinction law, which is steeper than that of Cardelli et al.
(1989). We rely primarily on the 2MASS point source catalog for our analysis, but
use three additional data sets to check for consistency: the USNO-B catalog of visible
magnitudes, the Spitzer GLIMPSE catalog at 3.6 and 4.5 ym, and deeper ] and H band

photometry of a small section of the candidate.

For our search, we target main-sequence, massive stars, at a distance of ~ 9.7
kpc and an extinction of around Ax ~ 1. Further, association members visible
in all three bands have spectral types of roughly Bl or earlier, so their intrinsic
emission in the NIR bands (A ~ 1.0 — 2.4 ym) is entirely in the Rayleigh-Jeans limit
((J—H,H—K) = (—0.11, —0.10); Martins & Plez 2006). With the predicted extinction,
NIR colors should be (] — H,H — K) ~ (1.1,0.5). Association sources should lie
in a tight group along the reddening vector from this common initial color. If
the upper IMF follows the Salpeter (1955) slope to an upper limit of 120 M, we
expect ~ 400 x 10-03(4x=19)(D /9.7 kpc)!1® members with confident NIR colors
([J, H,Ks] < [15.9,15.0,14.3], for which the signal-to-noise ratio exceeds five in all
bands). Note that if the association is older than 4 Myr or is not coeval, it must be
even more numerous because more stars are required to make up for the missing

ionization from the top of the main sequence.

The first steps of our analysis are to select sources with the color of an early-
type star behind a range of extinctions bracketing the expected value, to test for a
statistically significant overdensity within the confines of the 8 ym bubble, and then to
vary the adopted extinction range in order to optimize the statistical significance of

the overdensity. In practice we determine source density using the angular offset 6y
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between a source and its Nth neighbour, as &, = N/(76%), and use N ~ 20 — 100
to reduce Poisson noise at some expense in resolution. Once the angular scale of the
putative association is determined, we assess its significance by comparing source
density within this region to the mean £, and standard deviation oy, of those within
independent, identically-sized regions in a 2-degree field centered on, but excluding,
the 8 um bubble. Statistical significance is measured by (X, — £.)/0x.

Once a candidate is identified, we check that the same procedure applied to
regions outside the 8 ym bubble yields no candidates of similar significance. We
then examine the color-color and color-magnitude diagrams (CCDs and CMDs) of
similarly-sized regions to check that an apparent overdensity is not caused by features

of the distribution of stars and extinction.

3.4 Results

3.4.1 Candidate OB Association

Based on the expected source colors from § 3.3, we apply a NIR color cut of 1.0 <
J]—H <14 and 044 < H - K; < 0.62, corresponding to colors of hot stars with
0.9 < Ak < 1.2. Within the color cut, the 2-degree diameter field encompassing the
Dragonfish has a mean stellar density ¥, = 1.4 arcmin—2, which we refer to as the field
star density. The standard deviation of X, averaged over association-sized regions
is oy, = 0.30 arcmin 2. We find a significant overdensity of stars in the Dragonfish
Nebula at (I, b) = (298.55,-0.72), located inside the shell of the star forming complex
(Figure 3.2). This overdensity is not evident in the field star density of all point sources
in 2MASS (Figure 3.3). In Figure 3.4, we present the field star density maps of a series
of extinction cuts, showing the appearance of the overdensity at the chosen colour cut,
and its absence in the others.

The 10 stellar overdensity contour (X, = ¥, + 0y) has semimajor and semiminor
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axes (11/, 10'), corresponding to (31, 28)pc; however, the association may extend
beyond the observational limit. The peak of the overdensity is >, = 3.7 arcmin 2,
8-0 above the background level on cluster-sized regions, adopting the 100th nearest
neighbor. The region contains 897 sources within the adopted boundaries. Subtracting
the contribution due to background sources, the candidate association is composed
of 406 + 102 sources, consistent with the value determined based on the chosen IMF

and measured luminosity (§ 3.3). Using the 1-c boundaries, the mean density of the

association is X 4 4.0cs. We refer to the candidate as the “Dragonfish Association”.

The association is strongly concentrated within the central 4.1/, but contains an
extended asymmetric envelope. The central, dense, symmetrical region has a stellar
density which depends as 6% with « = 0.44 £ 0.03 for 2’ < 6 < 3/, where the value of
« depends on the assumed density of field sources. At larger radii the azimuthally
averaged density drops more rapidly, but is dominated by the asymmetries visible in
Figure 1. Half the excess sources are found within 4.7/, or 13 (D /9.7kpc) pc, similar

to the half-light radii of other Galactic OB associations (Portegies Zwart et al. 2010).

Assuming half the projected mass falls within this radius, and assigning a total
mass of 10° M, we infer that the association’s central regions are older than their
virial crossing times, whereas its outskirts are not (T, = 22 Myr). It therefore seems
likely to be unbound on the whole (Gieles & Portegies Zwart 2011) but to contain a

bound core; however this bears further investigation.

Using the USNO and Spitzer GLIMPSE catalogues, we are able to confirm that the
stars identified in the Dragonfish Association have magnitudes and colors consistent
with OB stars with the stated extinction, but not further able to distinguish the
association population from the background. In the GLIMPSE wavelengths (> 3 ym),
this is because nearly all stars have identical, Rayleigh-Jeans colors, whereas with the
USNO wavelengths (< 1 ym), the spectral energy distribution is strongly dominated

by the extinction. Thus template colors of most stellar types can be fit to the additional
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photometry by varying the assumed distance or extinction of the star.

3.4.2 Color-Color and Color-Magnitude Diagrams

The NIR color information provides an additional avenue to determine important
parameters of the candidate association, including the statistical significance of the
overdensity, the possible background contributors, and the color variation of all point
sources within the association boundaries. Figure 3.5 presents the CCD and CMD
of the point sources within the 2 degree field centered on the Dragonfish Nebula,
showing the distribution of all 2MASS point sources, as well as the relative location
of the color cut. We indicate in red the point sources that fall within the association
boundaries. We indicate in blue all stars within the field that meet the association’s
color cut. The position of the main sequence is indicated at a distance of 9.7 kpc
and extinguished by Ax = 1.0. The reference magnitudes for the O spectral type are
taken from Martins & Plez (2006), and for the remaining spectral types from Pickles
(1998). The path taken by an O5V star if placed at varying distances, assuming the
average extinction to distance ratio, is indicated by the red line. The path taken by
any given reference star is just a translation of this path on the diagram. The color cut
is sufficiently large to permit spectral classes of A and earlier at the given reddening.
However, the sensitivity of 2MASS limits stars at this distance and extinction to be no
later than B1V.

In Figure 3.6 we bin the CCD and CMD to investigate the overabundance in the
region within the Dragonfish Association as compared to the surrounding regions.
These figures indicate the location and prominance of the cluster overdensity as a
function of both color and magnitude. For the CCD, we bin the sources in a 35
bin grid spanning —0.3 < ] — H < 25 and —0.2 < H — K < 1.1. For the CMD, we
similarly use a 352 bin grid with 5 < | — H < 17.0, and identical | — H limits. We grid

the point sources that fall within the association boundaries and subtract the average
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Figure 3.2: Top: The 8 ym GLIMPSE image of the Dragonfish Nebula. The dotted ellipse

indicates the location of the WMAP source, and the solid ellipse indicates the location of

the star-forming complex. The cyan triangles indicate the location of known H II regions.

Clockwise from top: G298.56-0.11, G298.2-0.3, G298.19-0.78, G298.9-0.4, and (298.837-0.347.

The red squares and diamonds indicate the regions of stellar clustering identified by Dutra

et al. (2003) and Mercer et al. (2005). Bottom Left: The individual 2MASS sources within the

field surrounding the Dragonfish Nebula passing the color cut. Bottom Right: The 2MASS

stellar densities of the field surrounding the Dragonfish Nebula at the color cut corresponding

to O-stars with extinctions between 0.9 < Ag < 1.2. The color bar indicates the stellar density

in stars per square arcminute.
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Figure 3.3: The 2MASS stellar densities of all stars in the field surrounding the Dragonfish
Nebula. The color bar indicates the stellar density in stars per square arcminute. The ellipses

are the same as in Figure 3.2.

bin value from the surrounding field. In both the CCD and CMD, an overabundance
of point sources appears in the range 1.0 < ] — H < 1.5. We note an underdensity in
the CCD at (] — H, H — K) = (0.8,0.3). The total number of sources “missing” in the
underdensity is approximately 200. The underdensity is associated with a galactic

structure feature in the surrounding field which we discuss in depth in Chapter 5.

Given that the colors of these underdense sources are separated from those of
the putative OB association by a vector which is nearly parallel to the extinction
vector, could the association be only an illusion caused by intervening extinction with
Ag ~ 0.25? If so we would expect an overall deficit of stars in this direction (due to
the extinction of dim sources), but there is no such trend. In fact the missing sources
are about half as numerous as the surplus ones. Corroborating this point, we note
that the vector separating the two populations is slightly steeper than the Nishiyama

et al. (2008) extinction law (whereas the overpopulation is perfectly consistent with OB
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Figure 3.4: The 2MASS stellar densities of the field surrounding the Dragonfish Nebula in
colour cuts corresponding to O-stars with extinctions between 0.4 and 1.6 in Ag. The ellipse

indicates the location of the star forming complex.
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Figure 3.5: Color-color (top) and color-magnitude (bottom) diagrams of the 2MASS point
sources. The grey points are all points within the two-degree field, while the red points are
the sources within the association boundaries. The blue points indicate all sources within the
color cut. The green diamonds indicate the main sequence at a distance of 9.7 kpc with an
extinction of Ax = 1.0. The location of an O5V and B0V star are indicated for reference. The
red line indicates the track of an O5V star at various distances, with the numbers indicating
the distance in kpc. Similar paths are shown for K3II (black dotted line) and BOI (black dashed

line) stars.



CHAPTER 3. A CANDIDATE FOR THE DRAGONFISH ASSOCIATION

H-K

1.0

00 05 .0

0 15 20 25
J-H

0.8

0.6

0.4

0.2 b

0.0 /
1 15 20 25
J-H

00 05 1

81

Figure 3.6: Binned color-color (top) and color-magnitude (bottom) diagrams of the 2MASS

point sources within the candidate association boundaries with the binned background

removed from the diagrams. The cluster color cut is indicated with the black lines. The color

bars indicate the number of stars in each bin. The white arrow on the color-color diagram

indicates the extinction vector corresponding to an Ax = 0.5 from the unreddened location of

O stars.
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stars reddened by that law). Moreover, sources which appear underdense on this plot
vary on larger angular scales than that of the association; their population is mostly a
function of galactic latitude, although there are somewhat fewer of them toward the
association. We therefore conclude that the association does in fact exist, but there

may also exist localized extinction which affects the color distribution of sources.

To further investigate the role of patchy extinction, we have obtained additional |
and H band photometry towards a central 3.9’ field in the candidate association using
the Wide Field IR Camera on the 2.5-metre du Pont Telescope, with limiting magni-
tudes of | = 17.1, and H = 16.3 at a SNR of 3 (J. Radigan, private communication,
2010). We extract 906 stars in this field. With this additional photometry, we find stars
in the range of 0.8 < | — H < 0.96, with a continuous density of stars throughout
this color range (Figure 3.7). Further, we find the overdensity of point sources at the
2MASS identified colour cut in the range of 1.0 < | — H < 1.4, distinct from the other
population of point sources with magnitudes brighter than | < 15.5, but merging into
the other locus of sources at fainter magnitudes. We also find no evidence for any
shadowing features which would indicate a strong extinction feature. This supports

our conclusion that the apparent association is not an extinction feature.

3.5 Confusing sources

In order to identify possible contaminating stars within the color cut, we model
the NIR colors and magnitudes of template stars of different spectral types and
luminosity classes. We vary the distances of the model stars to examine which stars
meet the cut above the 2MASS limiting magnitudes. We use reference magnitudes,
extinction relationship and the average extinction-to-distance ratio as in §3.4.2. All
main sequence OB stars down to B1V can fall within the color and magnitude limits.
With the 2MASS limiting magnitudes, assuming the extinction-to-distance ratio, all

subtypes of O stars are visible to 13 kpc. All main sequence stellar types later than
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Figure 3.7: The ] vs. J-H color-magnitude diagrams of the du Pont point sources at the centre

of the association.

B1V fall below the magnitude limits. OB giants (down to B9III) and K1III to MOIII
giants can fall within the color and magnitude limits. All supergiant stars can fall
within the association color cut and magnitude limits. We show examples of stars that
may fall within the color and magnitude limits in Figure 3.5. The red-clump giant
feature, composed of early K giant stars (Lopez-Corredoira et al. 2002; Indebetouw
et al. 2005) partially overlaps the association color cut towards the faint end, but is not
the primary contributor to the background population.

Using the Robin et al. (2004) model of the stellar population we produce a synthetic
catalogue of stars (Figure 3.8). We simulate the field in the direction and with the
size of the Dragonfish Association, using the 2MASS limiting magnitudes from §3.3,
and a diffuse extinction law of 1.6 Ay /kpc. The model background population
underestimates the total number of sources. However, we find that the majority of
stars within the color cut are early K giant stars with masses between 1 and 3 M,

and distances between 3.0 and 4.5 kpc; we assume these represent our contaminating
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sources.

3.6 Conclusions

We have used the 2MASS point source catalogue to search for the central OB associa-
tion within the Dragonfish Nebula by analyzing the on-sky stellar density with NIR
colors consistent with extinguished O stars. We find an overdensity of point sources
within the bubble at an extinction range of 0.96 < Ag < 1.2. Comparing the CCD and
CMD of the candidate association with the surrounding field, we confirm the presence
of the overdensity at the chosen color range. We reject an extinction explanation for the
overdensity and infer that the contaminating star population consists predominantly
of K giants 3-4.5 kpc away. Our candidate association contains 406 £ 102 members
visible in 2MASS with magnitudes consistent with O and early-B stars, similar to the
ionizing population expected from the region’s free-free luminosity. We infer from its
assumed mass, radius, and maximum age that it is likely to be unbound on the whole
but may contain a bound core; however further investigation is necessary to determine
its dynamical state. This is a candidate for the most luminous (and consequently the
most massive) OB Association in the Galaxy. If confirmed by upcoming spectroscopic
observations, the Dragonfish Association is an outstanding candidate for multiwave-
length examination, as it is a promising laboratory massive star formation, stellar

dynamics, and feedback processes within the Galactic environment.
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Figure 3.8: Histograms of the synthetic population produced with the Robin et al. (2004)
simulation, limiting to the selected colour cut and magnitude limits of 2MASS. The histograms
show the distributions of the synthetic population in spectral type (top left), magnitude (top

right), distance (bottom left), and mass (bottom right).



Chapter 4

Spectroscopy of the Dragonfish

Association

A preliminary version of this chapter was published as:

“Spectroscopic Confirmation of the Dragonfish Association: The Galaxy’s Most
Luminous OB Association”

Rahman, M., Moon, D-S., & Matzner,C.D., 2011, The Astrophysical Journal Letters,
743, 28

4.1 Chapter Overview

Young OB associations with masses greater than 10* M, have been inferred to exist in
the Galaxy but have largely evaded detection. Recently, a candidate OB association
has been identified within the most luminous star forming complex in the Galaxy;,
the Dragonfish Nebula. We identify 18 young, massive stars with near-infrared
spectroscopy from a sample of 50 members within the candidate OB association,
including 15 O-type, and three Luminous Blue Variables or Wolf-Rayet stars. This
number matches the expected yield of massive stars from the candidate association,

confirming its existence and ability to power the parent star forming complex. These

86
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results demonstrate the existence of a 10° M;, OB association, more powerful than any
previously known in the Galaxy, comparable in mass only to Westerlund 1. Further,
the results also validate the color selection method used to identify the association,

adding credence to others discovered in the same way.

4.2 Introduction

The most luminous and powerful of a galaxy’s young stellar associations contain a
significant fraction of its massive stars, and dominate all collective forms of energetic
feedback into the galaxy’s large-scale wind, gaseous disk, and halo (McKee & Williams
1997; Dove et al. 2000). While the massive cluster populations of some other galaxies,
such as M83 are well characterized (Chandar et al. 2010), only the closest couple
kiloparsecs of the Milky Way have been probed in detail (Lada & Lada 2003). Across
the Galactic plane, severe obscuration by dust and the high density of field stars have
confounded searches for even the most luminous associations, leaving our knowledge
of them incomplete. About 50 young OB associations with masses greater than 10*
M¢ have been inferred to exist in the Galaxy (McKee & Williams 1997; Larsen 2009);

however, they have largely evaded detection.

Our view of the Galactic population of H II regions is substantially more complete,
thanks to radio surveys (Caswell & Haynes 1987) and subsequent follow-up studies.
Of the identifiably coherent structures which emerge from such work, the most
luminous is the so-called Dragonfish Nebula at (I,6)=(298,—0.4) (Murray & Rahman
2010, Chapter 2). Located on the far side of the Galaxy, 9.7 kpc through the Galactic
disk, its morphology and radio velocities are indicative of an expanding bubble. Its

H-ionizing luminosity of 10518

photons per second, if it originates from a coherent
group of stars, requires the presence of the most luminous young stellar cluster or
OB association in the Galaxy. The region’s distance and location in the Galactic plane

imply a high degree of extinction, roughly Ax ~ 1 or Ay 2 10.
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Using a near-infrared (NIR) color selection method, a candidate for the central
powering source of the Nebula was identified: the Dragonfish Association (Chapter
3'). The association is composed of 406 + 102 candidate O stars, consistent with the
measured ionizing luminosity, making it one of the largest single OB associations
or young clusters in the Galaxy (M ~ 10° Mg). Notably, the candidate association
is not projected towards one of the bright regions of H II and 8 ym emission in its
vicinity, but within an evacuated shell surrounded by such emission. This suggests
that the ionizing source has inflated a bubble of radius 69 pc within the Galactic
disk. The overdensity of sources being indirect evidence, we seek direct spectroscopic
confirmation that the overdensity consists of O stars, and that the field objects are K
giants.

In this chapter, we confirm the existence of the Dragonfish Association through
NIR spectroscopy of massive stars. In addition, we identify two candidate Luminous
Blue Variables and a Wolf-Rayet within the association. This verifies the presence
of a OB association which, on the basis of source counts, is sufficiently luminous to
power its host star forming complex, giving it a total mass of 10° M, and making it
the most luminous OB association in the Galaxy. The confirmation of the Dragonfish
association validates the NIR color selection method as a way of identifying candidate

clusters and associations in distant star forming complexes.

4.3 Observations & Data Reduction

We performed near-IR low-resolution long-slit spectroscopy of 50 candidate O-stars
within the Dragonfish Association and a control sample of four non-cluster sources,
using SOFI on the 3.6m New Technology Telescope (NTT) at the ESO La Silla Obser-

vatory between March 16-20, 2011. Low resolution (R ~ 1000) spectra were taken of

1Published as Rahman et al. (2011a)
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each of the candidate stars between 1.52 and 2.4 ym using a 0”6 slit. We were able
to observe two candidates simultaneously using the length of the slit (290") where
alignment on the sky was possible. A nod-and-shuffle technique was used to improve
the removal of the near-IR OH sky lines. Both samples are limited to NIR colors
consistent with extinguished O stars (or less extinguished K giants), and to K magni-
tudes brighter than 12. The control sample is offset from the candidate association
by 0°5 and should represent the interloper sources within the cluster sample. The
total integration time is 60 min for each cluster source and 2 min for each non-cluster
source, using the nod-and-shuffle technique. This provides minimum signal-to-noise
ratios of > 250 and > 50, respectively. In addition, standard O, K, A, and Wolf-Rayet

stars were observed with a minimum SNR > 40 to aid in the spectral classification.

The instrumental crosstalk effect was removed from all calibration and science
frames using the Image Reduction and Analysis Facility (IRAF) script provided by
observatory. The remainder of the data reduction and analysis took place in Python

using the numpy, scipy, matplotlib and pyfits packages.

The wavelength calibration was determined using Xenon arc lamp images taken
at the beginning of each night. Nine reference emission lines between 1.54 and 2.48
um were fit with using a Gaussian for each row of pixels along the spatial axis. The
centre positions of each line were fit to a cubic function to produce an independent
wavelength solution for each row of pixels along the spatial axis. Based on the accuracy
of both the Gaussian and cubic fit, the error in the wavelength solution is smaller than
1A.

Bad pixels were identified in each frame using a gradient-based filter; the centre-
weighted second-gradient of each frame was taken. The gradient was taken along the
spatial axis rather than the dispersion axis to keep detail in wavelength dependent
features. Pixels above a threshold in the second-derivative image were identified as

bad pixels. Pixels identified in this manner were combined with the observatory-
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provided bad pixel mask. The values of the bad pixels were replaced using a linear

interpolation method using the neighbouring good pixels along the spatial axis.

A master flat was produced from the normalized median of the dome flats taken
each night. A comparison of the flats from each night show little variation, indicating

a stable flat field throughout the observing run.

Each of the sequential dither positions were subtracted from one another and
divided by the master flat to remove the effects of sky emission, dark current, and flat
fielding. Due to the time-varying nature of the OH sky lines, residuals of the sky lines
remain in the frame. This was corrected by subtracting the median of a 10-pixel strip

along the spatial axis from the spectra pixels.

The spectra on the differenced frames were fit to a linear function to correct for
the alignment of the slit on the detector. The centroid of the spectra shifts between
3-4 pixels from the top of frame to the bottom. To extract the spectra, a 10-pixel strip,
centred on each spectrum, along the spatial axis was summed for each row along the
dispersion axis to produce a one-dimensional spectum. This extracted spectrum was

normalized by dividing by the median data value.

Each of the science targets had 3 nod-and-shuffle cycles producing 6 spectra. Each
of the 1-D spectra were regridded using a linear interpolation method to ensure
accurate wavelength combination. The combined spectrum was produced by taking
the mean of intensity value at each wavelength bin. An estimate of the error was
produced by taking the standard deviation of the individual spectrum at each bin,
producing the estimates of the SNR of > 250 for cluster sources, and > 50 for

non-cluster sources.

To correct for sky transparency and the wavelength-dependent detector sensitivity,
a transparency function was produced from spectra of two telluric standards taken
at the airmasses of the science targets. These standard stars were Hipparcos 59642
(G1V), and Hipparcos 62539 (F5V). The spectra were divided by models of GOV and

F5V stars from Lancon & Rocca-Volmerange (1992). A 45 A median filter was applied
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to the resultant transparency function to correct for any single-pixel noise effects
in the telluric spectra. The combined spectrum was divided by the transparency
function. The H-band (1.5-1.8 ym) and K-band (2.0-2.4 ym) windows were isolated
and continuum rectified individually. The spectra were continuum rectified by fitting
the spectra in each of the windows to a third-order polynomial and dividing by the

tit. We use the resultant 1-D spectrum for stellar classification.

4.4 Analysis & Results

4.4.1 Spectral Classification

From the NIR color identification method, the contaminating non-member population
confused with the candidate association is predominantly K giants with moderate
extinction (Ax ~ 0.3; Chapter 3). Due to the high extinction, the intervening interstellar
medium will imprint absorption lines on the spectra as well, primarily from neutral
metals (see §4.4.2). The NIR spectra of K giants are similarly riddled with neutral
metal lines, causing difficulty in identifying O stars on this basis, at least at low
spectral resolution (Rayner et al. 2009). Consequently, to type each of the stars, we
concentrate on visually identifying and isolating spectral features that appear in
early-type stars and comparing their relative strengths to that from reference spectra.

To discriminate between extinguished O stars and K giants, we concentrate on
visually identifying two absorption lines which are characteristic of massive young
stars but absent or very weak in K giants. These are the 2.166 ym Br < line and the
1.700 ym He I line, which is prominent in late O stars. A number of weaker features,
such as the 1.693 ym He II line (present in early O stars), 1.681 ym H I line, and the
2.188 um He II line, are also useful for identification.

In Table 4.4.1, we present the identified young massive stars: 15 O stars and three

evolved massive stars. We present the spectra of a selection of these stars in Fig 4.1. We
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classify the NIR spectra of O stars with the Brackett series of hydrogen absorption lines
and He I and II absorption lines. These features are weak, necessitating signal-to-noise
ratios above 100 for detection (Hanson et al. 2005). We determine a subtype range
and luminosity class with the aid of the weaker absorption lines and NIR photometry
using the NIR extinction law from Nishiyama et al. (2009) and model photometry from
Martins & Plez (2006). The magnitude differences between luminosity classes (from
0.2 to 1.0 mag in the K-band) of the same spectral subtype ranges make it improbable
for small differences in the extinction determination to change the luminosity class
identification. We note that massive stars with weaker features, such as early O stars
lacking He I absorption or with Brackett 7y absorption that has been filled in, may
evade detection (Hanson et al. 2005). All except the most luminous stars (the WN9
and O4-6 stars) show strong Br -y absorption. The later stars all show He I absorption
while the earlier stars show He II absorption.

In addition to the 15 O stars, we identify one Wolf-Rayet star based on H1I, He I
and He II emission (Morris et al. 1996). Further, we find two candidate Luminous
Blue Variable (LBV) candidates, based on numerous He I emission lines, and [Fe II]
emission in one case (Fig. 4.2; Morris et al. 1996). These LBV candidates fit best the
profile of “quiet” or “late” LBVs, with smaller emission lines than more “active” LBVs.
Active LBVs would be excluded from the associaiton colour cut due to the significant
line emission that would alter the colours of the objects. These rare, exotic objects,
transition stages of the most massive stars, are typically found in locations of recent
star formation. Confirmation of the LBVs will require studies of their photometric

variability.

4.4.2 Interstellar Features

The high signal-to-noise spectra of the massive stars presented in figure 4.1 contain a

number of features that are similar to features in the contaminating K-giant population.
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Table 4.1. Massive Stars Identified in the Dragonfish Association
# RA Dec 1(deg) b (deg) Spectral Type  Kg (mag) Ak (mag)
1 12h11m302s -63°15'35/7 298458  -0.736 06-81 10.5 12
2 12h11m320s  -63°15/52"7 298462  -0.740 08-9.51 10.5 1.1
3 12h1lmdlds -63°16/3174 298481  -0.748 08-9.511I 12,0 1.0
4  12h11m482s -63°14'33'6 298488  -0.713 06-8III 11.1 1.0
5  12h11m54.1s  -63°1704'0 298506  -0.753 WN9 115 12
6 12h11m58.4s -63°09'42'1 298495  -0.630 08-9.51II 11.6 09
7 12h12m06.5s -63°11/36/1 298515  -0.659 06-8I1T 11.0 1.1
8 12h12mllls -63°12'20'8 298525  -0.670 04-6V 11.6 1.1
9  12h12m203s -63°13/42'5 298546  -0.690 LBV? 11.9 1.1
10 12h12m2l4s -63°16/38'4 298555  -0.738 LBV? 9.0 1.1
11 12h12m22.1s  -63°13/4079 298549  -0.689 09-9.5111 11.7 1.0
12 12h12m29.5s -63°10'515 298.556  -0.641 05-7V 11.9 1.1
13 12h12m37.2s -63°14/52'5 298580  -0.705 04-6V 11.6 1.1
14  12h12m4l3s -63°09'27/3 298574  -0.614 <05V 11.9 1.1
15  12h12m52.3s  -63°17°03'9  298.613  -0.736 07-9.5111 11.2 1.0
16 12h12m52.6s -63°18/3078 298.618  -0.760 06-8I1T 114 1.0
17  12h12m544s -63°17'56/5 298.619  -0.750 06-8I 11.1 12
18  12h12m55.3s  -63°06'4076 298593  -0.564 09-9.511I 11.3 1.0
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Figure 4.1: The spectra of 9 massive stars within the Dragonfish Association at the wavelength
ranges of interest for spectral classification. The spectral types and identification numbers
from Table 4.4.1 are indicated. The wavelengths of features used to classify the stars are
indicated with dashed lines. The spectra have not been adjusted for Doppler shifts. The error

bars are indicated in grey.
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Figure 4.2: The spectra of the two candidate luminous blue variable candidates. The upper
spectrum is star 9 and the lower is star 10 from Table 4.4.1. The error bars are indicated in grey.
Characteristic spectral features are indicated. All spectral features are significantly stronger

than those of the O-stars.
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Riddled throughout the spectra are neutral metal lines, primarily from Mg, Al, Fe, and
Si. These elements are common in the interstellar medium and have been observed in
absorption within the local 100 pc (Redfield & Linsky 2004). Consequently, these lines
are expected to be imprinted on relatively featureless spectra when seen through a

large column, as would be expected towards the association.

In addition to the metal absorption lines, strong CO vibrational absorption bands
are visible in the spectra of all identified massive stars at 2.29, 2.32 (v =2 — 0) and
2.35 (v =3 — 1) um. These are often detected as photospheric absorption features
of K-giants (Rayner et al. 2009), however, they may be also imprinted on nearly
featureless spectra of younger, more massive stars by interstellar absorption. The v =
2 — 0 bands have been detected towards NGC 2024 IRS 2 with line widths Av = 1.4
km s~! (Black & Willner 1984). The individual lines within each band are found to be
saturated with total band equivalent widths of ~0.5 A (Lacy et al. 1994). Towards the
Dragonfish region, there is CO emission detected between 10 km s~ < viy < 30 km

S—l

coincident with the Dragonfish association and its surrounding photon-dominated
region (PDR; Grabelsky et al. 1988; Murray 2011). In the stacked cluster O-star spectra
(see §4.4.3), the equivalent width of each of the CO bands is ~5 A, consistent with

what is seen towards NGC 2024 when saturated over a larger range of velocities.

While the presence of the CO bands challenges the spectral typing of the stars,
we can use additional absorption line features to confirm the accuracy of the typing.
Specifically, the two next strongest K-band spectral features in the spectra of cool
stars are the Calcium/Iron absorption feature at 2.26 ym, and the Sodium/Scandium
absorption feature at 2.20 um. These features are present and strong in cooler stars,
visible from F-type to M-type stellar spectra. In the spectra of the non cluster stars
(see Fig. 4.3), these features are strongly detected, but not found in the spectra of the
stars classified as O-type based on the presence of hydrogen and helium absorption

features. This independent test indicates that the spectra typing is accurate and the
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CO bands are likely due to an interstellar effect rather than a photospheric effect.
For the v = 3 — 1 band to arise in the ISM, sufficient CO with excitation tempera-
tures exceeding 1000 K must exist to populate the v = 1 vibrational state. The PDR
traced by polycyclic aromatic hydrocarbon emission in the region (Chapter 2), is a
likely site of such warm CO (Hollenbach & Tielens 1997). We note that COv =2 —
0 and v = 3 — 1 bands have been observed in absorption towards massive stars in
Cygnus OB2 classified by NIR and optical spectroscopy, at significantly lower dust ex-
tinctions than the Dragonfish’s (Comerén et al. 2008). Therefore, we conclude that CO
absorption bands in the NIR spectra of the identified O stars are plausibly interstellar
in origin, at least when the O stars are surrounded by an intensely illuminated PDR.

However, this point deserves additional study.

4.4.3 Stacked Spectra Comparison

To investigate the weak NIR features in a more robust manner, we construct three
groups of sources and examine the stacked spectra of each: the 15 cluster O stars, the
32 cluster sources not immediately identified as massive stars, and the four non-cluster
tield sources from our control sample. We present the stacked spectra in figure 4.3.
The primary spectral discriminators, Br ¢y and 1.700 yum He I, are strong in the cluster
O stars. Br v is weaker but visible in the cluster contaminant population, and both
lines are absent in the control non-cluster population. Further, weaker H I absorption
features at 1.514, 1.534, 1.544, 1.556, 1.570 and 1.681 um, characteristic of massive stars
rather than cool giants, are detected in the O star population and absent in the others.
Conversely the Ca and Fe feature at 2.26 um, a characteristic feature in the spectra of
cool stars, is strong in the non-cluster population, weak in the cluster contaminants,
and absent in the O stars. In addition, differences between the three populations are
visible with lines at 1.522 ym Mn, 1.529, 1.551, 1.573, and 1.697 ym Fe, and 2.207 ym

Na/Sc, all of which are present in the non-cluster and contaminant populations, and
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either weak or absent in the O star population. These spectral differences confirm that

the identification of the association O stars is robust.

4.4.4 Possible Runaway?

One of the identified O stars, Source 14 in Table 4.4.1, appears to be highly blueshifted
in the 1.693 ym He II, 1.700 ym He I, 1.736 ym H I and Br < absorption lines. The
blueshift of the lines corresponds to a radial velocity of 300 4 50 km s, as compared
to the other O stars that show no signficant Doppler shift. The velocity is much larger
than can be explained by Galactic rotation. This indicates that the star is in a close
binary system, or is a runaway O star either kicked out of the association or originating
elsewhere. In our single-epoch spectrum, we find no indications of a companion star
in the spectrum, such as splitting of spectral lines. If it is a runaway, it could have been
produced by a binary-binary encounter or by the result of the supernova explosion of
the primary of a massive binary (Gvaramadze et al. 2008). Similar massive runaways

have been identified originating from Cygnus OB2 (Comerén & Pasquali 2007).

4.5 Discussion & Summary

The spectroscopic identification of massive, young stars confirms the existence of a
young OB association within the Dragonfish Nebula, but its share of the nebula’s
ionization budget must be addressed statistically. Using the extracted candidate
cluster properties from Chapter 3, we infer a membership probability of 35.5 %, for an
expected yield of 17.8 £ 3.4 members in the cluster sample. Indeed, 18 of our cluster
sources are young, massive stars. This confirms that the Dragonfish Association is
real, and not a chance sky overdensity of other stellar types (e.g. K-giants) coincident
with the nebula or a spurious effect of intervening extinction. Further, this indicates

that the NIR color selection method produces association membership probabilities
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Figure 4.3: The stacked cluster O star (top, black line), cluster contaminant (middle, lighter,
line) and non-cluster (bottom, lightest line) spectra. The error of the stacked spectra is at
the 0.01% level, and so is not indicated. Characteristic distinguishing spectral features are
indicated for the O stars and K giants. The cluster contaminants likely include massive stars

with features too weak to be identified on individual spectra.
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consistent with the actual yield within the association.

From the point sources identified using the color selection method, assuming a
minimum candidate spectral type of 09.5V (Martins et al. 2005) and using a standard
stellar initial mass function (Kroupa 2001), the inferred total stellar mass of the
association is ~ 10° Mg, (Chapter 3). This result, based solely on the population
statistics, is remarkably consistent with the estimated mass of the minimum stellar
population required to power its central star forming complex (Chapter 2). This
indicates that the Dragonfish Association dominates the ionization of its surrounding
nebula. Further, the mass of this association is greater than other luminous associations
in the Galaxy such as NGC 3603 (1.3 x 10* M), Trumpler 16 in the Carina Nebula
(1.8 x 10* M), Cygnus OB2 (7.6 x 10* My,), and the Arches (7.7 x 10* M; Weidner
et al. 2010). It is similar to that of Westerlund 1 (10° M; Clark et al. 2005), however
the Dragonfish is significantly more luminous compared to Westerlund 1 based on its
free-free luminosity (Westerlund 1 is not visible in the WMAP free-free maps; Murray
& Rahman 2010). This is consistent with the more evolved state of the massive stars
in the latter. If the Dragonfish association is, in fact, the sole engine of the free-free
emission in the complex, its output of 10°® H-ionizing photons per seconds is similar
to R136, the dominant powering source of the most luminous H II region in the Local
Group, 30 Doradus in the Large Magellanic Cloud (Parker & Garmany 1993; Evans
et al. 2011).

The identification of O stars and evolved massive stars confirms the existence of
the Dragonfish Association. The association is not embedded within a bright H II
region, but rather a void of continuum and PAH emission surrounded by a shell,
indicating that it is the central illuminating and inflating source of the Galaxy’s most
luminous star forming complex. As an extreme example of Milky Way star formation,
the Dragonfish complex merits further study in a number of ways. Its large population

of O stars, an estimated 13 with masses > 100 M, (using the initial mass function
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from Kroupa 2001), makes it an ideal laboratory for investigations of environmental
influences at the upper limit of stellar masses. With high-precision astrometry, its
membership can be more firmly established and its internal kinematics can be probed.
X-ray, radio, and 7y-ray follow-up is warranted to identify colliding wind binaries and
young stellar objects. Searches for IR excess sources should reveal a population of
new protostars triggered by its influence. Moreover, this influence should be sought
in the dynamics of atomic and molecular gas in its environment.

Additional candidate associations have been identified towards star forming com-
plexes identified by Chapter 2 using this method and will be characterized Chapter
5. The confirmation of the Dragonfish Association adds significant credence to the
hypothesis that colour-selected clusters found toward the Galaxy’s most luminous

star forming complexes are in fact their driving stellar associations.



Chapter 5

Searching for Young, Massive Clusters

& OB Associations

A preliminary version of this chapter was submitted as:
“OB Associations at the Upper End of the Milky Way Luminosity Function”
Rahman, M., Matzner, C.D., & Moon, D-S., 2012, The Astrophysical Journal

5.1 Chapter Overview

The Milky Way’s most luminous, young and massive (M 2 10* M) star clusters and
OB associations have largely evaded detection despite knowledge of their surrounding
H II regions. We search for these clusters and associations within the 40 star forming
complexes from Rahman & Murray in the 13 most luminous WMAP free-free emission
sources of the Galaxy. Adopting the colors of OB stars, taking into account the line-
of-sight extinction, we identify new candidate associations using the 2MASS point
source catalog. In 40 star forming complexes searched, 22 contain cluster/association
candidates with sizes and masses in the range of 3'-26’ and 10>3-10°> M, respectively.
Of the 22 candidates, at least 7 have estimated masses 2 10* Mo, doubling the

number of such massive clusters known in the Galaxy. Applying our method to
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a statistically similar set of target locations, we estimate that 3.0 &= 0.6 of these 22
candidate associations are unrelated to the star forming complexes. In addition, the
extinction measurements of the candidates correlate well with extinction estimates
from a model Galactic extinction distribution. These facts, along with the clear
detection of Cygnus OB2 and the previous verification of the Dragonfish Association
as the most luminous OB association in the Galaxy, validate our method. The 22
candidates are located in 12 WMAP sources searched, leaving only one without
an identified candidate. In 8 of the most luminous WMAP sources, the enclosed
candidates can account for their observed free-free flux. This is suggestive of the
presence of hidden clusters in the remaining 5. With our new compilation, the Galactic

census of young, massive stellar associations may now be very close to complete.

5.2 Introduction

A spiral galaxy’s metabolism is dominated by the effects of its most massive (M
> 10* M) young stellar clusters and OB associations. Not only are these clusters
and OB associations the birthplaces of a substantial fraction of a galaxy’s stars, but
they also dominate the energetic feedback within the galactic disk and drive disk-halo
interactions through the production of superbubbles (McKee & Williams 1997; Chu
2008). While the upper end of the cluster mass function (CMF) has been derived
through Galactic H II region observations (McKee & Williams 1997; Murray & Rahman
2010), the powering clusters of the H II regions have mostly evaded detection. This is
primarily due to the large distance and extinguishing column through the Galactic
Disk. While a number of members of the upper end of the CMF have been identified
and characterized, including NGC 3603 (Stolte et al. 2004) and the Galactic Centre
clusters (Figer et al. 1999), the census of the upper end is far from complete. This

poses a problem for any global studies of the Galaxy’s energy budget, star formation
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properties, turbulence, and overall ecology. Moreover, more complete knowledge of
the upper end of the CMF is required for detailed comparison to other galaxies, critical
to further understanding the role of star formation in galaxy evolution (Whitmore

et al. 2007; Larsen 2009).

The work in Chapter 2 with data from the Wilkinson Microwave Anisotropy Probe
(WMAP) and the Spitzer GLIMPSE survey has identified 40 star forming complexes
(SFCs) within the Galaxy’s most luminous free-free emission sources. Only one of
the SFCs has a previously identified powering cluster (NGC 3603), indicating that
the complexes may be harboring unknown luminous young massive clusters and
OB associations. Notably, Chapter 3 identified a candidate association for the most
luminous SFC (the Dragonfish Nebula) based on the density of near-infrared (NIR)
point sources, filtering non-member field stars using an extinction-related color-cut.
The candidate association is located 9.7 kpc through the Galactic disk with a line-
of-sight extinction 1.0 <Ak < 1.4 mag. Without the NIR colour selection process,
the association would remain hidden to visual or automated cluster search methods.
Follow up NIR spectroscopy of this candidate has confirmed the presence of the most

luminous OB association in the Galaxy, the Dragonfish Association (Chapter 41).

In this chapter, we expand upon the method of Chapter 3 to search for young
massive clusters or OB associations in all of the SFCs identified in Chapter 2. We
organize this chapter as follows: In §5.3, we discuss previous cluster searches, followed
by outlining the nature of the target SFC in §5.4. We discuss the use of the Two Micron
All-Sky Survey (2MASS) for cluster searches and present the cluster search technique
in §5.5. In §5.6, we present our new candidate clusters and associations and their
statistical significance, whereas we estimate masses and luminosities for the candidates
in §5.7. We, in §5.8, produce and discuss the most recent census of Galactic young

massive clusters and OB associations, and finally summarize our conclusions in §5.9.

IPublished as Rahman et al. (2011b)



CHAPTER 5. SEARCHING FOR YOUNG, MASSIVE CLUSTERS & OB ASSOCIATIONS 105
5.3 Previous Cluster Searches

Star clusters have historically been discovered in the visible wavelengths. However,
these discoveries have been limited to the closest cluster populations due to the
substantial dust obscuration through the disk. The advent of large NIR surveys has
enabled the search for star clusters and OB associations through this obscuration.
Specifically, the 2MASS (1.2-2.2 um) and the Spitzer Galactic Legacy Infrared Mid-
Plane Survey Extraordinaire (GLIMPSE, 3.6-8.0 pum) have produced catalogs covering
large areas of the Galactic plane in wavelengths where stellar flux dominates but
extinction effects are minimized, although not completely eliminated (Skrutskie et al.
2006; Benjamin et al. 2003).

Dutra et al. (2003) and Bica et al. (2003) have systematically searched for star
clusters in 2MASS, focused around optical and radio nebulae—primarily H II regions.
Their search used visual identification of clustering on small images (5'- 15’ square)
centered around the nebulae. Though this process, 346 new cluster candidates were
identified. However, these efforts only searched for clusters around known nebulae,
missing those not coincident with nebular emission (see §5.4). In a more automated
manner, Froebrich et al. (2007) used the total on-sky stellar density of 2MASS point
sources within |b| < 20° to identify 1788 cluster candidates, of which 1021 are new.
This method is less biased towards nebula-coincident clusters, but more susceptible to
talse positives. They estimated that their contamination rate of chance overdensities
within their catalog is approximately 50%. In both these cases, the searches are most
sensitive to dense clusters, rather than diffuse regions. For instance, Froebrich et al.
(2007) only detected a small clustered region within Cygnus OB2, rather than the
entire OB association with a half-light radius of 13/, readily identifiable with 2MASS
(Knodlseder 2000). Over 96% of the Froebrich et al. (2007) catalog candidates have
a total central cluster density of greater than four sources per square arcminute,

and over half greater than 10 sources per square arcminute. For the highly veiled
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case where only the most luminous stars are visible, typical source densities of 10*
M, OB associations are expected to be ~ 1.0(R/10 pc) ~2(D /10 kpc)?# sources per
square arcminute, where R and D are the association radius and distance (Chapter
3). For comparison, the typical stellar density of a 2MASS field in the Galactic Plane
is between 14 and 17 sources per square arcminute (§5.5.1). Consequently, these
previous 2MASS searches are insensitive to more dispersed OB associations. Similarly,
Mercer et al. (2005) identified 92 new cluster candidates using similar automated
and visual identification methods with the GLIMPSE point source catalog. All of the
GLIMPSE cluster candidates have diameters of 3’ or less, indicating the same bias
towards dense clusters. Since there are likely many more associations, such as Cygnus
OB2, with diameters > 3/, a systematic search optimized towards larger, more massive

OB associations is required to find them.

For the candidate clusters identified in the works of Dutra et al. (2003), Bica et al.
(2003), and Mercer et al. (2005), further photometric and spectroscopic studies have
been conducted on the candidate clusters, which have found high rates of false positive
clusters (Borissova et al. 2005; Ivanov et al. 2005). In the cases of clusters that are
confirmed, they have masses that tend to be in the range of 10-1,000 M. These
masses are much smaller than the Galaxy’s most massive clusters and OB associations,
and many of these clusters do not contain any stars with spectral types earlier than
B. Consequently, the stellar populations of the confirmed clusters are insufficient to
ionize their surroundings (Hanson & Bubnick 2008; Soares et al. 2008). This suggests

that the stellar populations in these regions have not been fully identified.

The recent work by Bica & Bonatto (2011) indicates that when candidate clusters
are poorly populated or projected against dense stellar backgrounds, discerning a
real cluster from a field density fluctuation (or asterism) is difficult or impossible.
This poses a problem in the search for the most luminous clusters in the Galaxy

located at significant distances; only the brightest members would be visible due to
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the substantial extinction and distances through the Galactic disk, even in the infrared
regime. This creates the appearance of a poorly populated cluster. Further, most, if
not all, of these clusters and associations should be located inside the Galactic disk,
leading to a substantial confusing stellar background population. Therefore, these
previous searches are best suited to finding nearby, compact clusters far from the

Galactic mid-plane.

In summary, previous cluster searches are insensitive to the extended angular sizes
(> 3’) that would be typical of massive OB associations deep in the Galactic disk.
The limited sampling of only the most luminous stars in these deeply veiled clusters,
as well as confusion from the dense stellar background, would have prevented their
detection. Therefore, the previous searches described above have not identified the

most luminous clusters and OB associations within the Galaxy.

54 WMAP-identified Star Forming Complexes

To identify the locations of the most luminous OB associations, we use the identifica-
tion of their parental SFCs from the WMAP and Spitzer GLIMPSE survey (Murray
& Rahman 2010, Chapter 2). The WMAP mission provides all-sky, high sensitivity
(~ uK) microwave maps with five bands in the 23.5 — 90 GHz range with a relatively
large (~ 1°) beam size. The five bands permit the separation of each of the Galactic
“foreground” emission components; synchrotron emission, thermal dust emission,
and free-free emission. The free-free emission almost entirely arises from reprocessed
ionizing photons produced by the young, luminous (and massive) stars that found en
masse in the most luminous young clusters and OB associations. Murray & Rahman
(2010) identify free-free emission sources through the WMAP foreground map, finding
that 14 sources are responsible for one-third of the total galactic ionizing luminosity.
These regions are expected to be powered by young, very massive clusters or OB

associations that contain sufficient O-type stars to produce the observed free-free
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emission. Within these 14 sources, only two have had previously identified powering
clusters and associations, specifically the Galactic Center region and NGC 3603 (Mur-
ray & Rahman 2010). Also notable is that amongst this list of the 13 most luminous
regions, the regions hosting previously known massive clusters and OB associations,
including Carina and Cygnus OB2, are not included. This suggests that these regions

may contain clusters/associations more massive than those previously known.

The large (> 1°) radii of the WMAP sources leads to significant confusion along
the line of sight, especially in the sources towards the inner Galaxy. Chapter 2 use the
Spitzer GLIMPSE 8 ym emission maps and radio recombination line radial velocities
to separate the large WMAP sources into SFCs for the 13 most luminous sources
from the previous work, excluding the Galactic Center region. The observed SFCs
differ in structure from the traditional model of a Stromgren sphere H II region: the
complexes often appear as limb-brightened shells with the strongest nebular emission
appearing on the large (with typical radii 5 < R < 30’) shells rather than on the
central region. Bubbles are blown by the centrally powering clusters, evacuating
large regions surrounding them. Previously identified bright H II regions appear on
the shells, indicating the locations of possible triggered clusters. Further, Murray &
Rahman (2010) find that the majority of ionizing photons escape from the shells and
produce diffuse ionization surrounding the entire complex, often with radii > 1°.
While the classical Stromgren sphere interpretation of the SFC structure would suggest
that the powering source should be located towards the center of the bright emission,
this model suggests that the cluster is not expected to be coincident with the nebular

emission for all but the youngest and smallest complexes.

Within the 13 investigated WMAP sources, Chapter 2 identify 40 discrete SFCs
with distances ranging from 2.5 to 15 kpc and semimajor axes between 2’ and 67'.
In some cases, the kinematic distance ambiguity is not resolved and two possible

distances are identified. Since the WMAP sources extend to large radii in the Galactic
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plane, we expect a great deal of confusion along the line of sight: while the measured
luminosities of these sources suggest that they contain massive clusters, they also
likely contain a number of less-massive sources along the line of sight. Due to the
large fraction of ionizing photons escaping the central area of the complex, it is
difficult a priori to determine which of the complexes are home to the massive clusters
using ionization-based measures. In this work, we search for massive clusters and

associations in all of the identified SFCs.

Previously, we have directed our attention to the most luminous of the SFCs, the
Dragonfish Nebula. We developed a method using the 2MASS point source catalog
to identify a candidate for the Galaxy’s most luminous OB association, with a total
stellar mass of 10> M, (Chapter 3). Follow-up NIR spectroscopy of bright stars within
the candidate association confirmed the existence of Dragonfish Association with
membership statistics consistent with the candidate’s expected value (Chapter 4). This
success of identifying and confirming the existence of the Dragonfish Association
leads credence to our method used to identify the source. In this work, we use the
same method of Chapter 3 to identify candidate clusters and OB association within

the remaining SFCs from Chapter 2.

5.5 The 2MASS Selective Star Count Method

We refine the method of Chapter 3 to identify candidate clusters and associations
within the SFCs using the line-of-sight extinction through the Galactic plane. This
tilters non-cluster stars from candidate members, allowing the associations to be
identified in areas of significant point source contamination. Schematically, the
process is as follows: We isolate stars matching the NIR colours of O-type stars at
graduated extinction levels. We then use the on-sky density of point sources matching
the colour cut to find overdensities consistent with the location of the SFC. Verifying

from binned colour-colour and colour-magnitude diagrams that the candidate cluster
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is not caused by a chance overdensity of projected Galactic structure based on the color
distribution along the line of sight, we extract the candidate cluster’s membership
properties. We refer to this method as the 2MASS Selective Star Count (5SC) method,

which we describe further.

5.5.1 The 2MASS Point Source Catalog

To identify members of the candidate cluster, we use the 2MASS Point Source Catalog
(Skrutskie et al. 2006). The survey covers the entire sky with | (1.25 um), H (1.65
pm), and Kg (2.16 um) bands, enabling consistent coverage of the SFCs in both
the northern and southern skies. We limit our searches to the point sources with
photometric quality flags of A, B, or C, corresponding to a minimum signal-to-noise
ratio of 5 for all of the |, H, and Kg bands. The 2MASS catalogue is complete to |
<15.8, H <15.1, and Ks < 14.3 magnitudes in the absence of confusion. However,
the areas we investigate are highly confused causing the completeness limit to be up
to 1 magnitude brighter. This prevents the detection of less luminous objects that are
expected to be cluster members based on the stellar initial mass function (IMF).

The typical FWHM of the 2MASS point sources is 2”5 and quoted magnitudes are
measured with apertures of 4”, which will cause significant confusion for the most
compact clusters or the dense areas of more disperse OB associations (Skrutskie et al.
2006). Given the selected quality limit, these densely-packed confused sources will be
excluded from our searches. Based on this constraint, we expect our search method to
be insensitive to clusters with on-sky point source densities 2 31 per square arcminute
due to overlapping apertures causing confusion. Within 1f the Galactic midplane, we
tind a total density of point sources in the target areas to be between 14 and 17 per
square arcminute meeting the chosen quality cut. Therefore we expect such compact
clusters to be readily identified by visual inspection of the images. In this sense, our

SSC method is entirely complementary to search strategies of Bica et al. (2003), Dutra
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et al. (2003) and Mercer et al. (2005). We discuss this further in the case of NGC 3603
in §5.6.1.

5.5.2 Extinction-derived Colour Selection

The hypothesized powering clusters and associations of the SFCs should exist at
large extinctions due to their distance through the Galactic disk. We make use of
this to identify the cluster candidates on the basis that all cluster members should be
similarly extinguished along the line of sight. Our method for uncovering candidate
clusters is to identify overdensities of stars with colors consistent with massive stars
at extinction ranges consistent with the distances to the SFC being probed.

All of the SFCs were identified using techniques sensitive to ionizing flux with
large ionizing luminosities (Qp 2 10°%2 s=1). The most luminous stars near the stellar
upper mass limit have significantly smaller ionizing outputs (Qp = 10%¢ s~! for an
O3V star; Martins et al. 2005). The measured ionizing luminosities therefore require
very large numbers of O-type stars to power them. For this reason we specifically
search for overdensities of O-type stars with magnitudes and colours consistent with
the distances and expected extinctions to the SFCs.

We use the NIR O-type star magnitudes and colours from Martins & Plez (2006).
We note that the colours of all O-type stars in ] — H and H — K are constant, with
J]—H = —0.11and H — Kg = —0.10, as expected since these bands are located in the
O-type stars Rayleigh-Jeans tails. These colours are, however, not unique to O-type
stars; B- and early A-type stars are indistinguishable from O-type stars based on NIR
colours alone to within the accuracy of the 2MASS color measurements (Chapter 3),
and their relative abundance as compared to O-type stars may make them significant
contributors to the total number of stars: ~ 1/8 ratio of O-type stars to B-type stars
(Kroupa 2001). Only through their magnitudes can we make a distinction between O-,

B- and A-type stars, given a particular distance and extinction.
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We take the intrinsic colours of O-type stars and redden them to determine the
colour cuts to make on the 2MASS stars. For the extinction law, we adopt that of
Nishiyama et al. (2009), which gives the extinction ratios %’( = 2.89 and ‘2—11‘(1 = 1.62.
We note that this is a departure from the canonical values for the extinction ratios due
to a different power law slope for the relationship between extinction and wavelength
(A) o< A%); this determination uses a slope « = —2.0, while the previously accepted
value is « = —1.61 (Cardelli et al. 1989). The shallower slope has been found to be
erroneous by Stead & Hoare (2009), who use an even steeper power law slope of
a = —2.14. The steeper slope of the extinction law changes the relationship between
the NIR and visual; rather than a ratio of Ay/Ax ~ 10, the new ratio becomes
Ay / Ak ~ 16 (Nishiyama et al. 2008). However, the difference in the extinction ratios
between the different laws in the NIR bands is less than 20%, which is inconsequential
in the candidate cluster identification because of the large color cuts used for the
selection procedure.

We use the following relations for O-star extinctions:

A(J—H) = 0.797(] — H) + 0.0877 (5.1)

Al(H—Kg) = 1.66(H — K;) +0.166 (5.2)

A 2MASS point source must meet these extinction criteria in both colors to be

selected in the filtering process.

5.5.3 The Nearest Neighbour Algorithm

We analyze the density structure of 2MASS point sources using a nearest neighbour
method, as described by Casertano & Hut (1985). This method samples each of the
points within the chosen colour cut, providing an adaptive resolution, sampling the

areas with more point sources more heavily than those areas with an absence of
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point sources. From each of the points, we measure the distance r; to the j-th nearest

neighbour. We determine the local surface density, j;, with an unbiased estimator:

j—1

Hj = 72 (5.3)
]

with j > 3. From Casertano & Hut (1985), the standard deviation of the estimator is:

(5.4)

The specific value of j to be used is a function of the density of points within the
sample; using too small a value of j samples only the most local variations of surface
density, while using too large a value of j smooths over the smallest density variations.
The on-sky point source density varies based on the location in the Galactic plane,
the color-cut chosen, and the width of the color-cut. The typical on-sky densities
of the point sources can vary by an order of magnitude through the test extinction
range since fewer stars with very red colors are cataloged in 2MASS than bluer stars.
Consequently, using a constant j value over the entire range would dramatically
change the scale of structure highlighted. So for each color cut, we determine an
optimal value for for j given a angular resolution based on the average number of

point sources within a field:

j= 1% 55)
where N, and © are the total number of stars in and angular radius of the colour-
selected 2MASS field, and 6., is the characteristic resolution, corresponding to the mean
resolution across the selected field. For the purpose of this investigation, we choose
a characteristic resolution 6., = 3.5’ based on the resolution used to identify the
Dragonfish Association from Chapter 3. At this characteristic resolution, typical j

values range from 15 to 30 for most regions with extinction cuts of AAx = 0.1. The

densities are gridded onto an oversampled (d < 11”), uniformly-spaced grid using a
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Delaunay triangulation method from the Matplotlib python package (Hunter 2007) to

simplify the analysis.

5.5.4 Candidate Identification

For each of the SFCs, we examine the surrounding 2° field with 0.1 steps in the A%
color cut in the range of 0.0 <A} < 2.0. We enlarge the surrounding field to 3°
for SFCs with semi-major axes larger than 30’. In each extinction step, we produce
the nearest neighbour on-sky density map, and visually identify cluster candidates
coincident with the on-sky position of the SFC position and the 8 ym morphology
from Chapter 2.

Using small steps in the color cut allows for effective filtering of field stars from
candidate clusters: while the typical point source density of unfiltered sources ranges
from 14 to 17 sources per square arcminute (§5.5.1). The typical field densities within
the color cuts range from 0.05-0.5 sources per square arcminute. The substantial
decrease in the field source density due to the color filtering enables the detection of
more diffuse clustering than has been possible in previous searches (§5.3).

Our adoption of sequential extinction cuts over the entire range allows for the
tiltering of effects due to the structure of the Galaxy itself. For instance, a significant
effect of Galactic structure is the appearance of linear overdensity features above and
below the Galactic plane caused by the limited thickness of the extinction-producing
gas disk and also by the appearance of all thick disk and halo stars at a particular
colour range (Figure 5.1). These large scale effects can be visually separated from
localized overdensities with ease.

Once a candidate is identified, the extinction range is refined to enhance the
prominence of the overdensity, and a final density map is produced. From this map we
visually identify the candidate’s geometric boundaries, including its centroid position,

semi-major and semi-minor axes. Once the boundaries are chosen, we determine the



CHAPTER 5. SEARCHING FOR YOUNG, MASSIVE CLUSTERS & OB ASSOCIATIONS 115

total number of enclosed sources, Nyor. To constrain field contamination, we measure
the mean (Npg) and standard deviation (cpg) of the number of field stars surrounding
the candidate in regions with the same area as the identified candidate.

To better distinguish between real clusters and asterisms, we analyze each candi-
date cluster with binned colour-colour and colour-magnitude diagrams as in Chapter
3. In each of the binned diagrams, we do not find substantial voids of point sources at
colours along extinction vectors in either of the colour-colour and colour-magnitude
diagrams. This would be a feature that is expected if the appearance of an overdensity
at the selected colour cut was caused by localized extinction that is making point
sources at that location appear redder. Using this as a diagnostic, we find that none
of the overdensities appear to be consistent with the alternative hypothesis of a local

extinction feature.

5.6 Candidate Clusters/Associations

In Table 5.1, we present the candidate clusters/associations identified within the SFCs.
For SFCs with multiple candidates, an alphabetical key is used to distinguish between

them. We define the extraction significance as:

ES = Nror — Npg (5.6)
UBG

with Nror, Npg, and opg as defined in §5.5.4.

Two of the candidate associations (those within SFC 8 and 30) have extraction
significance values of less than unity; these candidates are identified solely based on
their morphology as compared to the SFC and have significant large scale structure in
the field surrounding them that produces large background variations.

The candidates have characteristic radii between 3’ and 20/, with a median of ~ 7.

This is consistent with the sensitivity of the SSC method to larger diffuse structures
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Figure 5.1: 2MASS Point Source Density Maps at the location of SFC 31 (white circle) with

extinction cuts between Ax = 1.0 and 1.6 (left to right, top to bottom). Galactic structure

effects produce the long horizontal streak-like features that appear in the first extinction cut

symmetrically 1°above and below the galactic plane and narrow in subsequent cuts. These

features are visually filtered from the selection process.
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than in previous cluster searches (see §5.5.4). Accordingly, these candidates would not
have been identified in the previous searches. While the SSC method is more sensitive
to diffuse structures, the ellipses are chosen to contain the most prominent areas of
the overdensity and do not necessarily represent the outer boundaries of the clusters.
The typical extinction cut of the candidates has a range of AAg ~ 0.2. We find that
K-giants are the primary contaminants of all the new candidates, since they tend to be
the dominant population of visible red stars in the 2MASS survey (Robin et al. 2003).

We present the stellar density diagrams and the 8 ym images from the Spitzer
GLIMPSE or Midcourse Space Experiment (MSX) in Figures 5.2 to 5.8. These images
indicate the SFC location from Chapter 2 and the candidate cluster location.

Since the candidate extinctions were determined independently from the distance
to their host SFC, we can use the distance to extinction relationship as a consistency
check. We present this relationship in Figure 5.9, indicating the extinction ranges
of the candidates with the kinematic distances determined from Chapter 2, and the
modelled extinction from Marshall et al. (2006) using the SFC kinematic distance
from Chapter 2 in Table 5.1. We also indicate the possible distances (and model
extinctions) of SFCs without a kinematic distance ambiguity solution and the location
of the Dragonfish association from Chapter 3. We find the correlation coefficient of
the two extinctions to be 0.75 when using the more consistent distance in the cases
of the distance ambiguity, showing that they are statistically significantly correlated.
This correlation provides strong evidence for the reality of the candidate clusters. For
sources with a distance ambiguity, the modelled extinction provides support in favour

of one of the two possibilities.

5.6.1 Previously Identified Clusters

An important measure of the success and the sensitivity of the SSC method is identify-

ing known massive clusters and associations within 2MASS. For this purpose, we use
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the cases of NGC 3603, the powering cluster of SFC 28, and Cygnus OB2. We discuss

these two cases below.

NGC 3603

A notable cluster that was not detected by the SSC method is the massive cluster
within NGC 3603 that powers SFC 28. This very compact cluster is mostly contained
within its inner 33", requiring high spatial resolution to discern individual members
(Stolte et al. 2004). At the resolution of 2MASS, the central cluster is highly confused,
as can be seen in Figure 5.10. This prevents individual sources from being identified
as point sources, and hence, missing from the 2MASS PSC. In fact, only 17 point
sources are identified in the central region that pass the desired quality cut for the
SSC method (inset of figure 5.10). Further filtering point sources to those with colours
corresponding to O-type stars at the extinction of NGC 3603, we are restricted to
12 point sources. Because of the compact area in which they reside, this is seen as
an increase of the point source density at the corresponding extinction cut, but not
above the natural variation of point sources matching these colours. In redder color
cuts, this region is seen as a void in point source density. This is consistent with our
expectation that the SSC method is insensitive to compact clusters, such as those that
can be identified visually.

Despite this, the SSC method is useful to investigate the entire area of the NGC3603
natal cloud for more diffuse secondary clusters or associations. We suspect that these
are the candidate clusters we identify in SFC 28, on the edge of the region. They
appear at a significantly higher extinction than NGC 3603 (AAg ~ 0.4). If they are
not unrelated regions farther across the Galactic plane, they could be regions deeply
embedded within the cloud, consistent with the CO morphology from Grabelsky et al.

(1988). In either case, these candidates are not the powering source of SFC 28.
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Cygnus OB2

To ensure that the SSC method can identify known OB associations, we use Cygnus
OB?2 as a test case. This association, located in the outer Galaxy, has a substantially
reduced background stellar population in comparison to the clusters in the inner
galaxy. Therefore, the association can be identified using total stellar density without
extinction cuts, as has been done by Knodlseder (2000).

Using the method, we easily identify Cygnus OB2 (Figure 5.11) at an extinction
range of 0.5 <Ak < 0.8, with position, structure and extinction consistent with the
values determined by Knodlseder (2000). The typical background level in the field
is 0.3-0.6 per square arcminute, approximately 10%—-20% of the peak density of the
association. If we choose the boundary of the cluster to be the isodensity contour at 1.2
per square arcminute, the average rate of line-of-sight contaminating sources within
the association boundaries is < 0.28, allowing for high-yield extraction of association

members from the field.

5.6.2 Statistical Significance

In the previous subsection, we have discussed the success and sensitivity of the SSC
method using previously identified clusters and associations. However, the problem
that has plagued previous cluster candidate identification methods has been the
overwhelming number of false positives. We conduct a test to determine the rate of
false positive candidate identifications through the SSC method.

We generate a list of 40 artificial SFCs with positions, dimensions and position
angles randomly chosen to match the distribution of actual SFCs on the sky: the
artificial locations are generated from a uniform random distribution between 270° <
[ <90° and —1° < b < 1°. The position angles, semimajor axes and the axial ratios
were generated by producing linearly interpolated cumulative distribution functions

from the real SFC list. Using the SSC method, we attempt to identify “candidate
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Figure 5.2: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of
the 2MASS point sources. The source and extinction ranges are indicated above each figure.
The green solid ellipse indicates the location of the SFC from RM10, while the red dashed
ellipses indicate the location of the candidate clusters. The colour bar indicates the point

source density in sources per square arcminute.
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Figure 5.3: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The

colour bar and annotations are the same as Figure 5.2.
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Figure 5.4: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The

colour bar and annotations are the same as Figure 5.2.
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Figure 5.5: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The
colour bar and annotations are the same as Figure 5.2. We use the MSX 8 um image for SFC

26 due to Spitzer GLIMPSE coverage limits.
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Figure 5.6: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The
colour bar and annotations are the same as Figure 5.2. We use the MSX 8 um image for SFC

28 due to Spitzer GLIMPSE coverage limits.
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Figure 5.7: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The

colour bar and annotations are the same as Figure 5.2.
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Figure 5.8: Spitzer GLIMPSE 8 ym image (left) and the on-sky density diagrams (right) of the
2MASS point sources. The source and extinction ranges are indicated above each figure. The

colour bar and annotations are the same as Figure 5.2.
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Figure 5.9: A comparison between the extinction range of all identified candidate clusters to
the kinematic distance of their host SFC from Chapter 2 (left) and with the model extinction
from Marshall et al. (2006, right). The local distance to extinction relationship (Ax/D = 0.1
mag kpc!) is indicated with the dashed gray line on the left. The diagonal is indicated with
the gray line on the right. The connected red ranges indicate the SFCs without a kinematic
distance ambiguity resolution. The green range indicates the location of the Dragonfish
Association properties from Chapter 3. As no information about the kinematic distance was
used in identifying the candidates, the correlation between the candidate and model extinction

is not caused by a bias in the SSC method.
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clusters” for these artificial SFCs, with the same criteria as in §5.5.4. This test was
conducted five times. From the five lists of artificial SFCs, the rate of identified
candidates is 3.0 &= 0.6, which is a much smaller yield than the 22 actual SFCs with
identified candidates. It should be noted that the artificial candidates may be actual
clusters or associations related to less luminous WMAP sources on the sky from

Murray & Rahman (2010).

In addition to the false positive test, the correlation between the modelled extinction
and the candidate extinction (§5.6; Figure 5.9) provides strong support for the reality
of the clusters identified by the SSC method. Finally, the spectroscopic confirmation of
the Dragonfish Association (Chapter 4) provides additional, circumstantial evidence
of the clusters identified by this method. These independent lines of evidence indicate
that most (~ 86%) of our cluster candidates are indeed associated with their host

SFCs, and are their dominant engines of ionization and dynamical power.

5.7 Mass & Luminosity Estimates

We estimate the physical properties of the candidate clusters to assess if the identified
candidates can produce the observed free-free flux of their parent WMAP source
(Table 5.2). We note that the stated boundaries from the candidate identification and
extraction method are not the absolute boundaries of the clusters (§5.6). Consequently,
the extracted clusters will likely exclude the diffuse outskirts of the clusters or associa-
tions, especially when the background level of contaminating sources is particularly
high. Such diffuse populations can produce significant contributions to the total com-
plex population as has been recently observed in the Carina Nebula where previously
undiscovered OB stars were identified in X-ray observations, doubling the massive
stellar population (Povich et al. 2011b). Also note that we do not make any correction

for the multiplicity of sources.
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NGC 3603/SFC 28

Figure 5.10: NGC 3603 region from 2MASS in J (blue), H (green) and K (red) with the central
cluster magnified (inset). The crosses indicate the locations of the only 2MASS point sources
that pass the required quality cut within 33”of the cluster centre. The orange crosses are the
point sources that meet the colour cut of the cluster, while those in red are the sources that do

not.
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Figure 5.11: The on-sky density diagram of 2MASS point sources between 0.5 <Ag < 0.8
in the Cygnus OB2 region. The colour bar indicates the point source density in sources per

square arcminute

We estimate the least massive stars that are extracted in the candidate clusters
by using the observed 2MASS Kg-band magnitude limit from §5.5.1, with the mean
extinction range of the candidate and the kinematic distance of the SFC from Chapter
2. In cases where the kinematic distance is ambiguous, we use the distance most
consistent with the Marshall extinction (see Figure 5.9). We use the absolute magnitude
tabulations from Martins & Plez (2006) for O-type stars and from Pickles (1998) for all
other stars. We also use Martins et al. (2005) for the O-type star mass determinations
and Andersen (1991) for all other stars. From the mass of the least massive star and
the number of stars extracted in the candidate cluster (N;; — Npg in Table 5.1), we
determine a total cluster mass (M) and ionizing luminosity (Qp) integrating over an
IMF. To maintain consistency with previous work, we use the modified version of
the Muench et al. (2002) IMF and the mass-to-ionizing luminosity conversion from

Murray & Rahman (2010). This conversion factor assumes a fully-sampled IMF with
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all stars on the main sequence, rather than summing the ionizing luminosity from each
individual source in the cluster. The dominant source of error in the determination of
the cluster mass is the chosen IMF, which is discussed in detail in Murray & Rahman
(2010). However, the total ionizing luminosity of the cluster is more reliable, since
the bulk of the ionization comes from the most massive stars, and consequently is
only dependent on the upper-end slope of the IMF. For the ionizing luminosity, the
dominant source of error is the uncertainty in the number of point sources from the
extraction process, let alone the possible effect of multiplicity that has not been taken

into account.

Finally, assuming v = 90 GHz, we determine the expected free-free flux contribu-
tion of the candidate. We also visually classify the candidates based on their location
with respect to the identified SFC and the 8 ym morphology. We indicate that they
are either “centrally-located” if they appear towards the centre of a shell-like structure

or the entire SFC, or “shell-located” if they appear on the edge of a shell or SFC.

In Table 5.1, Ny, is the number of sources in the candidate cluster once the
background level is subtracted (Ntor — Npg). We include the Dragonfish Association
properties from Chapter 3. For the WMAP sources with multiple identified candidate
clusters, we include totals for the cluster masses, ionizing luminosities and free-free

emission fluxes.

We note that the latest stellar type of all extracted sources is either O-, B- or A-type
stars. Therefore all sources extracted from the clusters will have similar colours in
the NIR bands since they are in the Rayleigh-Jeans tail. Therefore, we do not expect

cluster members to be excluded based on have colors that fall outside of the color cut.

The total cluster masses of the candidates range from 150 to 10° M. As suspected,
some of the candidates (and SFCs) are low mass intervening clusters. In these cases,
the estimated ionizing luminosity and free-free emission flux are overestimated as

the IMF is poorly sampled on the upper end and the mass-to-ionizing luminosity
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conversion breaks down. This has been discussed in detail by Kennicutt et al. (1989).
Therefore the free-free flux contribution from these clusters will be much smaller
than those tabulated since the mass-to-ionizing luminosity relation is unsuitable for a
poorly sampled IMF. By ionizing luminosities of log Qp ~ 50 or cluster masses greater
than 1600 My, > 10 O-type stars are required to ionize the complex and the IMF
should be sufficiently well sampled to allow the accurate use of the mass-to-ionizing

luminosity relationship (Martins & Plez 2006).

We find the sum of the estimated free-free emission fluxes to be roughly consistent
with the WMAP measurement for G34, G37, G298, G327, and G337. For G30 and
G49, the identified candidates appear to be centrally located, but the smaller-than-
expected mass, ionizing luminosity, and free-free flux most likely come from a diffuse
component of the cluster/association. Should these candidates be confirmed, an
in-depth investigation, possibly in the X-rays, will be required to identify the extended
or diffuse population. For G283 and G327, only shell-located regions are identified. In
the case of G327, the lack of sharp shell structure in the bubble in 8 ym and 2MASS
stellar overdensity structure (see Figure 5.7, top panel) may indicate that the original
driving cluster of the bubble has evolved beyond its ionizing luminous stage, and the
ionizing population of the complex is a more diffuse, triggered population. In source
G291, we identify two possible triggered clusters; however the dominant cluster in
the region, NGC3603, has been previously identified and was not detected by the SSC
method (see §5.6.1).

In some cases, such as G332, multiple candidates are identified at the same
(or reasonably close) distances and extinction ranges. These candidates are likely
associated and may represent more widespread star formation across a giant molecular
cloud. Accordingly, the total embedded cluster mass in these situations would be the
sum of the individual “clustered” regions, plus the diffuse component that we do not

recover from the extraction process.
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The total expected free-free emission luminosities of the candidates in G24 and
G332 substantially exceed the measured flux from WMAP. There are at least six
possibilities to account for this: (1) one or more of the candidates within the WMAP
source are false positives, (2) the extraction has overestimated the number of member
stars by a substantial fraction, (3) the kinematic distance to the SFC is closer than the
actual distance, (4) the cluster is older than 3.9 Myr, where the most massive stars have
left the main sequence (Bressan et al. 1993), (5) a higher-than-average fraction of the
ionizing photons are absorbed by dust, and (6) the ionizing photons escape the Galaxy
through a chimney. To determine whether it is case (1) or (2), follow-up astrometric
or spectral confirmation of the cluster is required. In case (3), the distances to the
ionizing sources can be unambiguously determined though trigonometric parallax, if
strong maser sources are available. In case (4), the evolutionary state of the candidate
requires accurate determination of the spectral type of candidate sources to determine
the earliest stars in the cluster and their individual evolutionary state. If so, these
clusters may harbor young core-collapse remnants of very massive stars, such as black
holes or magnetars, and should be searched for counterparts in the radio and X-rays.

With these caveats, we find candidates to central powering clusters that can account
for the observed WMAP free-free emission flux within G24, G30, G34, G37, G49, (G298,
G332, and G337. Of the original WMAP sources investigated in Chapter 2, only G10
does not have any candidate clusters identified through this method, either centrally

located or triggered.
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5.8 Completing the Upper End of the Galactic Cluster

Mass Function

Our knowledge of the upper end of the Galactic cluster mass function (CMF) has
long been recognized as incomplete. This has been established through comparison
to galaxies with similar masses and star formation rates as the Milky Way (Larsen &
Richtler 2000; Larsen 2009), and comparing the known cluster/association population
with the inferred H II mass function (McKee & Williams 1997; Hanson & Popescu
2008). These comparisons show that up to 90% of young, massive clusters and OB

associations are yet to be found.

Table 5.3 presents the current census of known massive, young (< 4 Myr) clusters
and OB associations in the Galaxy, including the massive candidates from this work,
where we include all known clusters and associations with masses similar to or greater
than 10* M. The age limit of 4 Myrs ensures that even the most massive stars, which
produce the bulk of the ionizing luminosity, are still on (or near) the main sequence
Murray & Rahman (2010). This effect is prominently seen in the case of Westerlund 1,
where despite the large cluster mass (> 10*” M) and rich population of Wolf-Rayet
and late-O type stars (Brandner et al. 2008), the cluster is not detected as a prominent
free-free emission source in WMAP (Murray & Rahman 2010). If the candidates from
this work are confirmed with the minimum masses estimated, the census of young,

massive clusters and OB associations is doubled with 7 new candidates.

Notably, the age restriction of the census excludes the red supergiant clusters
recently discovered with ages > 10 Myrs and masses > 10* M, (Figer et al. 2006;
Davies et al. 2007; Clark et al. 2009). The massive stellar component of these clusters
have entirely evolved off the main sequence, and consequently the clusters have an
insignificant ionizing luminosity. This is corroborated by the lack of any reprocessed

free-free emission towards the clusters from the WMAP free-free emission maps
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(Murray & Rahman 2010).

5.8.1 Estimates of Completeness

The completeness of the census can be estimated through CMFs from previous work
for other galaxies in the visible wavebands, such as the Antennae and M83 (Fall et al.
2009; Chandar et al. 2010). Ivanov et al. (2010) estimate that the Milky Way contains
> 81 4 21 clusters with masses of 10* — 10° M, and ages up to ~25 Myr, assuming all
clusters within 6 kpc are known (Piskunov et al. 2008). This estimate can be scaled to

o)

our 4 Myr age limit using the age distribution from Chandar et al. (2010
with a minimum age of 1.3 Myr based on the youngest clusters observed. The scaled
estimate is 2 31 clusters in the Milky Way, of which Larsen (2009) would predict that
8 are bound.

Another independent measure of completeness is a comparison to the H II region
luminosity functions of other galaxies. We compare to the H II region luminosity
functions from Kennicutt et al. (1989), using a minimum Ha luminosity of L(Ha) >
103 erg s~! which is similar to the 10* Mg, cutoff. In the most analogous cases to
the Milky Way in terms of morphological class, NGC 6384 (an Sb galaxy) contains
38 sufficiently luminous H II regions, while NGC 7741 (an SBc galaxy) contains 17.
Smith & Kennicutt (1989) show that the H II luminosity function of the Milky Way is
comparable to those of Sb-c galaxies, indicating that using the Sb-c galaxies as a guide
is a valid estimation of the total young, massive clusters in the Galaxy.

Both of these estimates of the total number of massive (> 10* M) clusters/associations
in the Galaxy are comparable to 14, the number of associations in our census, of which
seven are presented here (Table 5.3). Since the estimates of the number of young,
massive clusters expected is between 17-38, we infer from this that our knowledge of
young, massive clusters in the Milky Way is now within approximately a factor of two

of being complete.
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Table 5.3. Census of Massive (= 10* M), Young (< 4 Myr) Clusters & OB

Associations in the Galaxy

Galactic Region Mass (log M) Distance (kpc) Name Reference
Galactic Centre 4.1 8.5 Central Cluster (5)
4.0 8.5 Arches 3)
4.0 8.5 Quintuplet (©))
G24 >4.2* 10.3 SFC 8 1)
>4.2% 6.1 SFC 10 1)
>4.3* 8.8t SFC 12 (1)
G37 >3.9* 10.5 SEC 22 1)
G43 ~4 11.4 W49A 2)
G80 44 15 Cygnus OB2 8)
G287 >4.3 2.3 Carina ?)
G291 42 6.0 NGC 3603 4)
G298 5.0 9.7 Dragonfish (6)
G332 >4.1* 3.2 SFC 34a,b 1)
G337 >4.8* 10.9 SEC 37 1)

*Candidate Cluster/Association from this work.

fUnresolved kinematic distance ambiguity. The distance indicated is the most consis-

tent with the model extinction to the candidate.

References. — (1) This work; (2) Conti & Blum (2002); (3) Figer et al. (1999); (4)
Harayama et al. (2008); (5) Paumard et al. (2006); (6) Chapter 3; (7) Smith & Brooks
(2007); (8) Wright et al. (2010);

Note. — Wolff et al. (2007) use an IMF-sensitive extrapolation over a small mass range
to determine the masses of IC 1805 and NGC 6611. The extrapolated mass of NGC 6611 is
10*4 M, in contrast to more recent work by Bonatto et al. (2006) that revise the minimum
cluster mass down to 1032 M. In both of these cases, the free-free luminosities of the
regions from Murray & Rahman (2010) are inconsistent with young clusters with M> 10*
Mg, indicating smaller masses. Consequently, we exclude both of these regions from this

census.
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5.8.2 Remaining Galactic Plane Targets

This work is based on the luminosity-selected sample of SFCs from Chapter 2 on the
basis that their ionizing luminosities are from young, massive clusters hosted by the
SFCs. However, this work was not a comprehensive search through the entire Galactic
plane. We can determine the likely regions of young, massive clusters that remain
hidden by comparing our census to the catalog of giant H II regions from Conti &
Crowther (2004). As noted in Chapter 2, previously identified individual regions
closely packed together are likely associated in larger complexes (see §2.1 in Chapter
2 for a detailed discussion). For the purpose of this comparison, we group the giant
H II regions from Conti & Crowther (2004) into 27 degree-sized zones in the Galactic
plane. Each Galactic plane zone consists of 1-7 giant H II regions.

Of the 27 Galactic plane zones, young massive (= 10* M) clusters or associations
have not been identified in 18. Within the 18 zones without young massive clusters, 6
have previously known powering clusters with masses less than 10* M, and 5 have
candidates identified in this work also less than 10* M. We list the zones lacking a
young, massive cluster in Table 5.4. For the 5 zones with candidates identified in this
work, they have lower mass limits > 1032 Mg,. Because our search is not sensitive
to the diffuse outskirts of clusters/associations, it is possible that the candidates in
the 5 zones have masses larger than 10* M. Further observations and analysis are
required to better constrain the total masses of these clusters.

Twelve of the 27 Galactic plane zones have not been probed in this work, leaving
a substantial discovery space for the SSC method to be applied. Recently, Lee et al.
(2012) have identified SFCs in the remaining WMAP free-free sources not originally
covered in Chapter 2, which provides a new sample of morphologically-identified
regions to probe. Investigating this remaining SFCs may enable the completion of the

entire upper end of the Galactic CMF.
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Table 5.4. Giant H II Regions Lacking Known Young Massive Clusters

Galactic Region ~ Distance Components (kpc) Names
G3 14.3,14.6 AMWW34, AMWW35
Get 2.8 M8
G8 13.5
Gi1ot 45,15 W31
G15* 24 M17
G20 11.8
G30t 6.3 W43, SEC 17
G49* 5.7 W51, SEC 25
G70 8.6 W58A
G133t 42 W3
G283t 4759,8 RCW 49, SFC26
G274 6.4 RCW 42
G289 7.9
G305t 35
G320 11.5,12.6
G327+ 3.6 RCW97, SFC 33
G347* 7.9 [DBS2003] 179
G351 13.7

tRegions with known powering clusters, but significantly less massive than
104 Mo,
fRegions with candidate powering clusters, but with minimum stellar

masses less than 10* M,

Note. — All regions and distance components are from Conti & Crowther

(2004).
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5.9 Conclusions

We have used the 2MASS point-source catalog to search for massive clusters and
association candidates within the SFCs from WMAP, looking for the brightest stars,
taking into account the line of sight extinction. Including the previous work of Chapter
3, we find that 22 of the 40 SFCs host a candidate cluster that has been identified
through our method, either central to the SFC or on its periphery. The extracted
candidates have semimajor axes of 3’ — 26/. The average extraction significance of the
candidates is 2.4. The candidates with smaller extraction significances are selected
based primarily on morphology.

We discuss the case of two previously identified clusters/associations: NGC 3603,
which is unidentified through our method due to the compact nature of the cluster,
and Cygnus OB2, which we readily identify and whose properties we accurately
constrain. We find the false positive rate to be 3.0 = 0.6 out of 22 identified. The
strong correlation between the candidate extinctions and the modelled extinction
based on the SFC distances provides strong support for the reality of the clusters. This
is reinforced by the spectroscopic confirmation of the Dragonfish Association (Chapter
4), originally identified with the method of Chapter 3.

We estimate the masses and luminosities of the candidates, showing that the candi-
dates can account for the observed WMAP free-free flux for most of the investigated
sources. Of the WMAP sources investigated, only one (G10) lacks any candidate
clusters or associations. Finally, we produce the Galactic census of the young, massive
clusters and OB associations. With the newly identified candidates from this work,
we estimate that we are likely within a factor of two to complete the young massive
cluster population. We indicate locations on the Galactic plane possibly hosting the
remaining unidentified massive clusters and associations.

Future astrometric, spectroscopic and/or X-ray follow-up observations can confirm

the candidates, measure their physical properties and determine their environmental
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impact. With such confirmation, the candidate clusters and associations within the
most luminous SFCs in the Galaxy will enable the more accurate determination of the

upper end of the Galactic CMF.



Chapter 6

Conclusions & Future Work

6.1 Conclusions

Over the course of this thesis, we have sought to identify and characterize the Milky
Way’s most luminous star clusters. Initially, we identify them through their environ-
mental signatures of gas morphology and reprocessed emission. Subsequently, we
seek to identify their massive stellar populations directly. It is through this process
that we substantially increase the number of young, massive star clusters known in

the Galaxy and better characterize the upper end of the Galactic cluster mass function.

In Chapter 2, we use data from Spitzer GLIMPSE and radio recombination line
surveys to identify SFCs within the 13 most luminous WMAP free-free emission
sources in the Galaxy. On the basis of morphology from the 8 ym emission and radial
velocities from radio recombination lines, we identify 40 SFCs, some of which are
expected to contain young clusters or OB associations with masses greater than 10*
Mg . Based on the locations of the SFCs, we estimate that the scale height of Galactic
O-type stars to be 35 £ 5 pc, consistent with previous values. With the free-free
emission measurements from WMAP and the 8 ym emission measurements from
Spitzer GLIMPSE, we find a nearly linear relationship between the two integrated

over the area of the WMAP sources. Having estimated the expansion velocity of the
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bubbles associated with the SFCs, we show that the mechanical luminosity from the
expansion of bubbles accounting for one-third of the Galaxy’s star formation can
account for approximately one-third of the luminosity require to maintain the velocity
dispersion of the molecular gas inside the solar circle, suggesting that the expansion
of bubbles surrounding the most luminous star clusters and OB associations is likely
sufficient to support the observed turbulence of the molecular gas disk. Further, we
show that the kinetic energy of some of the largest bubbles in the sample is similar
to those of previously known superbubbles, likely prior to a single supernova taking
place, indicating that some of these bubbles are progenitors of the superbubbles.
Finally, based on statistical arguments of projection, we show that the observed shell
structure in the 8 ym morphology is more consistent with the hypothesis of limb

brightened shells rather than flattened rings.

In Chapter 3, we search for the powering stellar population of the most luminous
SFC identified in Chapter 2, the Dragonfish Nebula. We use the 2MASS point source
catalog to identify candidate O-type stars consistent with the distance and extinction
of the Dragonfish Nebula, using colour cuts around the expected extinction to filter
out most line-of-sight contaminating stars. Based on the size and demographics of
the overdensity, we classify it as a candidate OB association. We find a significant
overdensity of point sources with extinction between 0.96 < Ax < 1.2 towards the
centre of the SFC. Subtracting the contribution of field sources, we find 406 + 102
sources in the candidate association appearing as O- and early B-type stars at the
distance of the association, consistent with the expected population based on its total
ionizing luminosity. Based on the ionizing luminosity and point source demographics,
we find that the candidate OB association is likely the most luminous OB association

known in the Galaxy.

In Chapter 4, we seek to confirm the existence of the Dragonfish Association,

identified in Chapter 3. We take NIR spectroscopy of a sample of possible O-stars



CHAPTER 6. CoNCLUSIONS & FUTURE WORK 148

in the candidate Dragonfish Association in the H- and K-bands using the SOFI
spectrograph on the NTT 3.6m telescope in La Silla, Chile. With the identification
of Brackett-series hydrogen and helium absorption lines, we find that 15 of the
50 stars identified are O-type stars. In addition, we identify a late-type WN star
through hydrogen line emission, and two LBV candidates using helium and forbidden
iron line emission. Based on the population statistics, we confirm the existence of
the Dragonfish association and its estimated ionizing luminosity and stellar mass,
inferring the existence of a low-mass association population from the stellar initial
mass function. In addition to the confirmation of the association, the spectroscopy
validates the method developed in Chapter 3 and adds evidence to the candidate

associations/clusters identified through it.

In Chapter 5, we refine the method of Chapter 3 to apply to the remaining SFCs
from Chapter 2. Including the Dragonfish association from Chapter 3, we find that 22
of the 40 SFCs host candidate clusters, either central to the SFC or on its periphery.
We constrain the false positive rate of the candidates to be 3.0 + 0.6, and we find
that the candidates have a strong correlation between their measured extinction and
the modeled extinction based on the distance of their host SFC. These two lines of
evidence, added with the confirmation of the Dragonfish Association from Chapter 4,
indicate the reality of the candidates identified. We estimate the masses and luminosity
of the candidates, showing that the candidates can account for the observed WMAP
free-free flux for most of the investigated sources. We, finally, produce the census of
the Galactic OB associations and clusters with ages < 4 Myrs and masses > 10* M,
showing that with this work, we have doubled the number of such known clusters.
Based on extragalactic estimates, we estimate that the census is now within a factor of
two to completion and we indicate the locations on the Galactic plane that may likely

host the remaining young, massive OB associations and stellar clusters.

To summarize, in this thesis we have found some of the most luminous (and
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massive) young OB associations and clusters in the Galaxy.

6.2 Future Work and Directions

With the identification and characterization of a large new sample of young, massive
clusters and OB associations from this thesis, there is a plethora of different avenues
of future work and investigation. We summarize a number of these directions and
classify them into two overarching categories: characterizing the stellar populations

themselves and characterizing their energetic feedback into the Galactic disk and halo.

6.2.1 Characterization of Stellar Populations

While the locations for a large number of new massive clusters and OB associations
have been determined in this thesis, very little has been determined about their
stellar population. Even their very reality requires independent confirmation with
additional evidence beyond statistical stellar density arguments. We outline a number
of alternative means to confirm the existence of the clusters and determine the

composition and distribution of the stellar members.

Spectroscopic Follow-up

As was conducted in Chapter 4 for the Dragonfish Association, follow-up spectroscopy
on individual candidate cluster members will enable precise spectroscopic typing
of the stars. Since these clusters are located at large (> 2 kpc) distances within the
Galactic disk, extinction becomes a substantial problem; while the spectroscopic typing
of massive stars is best conducted in the optical bands, this is likely only possible for
the nearest clusters/associations with relatively low extinction. For the most deeply-
veiled clusters/associations, the line-of-sight extinction may only permit spectroscopy

in the NIR bands, where the spectra of an O-type star is nearly featureless (Gray &
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Corbally 2009). To further complicate matters, the spectral features due to interstellar
absorption are similar to the depth of the features intrinsic to the spectra (Chapter 4).

While the advent of NIR multi-object spectrographs will enable greater numbers
of stars to be tested at a time, direct spectroscopy of stars is inherently a low yield
technique for highly confused clusters/associations. In many of the cases from
Chapter 5, the ratio of cluster stars to confusing sources along the line of sight is
worse than 1:1 after the colour-selection criteria are applied. Additionally, many of
these candidates have ~ 10° OB stars identified in 2MASS, requiring substantial effort
and telescope time to fully classify every identified cluster candidate.

However, despite these challenges, direct spectroscopic follow-up of candidate
cluster stars provides a simple, robust determination of the reality of the candidate
cluster /OB association. Spectroscopic observations also allow the identification of
the exotic, evolved massive star phases, such as the Wolf-Rayet and luminous blue
variable phases (Chapter 4). The identification of these short lived states and their
population statistics may in the future lead to robust estimates of the age of the cluster

or association.

Point Source X-ray Observations

Over the past decade, the Chandra X-ray Observatory has been beneficial for the char-
acterization of young, massive stellar clusters and OB associations (Moffat et al. 2002;
Wang et al. 2008). Recently, the detailed work of Townsley et al. (2011a) for the
Carina region has highlighted the advantages of using the X-ray regime to character-
ize massive stellar populations through X-ray emitting OB stars and colliding-wind
binaries. The relatively large (~ 1/3°) field-of-view permits even some of the widest
OB associations to be observed at once. In the case of the Carina region, this has lead
to the discovery of a large, diffuse population of OB stars outside the dense clusters

(Povich et al. 2011b).
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In addition to the X-ray emitting OB stars, the high energy regime enables the de-
tection of the flaring intermediate-mass pre-main sequence stellar population (Povich
et al. 2011a). The detection of this population is unique to the X-ray regime as these
sources would be too faint to observe in the optical or infrared wavelengths.

However, the challenge of X-ray observations include the extremely long exposure
times required to obtain sufficient sensitivity to the X-ray emitting sources in the
clusters with large distances and extinguishing columns (~ 10% ks). Further, there is a

limited number of facilities capable of making such observations (~ 1).

Astrometric Observations

Precision (near microarcsecond) astrometry enabled through space-based facilities
such as the Hubble Space Telescope and ground-based multi-conjugate adaptive optics
is allowing the separation of cluster and contaminating sources on the basis of relative
proper motions. This process has been successfully conducted on NGC 3603 (Rochau
et al. 2010). This technique provides an entirely unbiased sampling of all objects in the
field, enabling the identification of cluster members that would be otherwise excluded
by colour cuts or chance X-ray emission processes. However, the large distances to the
clusters/associations require multi-year epochs of observation to provide sufficient

proper motion sensitivity to separate cluster and contaminant sources.

6.2.2 Characterization of Feedback

Studying the energetic feedback processes of young, massive clusters and associations
into their environment requires knowledge of both the powering stellar population
and its energetic output. We have discussed avenues to characterize the stellar
populations above. The energetic output can be measured through reprocessed
emission, possibly coming from the winds or ionizing photons produced, or the

kinematics and morphology of the region being acted upon. This new population



CHAPTER 6. CoNCLUSIONS & FUTURE WORK 152

of young, massive clusters and associations is well suited for studies of energetic
feedback; the complexes were initially identified through their reprocessed emission
and morphology, meaning that their large scale structure beyond the position of
individual stars is established. We outline possible directions for feedback studies

using these associations.

Molecular Mapping

Mapping the SFCs and their surrounding natal clouds with a molecular tracer, such
as 12CO, will enable studies of the feedback of these clusters/associations into their
natal GMCs. We are in the midst of conducting such a study of the Dragonfish
Nebula currently, using data obtained with the Mopra Observatory in Australia.
While CO surveys of the Galactic Plane do exist (Dame et al. 2001), they tend to
have relatively low (~ 1/8°) angular resolution, insufficient to resolve the structure
caused by feedback effects. Sub-arcminute, wide field (2 1°) CO surveys surrounding
the SFCs will enable investigations into the driving of large scale structure into the
GMC, the cascading of turbulence in the molecular gas, and the kinematics of GMC
destruction. These observations will help connect the evolution of young, massive

clusters to the life cycle of a GMC in a detailed manner.

Diffuse Emission X-ray Observations

Beyond characterizing stellar populations (as noted in §6.2.1), X-ray observations are
uniquely capable of measuring the hot gas originating from stellar winds (Townsley
et al. 2011b). The diffuse X-ray emission can be extracted using long (> 60 ks)
exposures, binned over arcminute-sized zones, removing the coincident X-ray point
sources. Measuring the diffuse hot gas through X-rays enables a direct measure of the
cluster’s wind feedback and energetics. From these measurements, we can determine

the total pressure contributed by the hot winds into the bubble inflated by the central



CHAPTER 6. CoNCLUSIONS & FUTURE WORK 153

cluster. This will enable the direct determination of the driving of energetic feedback

into the ambient medium.
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