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Supervisor’s Foreword

Analogous to the Bok globules discovered in the 1940s, infrared dark clouds
(IRDC:s for short) are interstellar clouds of dense gas and dust that absorb back-
ground radiation. In contrast to the Bok globules that are isolated pockets of
interstellar material opaque in the optical wavelengths, IRDCs contain larger col-
umns of dust and gas, thus appearing dark even in the infrared wavelengths. Since
the early discovery in the 1990s with the Infrared Space Observatory, IRDCs have
been found in large numbers using Galactic-wide surveys conducted by the Mid-
course Space Experiment and the Spitzer and Herschel space telescopes.

The large reservoir of dense gas and dust in IRDCs makes them the natural
nursery for stars. Relative to molecular clouds with embedded infrared sources, a
lack of infrared emission combined with the large reservoir of dense gas at low
temperatures makes IRDCs the ideal laboratory for investigating the early evolu-
tionary stage of star formation.

Ke Wang’s Ph.D. thesis work presented in this book focuses on the formation of
massive stars. Since most massive stars are found in a cluster environment
accompanied by stars with a range of stellar masses, their formation involves a
cloud that collapses and fragments into multiple dense cores. The initial stellar mass
function typically peaks at 0.5 M, a value that coincides well with the thermal
Jeans mass for the physical conditions in the cloud that forms a massive cluster. The
main difficulty in the cluster star formation is making massive stars whose masses
are an order of magnitude larger than the thermal Jeans mass. To investigate the
early fragmentation in cluster forming clouds, Ke Wang selected massive and dense
IRDC clouds that contain sufficient gas to form massive stars with a cluster, but
have few signs of star formation. Using radio interferometers, he observed these
clouds at high angular resolutions to uncover the early fragmentation and to
investigate the thermal dynamic state of the fragments. He found that dense cores
forming massive stars are at least a factor of 10 more massive than the thermal Jeans
mass, and therefore cannot be explained by thermal Jeans fragmentation. Instead,
the mass of the fragments is consistent with the turbulent Jeans mass. Likewise,
when comparing the fragment mass to the projected spatial separation of fragments,
he found that the massive cores are consistent with a turbulent supported
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X Supervisor’s Foreword

fragmentation. At even higher angular resolutions, cores continue to fragment into
less massive entities, indicating a hierarchical fragmentation of materials in cluster
star formation.

Ke Wang’s work represents one of the first high angular resolution observations
directly tackling the problem of massive core formation. These observations pro-
vide direct physical insight into the formation process as well as the physical and
chemical properties of the cores that form massive stars. His research lays the
groundwork for further studies of a statistically significant sample to investigate the
formation and evolution of massive cores. Sensitive observations with more pow-
erful telescopes such as ALMA will offer further insight and reveal the evolution
path between infant and mature massive protostars.

Cambridge, MA, August 2014 Dr. Qizhou Zhang
Astrophysicist, Harvard—Smithsonian CfA
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Chapter 1
Scientific Background

1.1 Star Formation

1.1.1 A Brief History

The starry night is one of the most intriguing views from Earth. Stars are the basic
elements of the Universe. Their origin is therefore a fundamental question in astron-
omy. Across the Milky Way, the Sun seems like a “normal” star, but it is unique for
human beings. The formation of the Sun directly determines how our home planet
formed, and how life originated on Earth. Since the Big Bang, generations of stars
born and die. Through their life cycles, stars burn hydrogen and helium into heavier
elements. These elements constitute a rich Universe today and a vibrant planet Earth,
including the curious mankind itself.

Where do we come from? The “nebular hypothesis” about the origin of the Solar
system was first suggested by Swedish philosopher Emanuel Swedenborg in 1743
and was then expanded by German philosopher Immanuel Kant in 1755. Later in
1796, French astronomer Pierre-Simon Laplace further developed the hypothesis
(Swedenborg 1734; Kant 1755; Laplace 1796; Woolfson 1993). According to the
“nebular hypothesis”, the Solar system originated from a slowly rotating gaseous
nebula which, due to gravity, gradually collapses and becomes flat, and finally evolves
into a planetary system. Despite of historical limitations, the hypothesis is indeed
suggestive in the sense that (a) it pointed out that stars are formed in gaseous nebulae
(or clouds), and (b) it had realized the central role of gravity. In the same era, German-
British astronomer William Herschel noticed through his observations that there are
“holes” between the field stars (Herschel 1785). Until early 20th century, American
astronomer Barnard realized that the “holes” are actually gaseous and dusty neb-
ulae which obscure background starlight (Barnard 1919). Later, Dutch-American
astronomer Bok pointed out that those dark nebulae, especially those globular in
morphology, are birth places of stars (now known as “Bok globules”, Bok 1948).
This marks the beginning of modern star formation research.
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2 1 Scientific Background

1.1.2 Formation of Low-Mass, Isolated Stars

Since the identification of Bok globules in 1940s, extensive observational and
theoretical studies about star formation have been carried out in the following
decades, finally leading to a widely accepted “standard model” in late 1980s (Shu
et al. 1987). The key physical picture is, stars form through gravitational collapse of
molecular clouds. Molecular clouds are widespread in the interstellar medium (ISM)
(Weinreb et al. 1963; Wilson et al. 1970; Dame et al. 1987, 2001). When the cloud is
massive enough, the inward gravity exceeds all outward pressure combined (includ-
ing thermal pressure, turbulence, magnetic field, rotation), and the cloud starts to
collapse. The critical mass due to thermal pressure (which is the dominant pressure
in low-mass regime) is Jeans mass (Jeans 1928)
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Gravitational potential energy is converted into radiation which escapes through the
still optically thin gas. The collapse takes a time scale of free-fall time
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That is, the densest part collapses first. This inside-out dynamical collapse finally
leads the inner gas to become optically thick. Radiation cannot escape anymore, hence
the gas is heated up and the inner pressure increases. This dramatic process finally
lead to the thermonuclear fusion of hydrogen in the Kelvin-Helmholtz time scale
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The “standard model” involves the following stages.

Stage 1—Formation of a slowly rotating core embedded in a molecular cloud
clump. Initially, turbulence and magnetic fields balance the self gravity of the clump,
but the supports gradually leak through ambipolar diffusion. Supercritial clumps
contract and may fragment into multiple cores.

Stage 2—Inside-out dynamic collapse of cores. Embedded in the collapsing enve-
lope of gas and dust is a protostar which grows through disk accretion. The protostar
accrets mass from the disk, and the disk is fed by gas infall from the envelope. The
two accretion processes dominate the luminosity of the protostar.

Stage 3—Formation of bipolar outflows. Channeled by stellar winds, the extra
angular momentum brought into the disk from accretion is ejected out through the
rotational poles, where resistance is weakest resistance. This leads to collimated jets
and bipolar outflows. In general, the protostar gains a net growth by accretion and
outflows.
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Stage 4—Protostar and a circumstellar disk. The outflow opening angle widens
as time proceeds, and eventually sweeps up most materials in the 47 steradians,
revealing the protostar and a surrounding remnant disk.

Afterwards, planets form in the circumstellar disk and a star-planet system is born.
This stage is often refereed as pre-main sequence evolution of a star, but sometimes
it is also known as Stage 5 of star formation.

This classic model describes the formation of an isolated, solar-like star. It has been
largely confirmed by observations in the past decades. By comparing optical dark
clouds (especially Bok globules) and Infrared Astronomical Satellite (IRAS) infrared
point source catalog, a large number of young stellar objects (YSOs) are identified.
Spectral energy distribution (SED) of YSOs are used to infer the amount of dust,
in order to classify the evolutionary stages. Observationally, YSOs are categorized
in four classes (Class 0, I, II, III) according to SED features, roughly correspond to
Stage 2-5." The “dark cloud” in Fig. 1.1 is younger than Class 0, sometimes referred
as Class —1.

1.1.3 Formation of High-Mass Stars in Clusters

The standard model for low-mass star formation cannot be directly applied to high-
mass stars. Observations show that most stars, including low- and high-mass stars,
are formed in clusters, where high-mass stars are almost exclusively found near the
center of a cluster (Lada and Lada 2003). The stellar initial mass function (IMF) of
a cluster, which describes the number of stars as a function of stellar mass, is in the
form of (Kroupa 2001)

2.3, 0.5<m/Mg <50
Em)ocxcm™ ¥ a= 1.3, 0.08 <m/Mg <0.5 (1.4)
~0.3, 0.01 < m/Mg < 0.08

IMF was originally pointed out by Salpeter (1955), when the index o was found to
be 2.35 for m > 1 Mg, stars, a value that is still very close to observations today.
The high-mass part of IMF is also known as Salpeter function. IMF appears to be
universal in different clusters, indicating that the stars are formed in the same way.
Because stellar mass is a fundamental parameter that determines stellar properties,
any cluster formation theory should reproduce IMF. The form of IMF shows that the
number of stars drops dramatically towards the high-mass end. In the Milky Way,
high-mass stars make up only about 1 % in number, but they provide about 99 % of
the ultra-violet (UV) photons (Kennicutt 1998).

! In fact, for a given YSO, the observed SED is determined by many factors (e.g., geometric
orientation in the sky) beside the evolutionary stage, therefore statistical study and modeling is
needed (Robitaille et al. 2007).
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Fig. 1.1 Evolutionary phases in the “standard model” for low-mass star formation, from dark
clouds to planetary systems. The classification is inferred based on SED features (Class 0, I, II,
III). Dark clouds are sometimes referred as Class —1 [Credit Dishoeck and Blake (1998), Frieswijk
(2008), reproduced with permission of Prof. Ewine van Dishoeck]

Conventionally, stars weigh heavier than 8 M are defined as high-mass stars,
corresponding to spectral type B3. These stars have two important difference than
their low-mass counterpart: (1) The peak of their SEDs shifts to UV. UV radiation
can ionize the parent molecular cloud, and thereby change its physical properties;
(2) 1k < tgr, the time scale to contract and light hydrogen burning is comparable or
less than free-free time scale, which means that high-mass stars continue to accrete
mass after they turn to the main sequence. In another word, high-mass stars do not
have a “pre-main sequence” similar to low-mass stars. For example, an O-type star
spends 10-20 % time of its main sequence embedded in the molecular cloud where
it is born.

The formation and early evolution of high-mass stars is an important open ques-
tion in astronomy today. Compared to low-mass stars, high-mass stars are much less
in number, but they dominate the evolution of interstellar medium (ISM) and galax-
ies. From birth to death, high-mass stars dramatically influence the ISM throughout
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their life cycles: during formation, the accreting protostars inject numerous energy
and momentum into the ISM through massive outflows; during their short life, ener-
getic stellar winds and UV radiation ionize the ambient ISM; their death follows
stunning supernovae which return the enriched material into the ISM. The entire
process takes only the order of 10°yrs. Generation by generation, high-mass stars
shape the physical and chemical properties of the ISM, and affect next generation
of star formation. Despite of their defining importance, the formation of high-mass
stars is still a mystery. Both theory and observation face many challenges (Beuther
et al. 2007; Zinnecker and Yorke 2007).

1.1.3.1 Theoretical Models

The key problem is that the radiation pressure from forming high-mass protostars
can reach high enough to halt accretion, and therefore stop the growth in mass. This
is the so-called “radiation pressure problem” or “luminosity problem”. Assuming
spherically symmetric accretion, the upper limit of the stellar mass is 10 M, (Wolfire
and Cassinelli 1987). But of course, more massive stars do exist. Theoretical models
must overcome this problem and let the mass build up continue. Two major models
have been proposed.

In the “monolithic collapse” model (McKee and Tan 2002, 2003; Krumholz et
al. 2005, 2009), high-mass stars form through mass accretion similar to low-mass
stars, but with two orders of magnitude higher accretion rate. Radiation pressure
leaks through a cavity penetrated by outflow jets. In this model, all final stellar mass
comes from the initial core which harbor the protostar.

In the “competitive accretion” model (Bonnell et al. 1997, 2004; Bonnell and
Bate 2006), molecular cloud clumps first fragment into cores of Jeans mass, each
core forms a low-mass protostar, then all these protostars accrete mass competitively
from a general pool of gravitationally unbound gas within the clump to continue
mass build up. The accretion rate is proportional to the already bound core mass,
known as Bondi-Hoyle accretion. The final stellar mass is determined by the result
of the competition.

Both models are able to reproduce the IMF, but the origin of final stellar mass is
different: either from the immediate core (monolithic collapse) or from the larger,
more general clump (competitive accretion).

1.1.3.2 Observational Studies

Ideally, in order to test theoretical models, a picture of the early evolutionary should
be established through observational studies. However, observations of high-mass
star formation regions face several challenges, including a small sample size, large
distance, clustered environment, and heavy extinction. Because of their fast evolu-
tion, it is difficult to sample different evolutionary phase from observations; typical
distance to high-mass star forming regions are several kilo parsecs (kpc) which
is at least 10 times more distant than low-mass star formation regions; high-mass
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stars form in a clustered environment which usually involves confusion; high-mass
stars continue to accrete after main sequence, while they are still heavily embed-
ded in dense molecular cores, invisible at wavelengths up to mid-infrared (MIR).
Therefore, observational studies of high-mass star formation regions, especially the
early phases, have been focusing on infrared and (sub)millimeter regimes. But at
long wavelengths resolution becomes an severe issue. Nevertheless, in the past two
decades, remarkable progresses have been made by numerous observations using
space-based infrared telescopes and ground-based radio telescopes (including single
dish and interferometers). Upon until now, several stages are recognized.

The first stage is a massive, cold molecular clump which embeds denser cores.
Example of this stage are infrared dark clouds (IRDCs) identified in late 1990s
(Perault et al. 1996; Egan et al. 1998; Carey et al. 1998). IRDCs are cold and dense
molecular clouds that appear as shadows in the MIR sky, when viewed against bright
Galactic background radiation. They have a large range of mass and size (<10%—
10* M, 1-10pc). Dense clumps embedded in IRDCs are thought to be birthplaces
of high-mass stars. Recent observations show that most IRDCs do not show active
star formation activities in general, but faint IR point sources are found in some local
clumps, which are likely new born protostars (Sect. 1.2.2).

The second stage is high-mass protostellar objects (HMPOs) (Sridharan et al.
2002; Beuther et al. 2002). At this stage, the still accreting central protostar has
reached 8 M. Accretion luminosity makes HMPOs bright in mid- and far-IR. When
radiative heating elevates the temperature of the envelope up to >100K, numerous
molecules are evaporated from ice mantles to gas phase. This stage is also known as
hot cores, characterized by rich spectral lines, including those from complex organic
molecules.

The third stage is HII regions. At this stage the UV radiation from the protostar
starts to ionize the ambient gas; observable are free-free emission and H radio recom-
bination lines. The star enters main sequence and starts to sweep up circumstellar
materials. The ionized region expands from hyper-compact Hil region, ultra-compact
Hii region, to HII region.

Of course, the boundaries of these three stages are not sharp at all. For example,
some IRDCs can contain HMPOs in local clumps. Historically, due to technical
reasons, our understanding of these stages is in the reversed order: HII regions first,
then HMPOs, and the studies on IRDCs emerge only in recent years. This thesis
focuses on IRDCs.

1.1.4 Questions Raised

The outstanding question is, what determines the final stellar mass, the immediate
core, or the larger clump? In Chap. 2 we will see that high-mass stars indeed tend to
form in more massive molecular structures. More and more studies show that the core
mass function (CMF) has a similar form to IMF (Kényves et al. 2010), suggesting
that the stellar mass function is determined by the formation of the cores, i.e., the
fragmentation of molecular clouds.
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Controversy between the aforementioned two major theories continues since more
than a decade ago. Recent observations reveal outflow-disk systems in high-mass
protostars similar to their low-mass counterpart (Zhang et al. 1998; Beuther et al.
2002; Keto 2002; Zhang 2005; Cesaroni et al. 2007a; Kraus et al. 2010). This seems to
favor a scaled up version of disk accretion. The monolithic collapse model requires
high-mass protostars to have accumulated all the mass before the core collapse.
The model assumes an initial core mass of the order 10*> M. However, typical
temperature and density in massive star formation clumps determine a Jeans mass
of about 1 M. This presents a theoretical puzzle, since more massive cores are
unstable against fragmentation. How to suppress fragmentation? Krumholz (2006)
and Krumbholz et al. (2010) point out that the radiative heating from previously formed
low-mass stars can elevate the temperature up to 100K, or to change the equation of
state of the gas, making the Mj to increase to 10> M; alternatively, McKee and Tan
(2002) start directly from cold cores of 10% M.

Still, the question is unresolved. Do high-mass stars form from competitive accre-
tion of Jeans mass cores (Bonnell et al. 1997, 2004), or from monolithic collapse
of massive cores (McKee and Tan 2002)? If the latter, how are the massive cores
supported against fragmentation? By protostellar heating (Krumbholz et al. 2005),
turbulence (Padoan and Nordlund 2004; Gong and Ostriker 2011), or magnetic fields?

This thesis addresses these questions by observational studies. First, I carry out
a survey towards a large sample, and study the statistical difference between the
initial conditions of low- and high-mass star formation. Then, I use high-resolution
interferometric imaging to study how IRDC clumps fragment to initiate massive star
formation. Finally, based on these observations, I suggest an evolutionary picture
from the fragmentation of molecular clouds to the formation of high-mass protostars.
This is the first general picture for the early phase prior to hot cores.

1.2 Targets and Observing Strategy

1.2.1 Infrared Point Sources

In 1983, the Infrared Astronomical Satellite (IRAS) accomplished the first all sky
mapping in mid-IR and far-IR (12, 25, 60, 100 um) and released a point source catalog
(PSC, Beichman et al. 1988). Similar to the study of low-mass YSOs, identification
of high-mass YSOs is inferred form the IRAS color, based on SED characters. Using
color-color diagram (Wood and Churchwell 1989, hereafter WC89) noticed that
sources associated with known UC HII show distinguishable colors than other /RAS
point sources. This is because, those point sources have embedded young massive
O stars, thus have similar SED properties. WC89 then suggested a color criteria to
identify sources with OB stars embedded. The WC89 color criteria selected 1,717
such candidates, which became samples for many follow up studies (Zhang et al.
2001; Sridharan et al. 2002; Beuther et al. 2002; Zhang et al. 2005; Wang et al. 2009).
Later, other color criteria were developed to identify earlier stages like HMPOs
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(Chap. 2; Molinari et al. 1998; Palla et al. 1991). However, the presence of infrared
point source means internal heating has started, therefore this stage is obviously not
the earliest stage in evolution. Millimeter/sub-millimeter continuum sources without
an infrared counterpart, present an even earlier stage known as high-mass starless
cores (HMSC, Sridharan et al. 2005). Studies of stages earlier than HMPOs rely on
IR surveys with a higher sensitivity (Sect. 1.2.2).

1.2.2 Infrared Dark Clouds

Indicated by the name, “infrared dark clouds” (IRDCs) are dark clouds observed at
infrared wavelength (Fig. 1.2). Like optical dark clouds (Sect. 1.1.1), the discovery of

Herschel

Fig. 1.2 Panoramic view of the Snake nebula (G11.11-0.12), a prime example of IR-dark
clouds. The upper panel shows a Spitzer composite view at mid-infrared wavelengths (red/green/
blue = 24/8/4.5 wm), outlining the dark features; the lower panel shows a Herschel composite
image at far-infrared wavelengths (red/green/blue = 350/160/70 um), highlighting the emission
from cold dust. The match between the absorption and emission between the mid-IR and far-IR
views indicates that the dust is cold (about 15 K). Two white boxes label regions we zoom-in with
SMA deep imaging (Chap. 4) [Credit Ke Wang (ESO)]
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infrared dark clouds was never intended. In 1995-1998, the European and US space
missions Infrared Space Observatory (ISO) and Midcourse Space Experiment (MSX)
surveyed the Galactic plane in selected regions. /SO mapped | [ |< 45°,| b |< 6° at
7 and 15 wm; MSX mapped | [ |< 91°, | b |< 6° at four bands between 4 and 25 pm.
Both surveys revel a large population of dark clouds widely spread over the Galactic
plane. Those IRDCs have optical depth of 1-4 at mid-IR wavelengths (Carey et al.
1998; Hennebelle et al. 2001). Compared with /IRAS data, majority of the IRDCs are
dark at 7-100 um, and are filamentary in morphology. IRDCs do not appear to be
associated with any known molecular structures, and they represent a new type of
“newly discovered, cold, dense, and isolated clouds” (Egan et al. 1998; Hennebelle
et al. 2001).

Carey et al. (1998, 2000) were among the first to observe IRDCs in molecular
line (H,CO) and dust continuum (450, 850 wm). They conclude that IRDCs are by
nature cold and dense molecular clouds. Later, more observations in CO and NHj3
unveil typical temperature 7 < 20K and density n > 10°> cm™ in IRDCs (Carey
et al. 1998; Pillai et al. 2006). Millimeter/sub-millimeter dust continuum observa-
tions find typical size of IRDCs 1-10pc, mass 10°~10° M, and that IRDCs often
harbor denser clumps. The clumps have a similar mass and size to molecular clumps
with known massive YSOs, but have a lower luminosity and smaller line width,
therefore they are thought to be precursors to massive YSOs(Sridharan et al. 2005;
Ragan et al. 2006; Rathborne et al. 2000).

Simon et al. (2006a) and Peretto and Fuller (2009) generated comprehensive IRDC
catalogs based on MSX and Spitzer Galactic plane surveys, respectively. Each of the
catalog contains about 11,000 IRDCs, but 80 % of the sources do not overlap between
the two catalogs. Simon et al. (2006b) matched the MSX catalog with the '3CO
(1-0) emission obtained from the Galactic Ring Survey (GRS, Jackson et al. 2006),
and determined radial velocity of 313 IRDCs in the first Galactic quadrant, then
calculated kinematic distance. Jackson et al. (2008) determined kinematic distance
to 210 IRDC:s in the fourth Galactic quadrant directly using CS (2-1). Those IRDCs
distributed well in the Scutum-Centaurus arm of the Milky Way (Fig. 1.3). Because
in normal spiral galaxies, OB stars concentrate on spiral arms, the spatial distribution
of IRDCs suggest they are closely related with massive star formation.

Launched in 2009, the Herschel space observatory made the first Galactic plane
survey in far-IR and sub-millimeter wavelengths (Molinari et al. 2010), making it
possible to measure the full SED at all key wavelengths of star-forming clouds. IRDCs
absorb Galactic background mid-IR emission,? and emit at longer wavelengths (far-
IR, mm/submm). Figure 1.2 shows a comparison between mid-IR and far-IR views
of atypical IRDC G11.11-0.12. The cold dust in the cloud glows at far-IR. By fitting
SED of each pixel, Peretto et al. (2010) find in most IRDCs that the temperature
drops towards into the dense center, indicating the lack of an internal heating source
and suggest the IRDCs are about to or undergo collapse and fragmentation (Larson
2005). G11.11-0.12 shows a filamentary morphology. Sensitive Herschel images

2 Mainly emitted from polycyclic aromatic hydrocarbons (PAHs) concentrated at 3.3, 6.2, 7.7, 8.6,
and 11.2 pm (Tielens 2008).
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Fig. 1.3 Galactic distribution of IRDCs superimposed on the Milky Way spiral arm model
(Benjamin et al. 2006). IRDCs are concentrated on spirial arms, indicating their close connection
with the formation of OB stars [Credit Jackson et al. (2008), reproduced with permission of the
AAS]

have revealed a large number of filamentary structures associated with IRDCs (André
et al. 2010; Men’shchikov et al. 2010), and all nearest low-mass star forming clouds
are filamentary (Myers 2009), indicative a close connection between filaments and
molecular cloud fragmentation and subsequent star formation.

The identification of a large number of IRDCs have significantly enlarged the
sample size of high-mass star formation regions. Because of their extreme physical
properties, IRDCs are ideal laboratories to study early evolutionary stages. Since
the first identification, IRDCs have soon become the frontier in the study of high-
mass star formation. Deep millimeter and sub-millimeter dust continuum images
have revealed dense molecular clumps (~1pc, ~10° M) that are suitable to form
massive star clusters (Rathborne et al. 2006). Majority of those clumps do not show
significant star formation activities, but some of them do show some signatures, for
example: faint mid-IR point sources (YSOs), diffuse 4.5 um emission (trace outflow
shocks), and masers (excited by protostars) (Wang et al. 2006; Chambers et al. 2009;
Cyganowski et al. 2008). Among these IRDC clumps, massive (=103 M), low-
lumonosity (<103 L) ones are excellent targets to study the early phase of massive
star formation.

In summary, studies on IRDCs have opened a new era in observational study of
massive star formation. Numerical simulations and analytic works have started to
incorporate observations of IRDCs. We have learned much new knowledge about the
early phase in high-mass star formation during the past 15 years, and given time, the
study of IRDCs will largely advance our understanding of high-mass star formation.
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However, most studies of IRDCs so far have used single dish telescopes with low
angular resolution, and no dedicated high-angular-resolution studies have been per-
formed on the structure of IRDC clump and the fragmentation of filaments their in.
These are the main focus of this thesis.

1.2.3 Radio Interferometer

As aforementioned, the typical temperature of molecular clouds determines the peak
of their SEDs to fall in far-IR wavelengths. However, the Earth’s atmosphere is
opaque at far-IR, therefore ground-based telescopes can hardly observe at far-IR,
even at sites with extremely good weather condition. Space-based telescopes can,
of course, but are much more expensive and cannot be used routinely. The most
recent far-IR space observatory Herschel has a diameter of 3.5m, the largest ever
space telescope, reaching a 25” resolution at 350 jum, but still insufficient for high-
resolution studies. For reference, 1” is equivalent to 1 AU at a distance of 1 pc. Typical
distance of high-mass star formation regions is several kpc, where 1”7 corresponds
to several 103 AU. This is the typical size of accretion disks around massive pro-
tostars (Cesaroni et al. 2007b). Therefore, detailed observations of high-mass star
formation regions typically require angular resolutions of better than 1”. No existing
far-IR telescopes can reach such a resolution. Fortunately, at longer wavelengths,
in the sub-millimeter, millimeter, and centimeter regimes, sub-arcsecond resolution
can be archived routinely using aperture synthesis technique—through radio inter-
ferometers. In the past decades, observational studies in star formation usually start
with sing dish surveys of a large sample, and then select the most promising sources
to be observed with high-resolutions using interferometers.

Radio astronomy has a short history. In 1932, radio engineer Jansky acciden-
tally discovered the radio emission from the Milky Way, marking the birth of radio
astronomy (Jansky 1933a,b). Inspired by Jansky’s discovery, Grote Reber built a
dedicated antenna to confirm the discovery. He then performed the first radio survey
of the sky and found many radio sources (Reber 1940, 1944). In the entire 1940s,
Reber was probably the only radio astronomy in the world. After the world war II,
radar technique was applied to radio astronomy and large telescopes and interferom-
eters were built in the following decades. Nowadays, major telescopes working in
the submm/mm/cm wavelength regime include interferometers JVLA, SMA, PdBI,
CARMA, and single dishes GBT, APEX, IRAM, KOSMA, JCMT, CSO, Mopra
and Nobeyama. The next generation submm/mm interferometer ALMA (Atacama
Large Millimeter/submillimeter Array) has started early science observations since
2011 and has been officially inaugurated in 2013. More about radio telescopes and
interferometers can be found in text books (Wilson et al. 2009; Taylor et al. 1999).

A radio interferometer comprises of n antennae spread out in a certain area.
Connection between any of the two antennae form a so-called “baseline”. There are
n(n —1)/2 baselines in total. The direct measurement is the interference pattern (also
known as “correlation”) of each antenna pair. By accurately measuring the phase of
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the correlation one can derive the spatial distribution of the emission source, at a
resolution equivalent to a single dish with a diameter of the baseline length. One
sampling returns n(n — 1)/2 vectors, including amplitude and phase (orientation of
the baseline with respective to the source), called “visibility”. Suppose we sample
once per 3 s, ahuge amount of data will be obtained during a few hours of observation.
Following the rotation of the Earth, the baseline network projected on to the source
changes and steadily fill in the (u, v) space, which is the Fourier transformation of
the source image. Therefore, to obtain the source image in (x, y) space, one needs to
perform inverse Fourier transform offline. This is called “imaging”. In real observa-
tions, astronomical signals always come with noise of different origins: some from
the atmosphere, and some from the instrument. Separating signal from noise is done
offline in calibration. Usually there are three standard calibrations: (1) antenna gain in
amplitude and phase as a function of time (sometimes simply called “gain calibration”
or “phase calibration”); (2) bandpass gain as a function of frequency; and (3) absolute
flux calibration. The latter two calibrations are the same as single dish telescopes, i.e.,
through observation of standard sources with known flux and bandpass shape. The
antenna gain is special for interferemeters; it is calibrated by periodically switching
the telescope from the source to a nearby calibrator (a bright point source, usually a
quasar), interpolating the antenna gain measured from the calibrator (nearby therefore
signal passes through similar atmosphere), and applying the gain to the source. Cal-
ibration and imaging are accomplished after observations using dedicated software.

The resolution of an interferometric observation is determined by the projected
length of all the baselines, where longer baselines probe smaller angular scales. The
final resolution is in between the two angular scales corresponding to the shortest
and longest baselines. In practice, the resolution, called the synthesized beam, is
a fitting to all the visibility data points weighted in a certain way. The weighting
can be regarded as part of the (u,v) sampling, and will be de-convolved in the
imaging process. Therefore, based on the needs of the research, we can weight
the visibility data in different ways. For example, “natural weighting” takes the
density of data points in the (u, v) space, resulting the highest sensitivity in the final
image; the “uniform weighting”” method weights each data point equally, resulting the
highest resolution; and the “robust weighting” allows observers to optimize between
resolution and sensitivity. In some cases, it is useful to perform additional edition
to the (u, v) data, for example to select only the shorter baselines or to taper longer
baselines, in order to achieve a less elongated and more round synthesized beam, for
a short observation (e.g., Sect.4.2.2).

As one can imagine, the shortest possible baseline between two antennae is the
sum of the radii of the two dishes. The shortest baseline determines the largest angu-
lar scale an interferometer can probe. Larger scales are filtered out, known as “flux
missing” or “short spacing” problem. Adding data from single dish telescopes can
solve the problem. A single dish telescope of a diameter D can be regard as an inter-
ferometer which consists of infinite number of baselines ranging from 0 — D. For
high-resolution studies the short spacing is not critical, but if large scale is concerned,
single dish data should be combined. For instance, the Institut de Radioastronomie
Millimétrique IRAM) 30 m telescope is usually used to fill the zero spacing for the
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Plateau de Bure Interferometer (PdBI). The next generation interferometer ALMA
has a dedicated compact array and a total power array specifically designed to over-
come this problem.

The field of view (FoV) of a radio interferometer is determined by the primary
beam of each elementary antenna. Primary beam is the antenna response as a function
of spatial direction projected on the plane of the sky, usually close to a 2D Gaussian
function. The full-width-half-maximum (FWHM) of the Gaussian function is used
to describe the primary beam size. Outside of the FWHM, the antenna response
is usually not well characterized. A single-pointing observation probes a sky area
roughly the primary beam size.> Extended sources larger than the primary beam can
be covered by mosaic observations, which combines individual pointings Nyquist
sampled over the source size. On-the-Fly (OTF) mapping (Mangum et al. 2007), a
technique widely used in single dish observations, is planned for ALMA, the first
time for an interferometer (Rodriguez-Fernandez et al. 2012).

1.3 Thesis Outline

This thesis aims to establish a general evolutionary picture of the extremely early
phase of massive clustered star formation through observational studies. In Chap. 2,
we select from the IRAS point source catalog a sample of 135 extremely red YSOs
and perform a survey in 1>CO (2 — 1) using the KOSMA 3 m telescope. Combining
our new survey with data in the literature, we find a correlation between the line width
in molecular clouds and bolometric luminosity of associated infrared point sources,
which suggests that massive stars tend to form in more turbulent cloud structures.

In Chaps. 3, 4, and 5, we present high-resolution observational studies of three
massive, low-luminosity IRDCs: G28.344-0.06, G11.11-0.12, and G30.88+0.13,
respectively. These IRDCs are the most well studied IRDCs and represent slightly dif-
ferent evolutionary stages. We use SMA to observe mm/submm continuum and spec-
tral line emission, JVLA to observe multiple inverse transitions of NH3 as well as HoO
and CH3OH masers, and GBT to observe NH3 transitions. The SMA dust continuum
images resolve the detailed structure and fragmentation; the wide-band SMA spectral
line data cover outflow tracers (e.g., CO, SiO) and characteristic hot core lines (e.g.,
CH30H, CH3CN); NHj is a good thermometer in dense and cold gas; finally, masers
are signatures of star formation activities. Our high-resolution, high-sensitivity obser-
vations reveal a common picture of hierarchical fragmentation where turbulence
plays a dominant role, which challenges some of the leading theoretical models.

Chapter 6 summarizes the findings, implications, and future perspectives, and sug-
gest a new observational-driven picture of how massive star formation in a clustered
environment may begin.

3 In fact, signals beyond the FWHM size is received as well, but dramatically attenuated. In some rare
cases, if the signal is strong (e.g., masers) it can affect the source within the FoV (e.g., Sects.4.2.2
and 5.3.3).
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Chapter 2
An Infrared Point Source Survey

Abstract In this chapter, we search for evidence of a relation between properties
of young stellar objects (YSOs) and their parent molecular clouds to understand the
initial conditions of high-mass star formation. A sample of 135 sources was selected
from the Infrared Astronomical Satellite (/RAS) Point Source Catalog, on the basis
of their red color to enhance the possibility of discovering young sources. Using
the Kolner Observatorium fiir SubMillimeter Astronomie (KOSMA) 3-m telescope,
a single-point survey in 13CO J = 2 — 1 was carried out for the entire sample, and 14
sources were mapped further. Archival mid-infrared (MIR) data were compared with
the '3CO emissions to identify evolutionary stages of the sources. A '3CO observed
sample was assembled to investigate the correlation between '3CO line width of
the clouds and the luminosity of the associated YSOs. We identified 98 sources
suitable for star formation analyses for which relevant parameters were calculated.
We detected 18 cores from 14 mapped sources, which were identified with eight pre-
UC Hiregions and one UC H1I region, two high-mass cores earlier than pre-UC H1l
phase, four possible star forming clusters, and three sourceless cores. By compiling
a large (360 sources) '3CO observed sample, a good correlation was found between
the '3CO line width of the clouds and the bolometric luminosity of the associated
YSOs, which can be fitted as a power law, 1g (AV73/ kms™!) = (—0.023 £0.044) +
(0.135 £ 0.012) 1g (Lpo1 /Le). Results show that luminous (>10° L) YSOs tend
to be associated with both more massive and more turbulent (AV;3 > 2kms™!)
molecular cloud structures.

2.1 Introduction

The past decades have witnessed significant progress in the study of high-mass star
formation. Observations at millimeter and submillimeter wavelengths (Zhang et al.
1998; Beuther et al. 2002; Keto 2002; Zhang 2005; Cesaroni et al. 2007) suggest
that massive proto B stars can form by disk mediated accretion, which is similar to
the scenario that produces low-mass stars. However, most of the studies focus on
relatively evolved stages, when the central star has already formed and hydrogen
burning has begun, characterized by surrounding ultra compact (UC) H1I regions
and strong emission from complex molecules (Churchwell 2002). In contrast, the
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extremely early stages are poorly understood to date. In particular, knowledge to
evolutionary stages prior to the onset of HII regions are crucial to understanding the
initial conditions of high-mass star formation.

It is known that stars are formed in molecular clouds. Therefore, the relation
between forming stars and parent clouds is important to understand the formation
process and the properties of the eventual stars. On galaxy scales, star formation
activities are usually described by the so-called Schmidt-Kennicutt law, which relates
the star formation rate (SFR) to the surface density of gas: ¥spr Eé\;s, where the
index N = 1 — 2 (Schmidt 1959; Kennicutt 1998; Gao and Solomon 2004). Studies
of Galactic dense cores have shown that this relation may be universal and can
be connected to Galactic star formation (Wu et al. 2005a). Larson (1981) studied
the turbulence in star forming clouds and found a strong correlation between the
internal velocity dispersion o of the region and its size L: o (kms™!) oc L(pc)?-38.
This relation, also called the Larson law, is valid for low-mass cores but is found
break down in high-mass cores >103M, (Caselli and Myers 1995; Plume et al.
1997; Guan et al. 2008). This is indicative of the different status of turbulence in
low- and high-mass cores. The breakdown of the Larson law can be interpreted
as evidence of widespread supersonic turbulence in high-mass cores, in contrast to
subsonic turbulent low-mass cores (Plume et al. 1997). A molecular line width is
an observational indicator of turbulence in clouds, and bolometric luminosity is an
indicator of forming stars. Any relation between these quantities may help us to
understand the initial star forming process.

This chapter presents results from a 3CO J = 2 — 1 survey towards 135 IRAS
sources using the KOSMA 3-m telescope. To search for high-mass star forming
regions in their early stages, we select a sample on the basis of their red /RAS color
to enhance the possibility of finding young sources. We present the primary results
and investigate the relation between line width in molecular clouds and bolomet-
ric luminosity of associated infrared sources. We describe our sample selection in
Sect.2.2 and observations in Sect. 2.3. In Sect. 2.4 we present statistical results of the
single-point survey (Sect.2.4.1) and follow-up mapping (Sect. 2.4.2). We discuss the
AV — L relation as well as other relations in Sect. 2.5, and summarize the chapter
in Sect.2.7.

2.2 Sample

We selected the sample from the Infrared Astronomical Satellite (/RAS) Point Source
Catalog (PSC, Beichman et al. 1988) version 2.1 according to our developed color
criteria (Wu et al. 2003), namely:

(@ fioopm < 500 Jy, 1g( f25um/ f12pm) = 0.7, 1g(feopm/f12um) = 1.4, where f; is
the flux density;

(b) lack of 6 cm radio continuum radiation to exclude potential H1I associations;

(c) declination § > —20°, so that targets are accessible to the telescope KOSMA.
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Criterion (a) was chosen so that the sample sources were redder and possibly
fainter, thus may be younger than those selected based on the traditional Wood
and Churchwell (1989) color criteria. Criterion (b) helps to exclude any known H11
regions brighter than current detection limit. Therefore, the sample should represent
extremely young stellar objects (YSOs), mostly at evolutionary stages earlier than
the UC H11 phase. The 6 cm radio continuum data was extracted from three surveys:
(1) 0° < § < 75° 4.85GHz radio continuum survey completed by Gregory and
Condon (1991) with the 91-m NRAO telescope; (2) —29° < § < 9.5° 4.85GHz
radio continuum survey led by Griffith et al. (1994) with the 64-m Parkes telescope;
and (3) —9.5° < § < 10° 4.85GHz radio continuum survey led by Griffith et al.
(1995) with the 64-m Parkes telescope.

Criteria (a) and (c) lead to 500 sources being selected from the PSC, which
contains 245,889 sources. However, only 135 sources were observed because of
limited observing time and after applying criterion (b). These sources make the sam-
ple and are concentrated across the Galactic plane over a wide range of longitude,
10° <1 < 230°.

2.3 Observations with KOSMA

A single-point survey in *CO J = 2 — 1 (220.398 GHz) was carried out from
September 2002 to March 2003 using the Kolner Observatorium fiir SubMillimeter
Astronomie (KOSMA') 3-m telescope on Gornergrat near Zermatt in Switzerland.
All of the sample sources were surveyed in '3CO J = 2 — 1. About half of the
sample sources were also observed in '2CO J = 2 — 1 (230.538 GHz) and 14 of
them were mapped in 3COJ =2 — 1.

The beamwidth of the KOSMA at 230 GHz was 130”. The pointing accuracy
was superior to 10”. The telescope was equipped with a dual-channel SIS receiver,
which had a noise temperature of 150K. A high resolution spectrometer with 2048
channels was employed and the spectral resolution was 165.5 KHz, giving a velocity
resolution of 0.22 kms™~!. The main beam temperature (7p) had been corrected for
the effects of Earth’s atmosphere, antenna cover loss, radiation loss, and forward
spillover and scattering efficiency (92 %). From the calibrated Jupiter observations,
the main beam efficiency 7,,, was estimated as 68 % during our observation. On-
the-fly mode was adopted during mapping, with a mapping step of 60”. Most maps
were extended until the line intensity decreased to half of the maximum value or
even lower. The GILDAS? software package (CLASS/GREG/SIC) was used for the
data reduction (Guilloteau and Lucas 2000).

! The KOSMA 3 m radiotelescope at Gornergrat-Siid Observatory is operated by the University of
Cologne and supported by special funding from the Land NRW. The Observatory is administered
by the Internationale Stiftung Hochalpine Forschungsstationen Jungfraujoch und Gornergrat, Bern.

2 Available at http://www.iram.fr/IRAMFR/GILDAS.
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2.4 Results

2.4.1 Survey

Among the entire sample of 135 IRAS sources, we identified 98 sources suitable for
star formation analyses (another 37 sources were excluded either because they had
multiple components or bad baselines, or failed to be detected), of which 60 have
1 and '>CO J = 2 — 1 data. Figure 2.1 presents example spectra

both BCOJ =2 —
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Fig. 2.1 Example spectra of 'CO J = 2 — 1 towards the IRAS sources given in the text [Credit

Wang et al. (2009), reproduced with permission © ESO]
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of 3CO J = 2 — 1: (a) IRAS 0011746412, a perfect Gaussian profile; (b) IRAS
0254146208, a fairly narrow line width; (c) IRAS 06067+2138, a broad line with
red wing, also seen in J = 1 — O transition (Wu et al. 2003); (d) IRAS 2032643757,
a blue wing; (e) IRAS 18278—0212, red asymmetry; (f) IRAS 21379+5106, two
peaks; (g) IRAS 1934842229, two components; and (h) /RAS 0248546902, multiple
components.

Observed and derived parameters are listed in an online Table 2.1, starting with
IRAS name and its J2000 equatorial coordinates in Cols. (1) to (3). By Gaussian
fit, we obtain the observed parameters including main beam temperature T, local
standard of rest velocity Visri3, and '*CO J = 2 — 1 line width (full width at half-
maximum) AVj3 for each source, listed in Cols. (4) to (7). When a line profile is
obviously non-Gaussian, the parameters are measured with a cursor (e.g.Wu et al.
2003), and the velocity uncertainty is given as the velocity resolution; when the line
profile has distinctive multiple components, only the strongest component is shown,
indicated by a character m in corresponding Tpp columns.

The distance to most sources was unavailable in the literature. The kinematic
distances were calculated based on the radial velocity Vi sri3 and the velocity field
of the outer Galaxy given by Brand and Blitz (1993). When two kinematic distances
were available, we selected the closer one, except when the closer distance is too
small (<100 pc). For 8 sources, however, no reasonable distances could be calculated
in this way and we assumed that the distance to these sources is 1kpc. These are
marked as * in the distance Col. (8) of Table2.1.

The bolometric luminosity was calculated based on the distances and the /RAS
fluxes in four bands (12, 25, 60, 100um), following the formula given by
Casoli et al. (1986)

Lol = 5.4D*(f12um/0.79 + fosum/2 + fooum/3-9 + fiooum/9.9) Lo,

where D is the distance in kpc and f;, is the flux density in Jansky. The uncertainties
in luminosity originate in the kinematic distances and the quality of the /RAS source
fluxes. Most of the sample sources have high or moderate quality in all the four
bands. Twenty-one sources with upper limit fluxes in one or two bands are marked
as u luminosity in Col. (9) of Table2.1.

Assuming local thermodynamic equilibrium (LTE) and that the 3COJ =2 — 1
transition is optically thin (i.e. tj3 < 1), we derive excitation temperatures, optical
depth and column densities for '3CO, using radiation transfer equation (Garden et al.
1991). Based on the assumption of LTE, 13C0 and 12CO share the same excitation
temperature T¢x, which can be derived from the main beam temperature of optically
thick '2CO, Typ12. When 713 > 1, an optical depth correction factor C; = 713/
(1 — e7™3) is multiplied by its corresponding column density. The relative CO
abundance ['2CO/H, ] is estimated to extend from 2.5 x 10~ (Rodriguez et al. 1982)
to 107* (Garden et al. 1991), and we adopt the median value of 6.25 x 107>, Using
the terrestrial [12C/!13C] ratio of 89, we adopt a value for [13CO/H;,] of 7.0 x10~7
when computing the column density of H,. These parameters are listed in Cols. (10)
to (13). References of former works are given in the last Col. (14) of Table?2.1.
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The distribution of 3CO J = 2 — 1 line width of this sample has a mean of
3.09kms™! and a standard deviation of 1.06kms~!. This line width is relatively
smaller than that of typical bright/red /RAS sources associated with water masers
(3.5kms™!, (Wu et al. 2001); note that this value was measured in J = 1 — 0 transi-
tion), while significantly larger than that of a molecular cloud hosting intermediate-
mass star formation activities (~2kms™!, Sun et al. (2006), averaged throughout the
Perseus cloud). The luminosities are distributed over a wide range, from 20 L, to
about 10° L, with a mean of 10* L. The high dispersion of luminosities indi-
cates that these sources are embedded in very different environments. This lumi-
nosity distribution is similar to the young ‘low’ sources of Molinari et al. (1996)
(see their Fig.6), in agreement with the assumption that our sample group may be
relatively younger than that chosen by traditional color criteria. The excitation tem-
perature Tex ranges from 4.4 to 22.5K, with an average of 9.7K. This suggests
that very cold gases surround the sample sources, colder than those surrounding the
luminous IRAS sources (Zhu and Wu 2007). The 3CO column densities are (1.2—
28.7) x 105 cm™2, with an average of 6.2 x 10> cm~2, while H, column densities
are (1.7-40.8) x 102! cm~2, with an average of 8.9 x 102! cm—2. These densities are
roughly close to the critical value for gravitational collapse (Hartquist et al. 1998).

2.4.2 Mapping

To improve our understanding of the properties of the surveyed sample, 14 sources
were mapped in 3CO J = 2 — 1 and compared with archival mid-infrared (MIR)
continuum data. Mapped sources were selected from the surveyed sample as those
with only single emission component, and they almost evenly cover longitude
70° < [ < 230°, avoiding low Galactic longitudes, where '3CO lines are often
affected by multiple velocity components from the Galactic molecular ring. Using
these sources as a guide, maps were extended until at least one core was resolved.
‘We name a map on the basis of its guide source name, as outlined in Fig.2.2. In four
cases, one map resolved two cores, resulting in 18 cores in total. We found that 13
cores are associated with the original guide sources, two cores are associated with
other IRAS sources, and three cores have no embedded infrared source (sourceless
hereinafter). A core is named after its associated IRAS source; for a sourceless core,
it is named after its nearest /RAS source plus relative direction to the core (e.g.,
20067+3415NE). See Table 2.2 for core properties.

The core size (Col. 2 of Table2.2) is defined as an equivalent linear size
R = /A/m, where A is the projected area of each cloud within the 50 % contour
(highlighted in Fig.2.2). It is corrected for the effect of beam smearing by multiply-

ing its value by a factor ngs — Qéb /Bobs, Where Ogps 1s the angular diameter of the
core and Oy, is the beamwidth. For three cores, the observed angular diameters are
comparable to the beamwidth, so that the cores are just marginally resolved and the
corresponding core sizes are highly uncertain. In a few cases, maps were not complete
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Fig.2.2 '3COJ = 2 — 1 integrated intensity contours overlay on the Midcourse Space Experiment
(MSX Price et al. 2001) band A (8.28 um) images as background, if available. Maps are listed in
order of name, except the two without MSX data. IRAS 03258+4-3104 has no band A data and we use
band C instead; IRAS 0055745612 and 2219846336 both have no MSX data available, as labeled
on the top of their relevant sub-figures. /RAS point sources are denoted by squares while MSX
point sources by triangles. Small crosses represent observed points, while large crosses denote the
original guide sources (Sect.2.4.2), as labeled on the top of each map. Dash lines schematically
separate resolved cores. For integration, only intensity over three times of the standard deviation
(30) is considered. Contour levels begin from 30 to 90 % by 10 % of the peak intensity, while 50 %
level is highlighted by a solid thick contour. For MSX images, the grey scale wedge is shown on the
right side; the unit is W m~2 st~ [Credit Wang et al. (2009), reproduced with permission © ESO]
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Table 2.2 Core properties

Core R WB Lbol Peak n (Hz) MLTE Mvir Ot*
(pc) (kms™1) | (10°L) | (10°ecm™) | (M) (Mo)
(1 ) 3) ) ) (6) ©) ®)
0011746412 0.57 2.58 4.29 5.13 1.8E+2 |4.8E+2 | 2.7
00557+5612 1.08 2.05 1.47¢ 1.66 6.6E+2 |5.7E+2 | 0.9
0310145821 >1.08 2.52 1.20 1.76 >5.8E+2 |8.6E+2 | 1.5
03260+31112 >0.23 3.05 0.29 15.96 >1.6E4+2 |2.6E+2 | 1.6
03260+3111NE® 0.11 2.51 - 15.96 8.0E+1 | 8.8E+1 | 1.1
0341443200 >0.34 1.92 0.05% 5.35 >8.5E+1 |1.6E+2 | 1.8
05168+3634 >2.41 2.86 17.13 1.57 >1.2E+4 |2.4E+3 [0.2
05168+3634SW* 0.60™ | 2.61 - 1.57 3.0E+3 |5.2E+2 | 0.2
06067+2138 0.55 3.36° 0.03% 3.83¢ 2.5E+2 |7.8E4+2 | 3.1
06103+1523 1.97 2.56 9.49 1.02 2.8E+3 | 1.6E+3 | 0.6
0702441102 >0.11"m | 1.99 0.57 64.73¢ >9.0E4+0 |5.8E+1 |6.4
2006743415 1.76 3.80° 1.14 1.14 3.9E+3 |3.2E+3 | 0.8
20067+3415NE® 0.45™ | 3.67 - 1.14 9.7E+2 | 7.5E+2 | 0.8
2014943913 0.43 3.19 0.30" 2.62 1.4E+4+3 |5.5E+2 |04
20151439112 >1.30 3.83 0.70" 2.62 >4.1E4+3 |2.4E+3 | 0.6
2139145802 0.32 2.78 0.26 11.87¢ 1.3E+2 |3.1E+2 |24
2219846336 1.22 2210 1.53¢ 2.39 1.7E4+3 |7.5E+2 | 0.4
2250645944 1.31 2.88 6.83 1.40 1.0E4+3 | 14E+4+3 |14
AverageT 0.98 2.80 3.02 4.95 1.9E+3 | 1.1E4+3 | 1.3

Note *Not guide IRAS source. Luminosity calculated based on JRAS fluxes and distance:
0326043111 at 0.4 kpc (Harju et al. 1998) and 2015143911 at 1.7 kpc (Motte et al. 2007). ® Average
spectrum fitted with two Gaussian profiles, list the stronger one. ¢ No '2CO data, density calculated
by assuming reasonable T¢x (see text). ™ Core’s angular diameter comparable to beamwidth, mar-
ginally resolved. * Sourceless core. * Upper limit.  Average calculating does not include values of
marginally resolved cores, except for the line width column. * o = Myi/MyTE

to 50 % of the peak intensity, and can only infer lower limits to R (indicated by a sym-
bol *>’). The average line width of each core (Col. 3) is determined by combining all
the spectra in the core and then fitting a Gaussian profile to the average spectrum. In a
few cases, the average spectra show line asymmetry/absorption and need to be fitted
with two Gaussian profiles, and then the line width of the stronger profile is given.
The typical uncertainty in the average line width is 0.04kms™!. Column (4) lists the
luminosity also given in Table 2.1 for reference. Peak volume densities for Hp, n(H3)
(Col. 5), and the LTE core masses, Mg (Col. 6), are calculated based on both R
and the peak '3CO column densities determined by interpolating the maps. For three
maps (IRAS 06067+2138, 07024—1102, and 21391+5802), however, no N (*CO)
are available in Table 2.1 because of a lack of '>CO data. To estimate their core prop-
erties, we assume reasonable excitation temperatures: for /RAS 06067 and 07024, we
assume a typical Tex of 15K; and for IRAS 21391, we assume that 7ex equals the dust
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temperature (25 K, Beltran et al. 2002). Column (7) presents the virial mass derived
from the sizes and line widths following MacLaren et al. (1988). The ratio of virial
to LTE mass o = M,;./My g is listed in the last Col. (8) of Table 2.2. We exclude the
marginally resolved cores when computing averages except for the line width column.

Overall, the core mass ranges from ~10>Mg to 10* M, the linear size from
0.11 to 2.41 pc, and molecular hydrogen density is in the range ~10% — 10* cm—3.
The luminosities are once again, distributed across a wide range, from 30 L to
1.7 x 10*L. Overall, the line width AV 3 > ~2kms™!, and has an average of
2.80kms™!, smaller than that of the entire surveyed sample. We find an average
value of 1.3 for the ratio of virial to LTE core mass, «. Overall the mapping sample
infers o ~ 1, indicating that most of the cores appear to be virialized.

Comparisons between '>CO maps and MIR images are presented in Fig. 2.2, and
a detailed evolutionary identification of individual mapped sources is presented in
Sect.2.6.

2.5 Discussion

2.5.1 The Line Width-Luminosity Relation

The empirical correlation of line width versus luminosity has been found by various
authors from observations in C!30 (Saito et al. 2001; Ridge et al. 2003), as well as in
NH;3 (Wouterloot et al. 1988; Myers et al. 1991; Harju et al. 1993; Ladd et al. 1994;
Jijina et al. 1999). The line width is in general found to increase with luminosity, for
different Ig(AV)/1g(Lpo)) slopes: 0.13-0.19 for NH3 (Jijinaetal. 1999) and 0.11 for
C'80 (Saito et al. 2001). Given the relatively wide availability of the archival '3CO
data, it is helpful to compile an up-to-date 3CO observed sample to investigate the
luminosity-line width relation in case of '*CO.

In Fig.2.3, we plot in logarithmic space the line width versus luminosity from
our sample and other '3CO observed samples adopted from the literature
(Beichman et al. 1986; Dent et al. 1985; Fischer et al. 1985; Yamashita et al. 1989;
Wu et al. 2001, 2004; Ridge et al. 2003). This sample contains 360 sources in total.
One finds that the luminosity of the IRAS sources is well correlated with the 3CO
line width, as fitted by a power law:

AVi3 Lol
lg — ) = (=0.023 £ 0.044) + (0.135 £ 0.012) Ig ,
kms Lo

where the correlation coefficient c.c. = 0.69. This suggests that the mass of the
forming stellar objects is linked to the dynamic status of their parent clouds. Saito
et al. (2001) measured a similar correlation in the Centaurus tangential region and
suggested that the mass of the formed stars is determined by the internal velocity
dispersion of the dense cores. If the velocity dispersion is a reliable indicator of the
turbulence, this is consistent with the idea that turbulence is different in high-mass
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Fig. 2.3 Line width plotted versus bolometric luminosity of 360 13CO observed sources: surveyed
sources (open circles), mapped sources (filled circles), and other samples adopted from the literature
(diamonds). Solid line represents a least squares fitting to the data, and the dash lines represent the
luminosity/line-width criteria (Sect.2.5.1) [Credit Wang et al. (2009), reproduced with permission
© ESO]

and low-mass cores. We note that the 3CO line widths adopted from the literature
were measured from J = 1 — 0 transition with smaller beams.

It is generally agreed that embedded infrared point sources of high luminosity
(>103L) but without associated H1I regions are good candidates for high-mass
YSOs in the pre-UC H1l phase (e.g. Wu et al. 2006, and references therein). However,
sufficiently young massive objects are not necessarily bright at infrared wavelengths;
some of them have no infrared counterparts. High-mass objects at sufficiently young
evolutionary stages could be quite faint in infrared ranges either because they are not
yet mature enough to have developed infrared emission or they are embedded very
deeply in cold dust. For instance, Sridharan et al. (2005) identified several 1.2 mm
emitting high-mass starless cores (HMSCs) that exhibit absorption or no emission at
the MIR wavelengths; a centimeter-emitting UC H I region was also found without an
infrared counterpart (Forbrich et al. 2008). In our mapped sample, faint (<103L)
sources associated with very massive (> 103M@) cores (20149, 20151) do exist.
Although we cannot rule out the possibility that these two sources could evolve to
only low-mass stars, it is very likely that the clouds will eventually fragment to form
high-mass stars, given the large amount of gas therein.

Hereafter, for clarity, our luminosity criterion refers to bolometric luminosity
Lo > 103 Lo, and our line-width criterion refers to line width AV(13CO J =
2 —1)>2kms™!. According to the AV — L relation above, luminosity Lo = 10% L
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corresponds to AViz = 2.42f8:3? kms~!. Because high-mass stars are far more
luminous than their low-mass counterparts, luminous /RAS sources (>103 L) are
likely to be high-mass stellar objects. Therefore, we tentatively (not exclusively)
suggest the lower limit, AVj3 = 2kms™ 1 as a characteristic value for the line-width
criterion, analogous to the widely used luminosity criterion. Objects with line width
larger than this characteristic value are probably high-mass objects. The line-width
criterion includes 94.5 % sources that also satisfy the luminosity criterion (Fig.2.3),
which implies that line width may be a key parameter in measuring the masses of the
forming stellar objects in the cores, at least in our sample. We note that this criterion
(2kms~!) is larger than the typical line width of low mass cores (1.3kms™!, (Myers
et al. 1983)), and smaller than the average line width of high-mass cores (3.5 kms~—!,
Wu et al. 2001).

Applying the luminosity/line-width criteria to our sample, there are 68 sources
satisfying luminosity criterion, 65 (95.6 %) of which also satisfy line-width criterion.
We suggest that the 65 sources are candidate high-mass star formation regions in a
pre-UC H1l phase. For the remaining 30 less luminous sources, 23 of them satisfy the
line-width criterion but not the luminosity criterion. We suggest that the 23 sources
are high-mass YSO candidates earlier than pre-UC HTI phase.

2.5.2 Core Masses and Line Widths

The core masses provide a direct test of our line-width criterion. Figure 2.3 includes
15 cores with luminosities listed in Table 2.2. We exclude sourceless cores and mar-
ginally resolved cores in the discussion in this section, because the former’s luminos-
ity cannot be determined and latter’s estimated size and mass are highly uncertain.
The remaining 14 luminosity-available cores can be divided into two groups: group I,
which do not satisfy the luminosity criterion, including 03414, 21391, 03260, 20149,
06067, 20151; and group II, satisfying the luminosity criterion, including 00557,
22198,03101,06103,00117,05168, 22506, 20067 (in order of increasing line width).
All group II cores also satisfy the line-width criterion, and they are located in the upper
right panel of Fig.2.3. They are very massive, their estimated masses being higher
than several 10> M, except core 00117 (1.8 x 10>M). On the other hand, group
I cores mostly satisfy the line-width criterion. They are relatively less massive than
group II cores, their masses being typically ~10? M or more, with two very massive
cores 20149 and 20151 (>103M,). The only case that does not satisfy the line-width
criterion, core 03414, has the lowest mass in group I. We note that all group I cores
are still significantly more massive than the low-mass cores (Myers et al. 1983).
The high-mass nature of group I cores confirms again (in addition to the previously
mentioned cores 20149, 20151) that the luminosity criterion cannot be applied to
some young sources. On the other hand, the line-width criterion is applicable to
our sample. While in terms of inferring mass, line width may not be as direct an
indicator as luminosity, it is helpful when luminosity is unavailable or is affected by
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large uncertainty (e.g., due to distance ambiguity, flux upper limit), which is often
the case. In addition, line width can be measured observationally more easily and
more accurately than luminosity.

In Fig.2.4a, we plot Ig(AV)3) versus Ig Myrg. A weak correlation is evident in
the data, with a correlation coefficient of 0.38. This may indicate that, for molecular
clouds with associated YSOs, the 3CO line width at some degree is related to the
cloud mass, and massive cores tend to have larger line widths. This weak correlation,
together with the strong AV — L correlation, indicates that massive stars are more
likely to form in massive molecular cores. The core mass and associated /RAS lumi-
nosity in our mapped sample are indeed well correlated (c.c. = 0.76). However, this
correlation may need to be corrected for distance effects (0.3—6.08 kpc for mapped
sample) because both mass and luminosity are proportional to D?. Nevertheless,
strong mass-luminosity correlations were reported in other regions or samples that
have far smaller distance differences than our sample (Dobashi et al. 1996; Saito
et al. 2001; Ridge et al. 2003). Figure 2.4b plots line width AVj3 and core size R
in logarithm. With an average virial mass of 1.1 x 103 M, the cores exhibit no
correlation between size and line width. This indicates that the Larson law is invalid
for our mapped sample, consistent with the results of previous works (Plume et al.
(1997), (Myir) > 3.8 x 103 Mg; Guan et al. (2008), (My;;) = 5.6 x 10° M). The
correlations in Fig. 2.4 are unaffected by distance, because the line width and distance
of the plotted cores are not correlated (c.c. = 0.04).

We conclude that, based on the currently available sample, YSOs with higher
bolometric luminosity (>10° L), tend to be associated with more massive molecular
cloud structures, which are usually more turbulent, and have a large 13CO line width,
AVi3 > 2kms™!. It is important to note that, the characteristic value (2 kms™!) may
not be universal, and can vary from region to region and/or from line to line. Further
mapping of more clouds, as well as higher angular resolution data if available, are
required to examine the line-width criterion proposed here.
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2.6 Individual Analyses

In Fig.2.2, we compare the integrated intensity of '3CO emissions to IRAS (point
sources) and MSX (point sources and images) data. We use the most sensitive band
(band A, centered on 8.28 um) images of MSX when available. We note that maps in
Fig.2.2 are labeled by the original guide sources (Sect.2.4.2). IRAS 0325843104 has
no band A data and we use band C (centered on 12.13 um) instead. IRAS 0055745612
and 221984-6336 both have no MSX data. Individual analyses of each map are
presented as follows.

IRAS 00117+6412: '3CO emission peak coincides well with JRAS and MSX
point sources, and there are also strong counterparts in all four MSX bands. This
distinctive 13CO core is massive (1.8 x 10>My,), in agreement with the conclusion
deduced from the luminosity/line-width criteria (Sect.2.5.1). We therefore suggest
that it is a pre-UC H1I region. Strong 22 GHz water maser (Wouterloot et al. 1993)
and outflow activity (Zhang et al. 2005; Zhao et al. 2003) have been detected within
this area, providing evidence of active star formation.

IRAS 00557+5612: MSX data are unavailable close to this region, but the /RAS
source matches well to the '13CO core peak. A core as massive as 6.6 x 10> M, agrees
with the conclusion deduced from the luminosity/line-width criteria. We therefore
suggest that it is a pre-UC H1I region. A velocity gradient of 0.36kms ™! pc~! from
northeast to southwest is inferred, yielding a rotating angular velocity of 1.16 x
10~14s~1. According to 3CO J = 1 — 0 and HCO* mapping by Zhu and Wu
(2007), two subcores exist within this core.

IRAS 03101+5821: '3CO emission coincides with infrared point sources and
image as well. A core more massive than 5.8 x 10 M, agrees with the conclusion
drawn from the luminosity/line-width criteria. We therefore suggest that it is a pre-
UC H1region. A 22 GHz water maser has been detected within this area (Wouterloot
et al. 1993).

IRAS 03258+3104: a MSX band A image is unavailable for this region and we
use band C instead. '>CO emission within this area is more diffuse than that in former
sources. At least two cores (0326043111 and 03260+3111NE) are resolved within
an area of 0.34 pc. The larger core coincides with JRAS 0326043111, which does
not satisfy our color selection criteria and was suggested as an UC HII region by
Churchwell et al. (1990). Taking both their line width and luminosity into account,
we suggest that core 0326043111 is a high-mass object in UC H1I phase, while
03260+4-3111NE is a sourceless core. The original guide source of the map, IRAS
0325843104, is not associated with any resolved '3CO core. It has been suggested to
be a Class 0 object driving a low-mass bipolar CO outflow (Knee and Sandell 2000).

IRAS 03414+3200: '3CO is quite diffuse across the entire area of 0.34pc, so
that no distinctive 3CO core is found. However, several infrared point sources are
evident close to the 90 % contour within one beam, superimposed on a steep density
gradient. Although its mass (> 85 M) and line width 1.92kms ™) are relatively low
in all the mapped sources, it appears to be a star forming cluster.

IRAS 05168+3634: at least two cores (0516843634 and 05168+3634SW) are
present within 3.01 pc. The dominant northeastern core appears to be associated with
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the infrared sources. The total core mass higher than 1.5 x 10* M, agrees with the
conclusion deduced from the luminosity/line-width criteria. We suggest that the dom-
inant core is a high-mass star forming region in pre-UC H 1l phase, and the SW coreisa
sourceless core. This is consistent with results from Molinari et al. (1996). Strong out-
flow activity was identified (Brand et al. 1994; Zhang et al. 2005) at the position of the
NE core, and the outflow driving source appears deviated to the infrared source IRAS
05168+-3634. A 22 GHz water maser was detected by Pallaetal. (1991) in this region.

IRAS 06067+2138: 13CO core coincides with the IRAS point source but is without
MSX counterpart. The core mass MiTg (2.5 x 10?My) is only one third of its virial
mass My (7.8 x 10> M), indicating that the core is not yet gravitationally bound.
Taking its large line width (3.36 kms ™) into account, we suggest that it is a high-mass
object earlier than pre-UC H1I phase.

IRAS 06103+1523: >CO emission coincides with both infrared point sources and
image. A core as massive as 2.8 x 103 M, agrees with the conclusion deduced from
the luminosity/line-width criteria. IRAS 0610341523 is found to be two point sources
by MSX data, implying that a fine structure may exist there. A denser molecular tracer
(e.g., NoH' or HCO™) and a higher resolution (several arcsec) are needed to study
these fine structures. We therefore suggest that it is a high-mass star forming cluster.

IRAS 07024-1102: '3CO map is incomplete but a core is clearly evident. The
core coincides with the IRAS point source but does not have a MSX counterpart.
Although its luminosity (570 L) is a little lower than the luminosity criterion, it
does generate a line width (1.99kms™!) very close to the line-width criterion. We
therefore suggest that it is a high-mass object earlier than pre-UC H1I phase.

IRAS 20067+3415: the '3CO gas distribution is quite complex in this region.
At least two cores (20067+3415 and 20067+3415NE) are revealed. The dominant
southwestern core coincides with infrared point sources, while the northeastern core
is a sourceless core. Several sub-structures are revealed within an area of 2.21 pc with
total mass of 4.9 x 103 M. Thus, we suggest that core 2006743415 is a high-mass
star forming cluster. The MIR emission and luminosity are relatively weak compared
to those of other pre-UC H1I regions, indicating a very early evolutionary stage.

IRAS 20149+3913: '3CO emission reveals two cores (2014943913 and
201514-3911); both also coincide with infrared point sources and image. They do
not satisfy the luminosity criterion but have large line widths, consistent with their
high masses. Both sources are located in the Cygnus X molecular cloud complex and
were mapped in 1.2 mm continuum (Motte et al. 2007), yielding masses 8 M, and
23 M, respectively (see Table 1 and Fig. 13 in their paper). Here we suggest that
both cores are pre-UC H1I regions.

IRAS 21391+5802: '3CO emission detects a distinctive core and a belt of gas
distributed along the southeast to northwest direction, which is coincident with the
MIR background and several point sources. The core mass Mitg (1.3 x 102M) is
roughly half of its virial mass My, (3.1 x 10?M), indicating that the core is not
yet gravitationally bound, responsible for a large line width (2.78 kms™!). Taking its
relatively small size (0.32 pc) into account, we suggest that it is a star forming cluster
where high-mass stars could eventually form. A 22 GHz water maser and outflow
were identified in this region (Palla et al. 1991; Zhang et al. 2005).
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IRAS 22198+6336: MSX data are unavailable near this region, but the /RAS source
matches the 1>CO core peak well. A core as massive as 1.7 x 10° M, agrees with the
conclusion deduced from the luminosity/line-width criteria. A 22 GHz water maser
and outflow were identified in this region (Palla et al. 1991; Zhang et al. 2005). We
therefore suggest that it is a pre-UC H1I region.

IRAS 22506+5944: 13CO core coincides well with a luminous /RAS point source
and a bright MSX counterpart. A core as massive as 1.0 x 103 M, agrees with the
conclusion deduced from the luminosity/line-width criteria. Thus, we suggest that it
is a pre-UC H1I region. Outflow activity (Wu et al. 2005b; Zhang et al. 2005) and
a 22 GHz water maser (Palla et al. 1991) were identified, indicating that active star
formation process is underway.

In summary, *CO J = 2 — 1 mapping reveals at least 18 massive cores from 14
maps. By means of individual analyses, we identify eight pre-UC H1I regions and
one UC H1l region, two high-mass cores earlier than pre-UC H1I phase, four possible
star forming clusters, and three sourceless cores.

2.7 Conclusions

We have carried outa '3COJ = 2 — 1 survey of 135 IRAS sources selected as potential
YSOs earlier than UC H1I regions. Our main findings are summarized as follows:

1. Ninety-eight sources have good enough emission profile for analysis; some of
them show asymmetric line profiles of '3CO J = 2 — 1. The line width is
3.09kms~! and excitation temperature is 9.7 K, on average. The H, column densi-
ties are (1.7-40.8) x 10%! cm™2. Sixty-five sources are suggested to be candidate
precursors of UC HII regions.

2. Fourteen sources were mapped and resolved as eighteen cores, which have been
identified with eight pre-UC H1I regions and one UC H1I region, two high-mass
cores earlier than pre-UC H 11 phase, four possible star forming clusters, and three
sourceless cores.

3. For molecular clouds with known associated YSOs and measured Lpoj, 12CO
line width AV3 of the clouds is correlated with the bolometric luminosity of
the YSOs. Based on the current 3CO observed sample (360 sources in total),
this correlation can be fitted as a power law, 1g (AV;3/ kms_l) = (—-0.023 £
0.044) + (0.135 £ 0.012) Ig (Lbo1/Lo)-

4. Luminous (>103 Ly) YSOs tend to be produced in more massive and more
turbulent (AV)3 > 2kms~!) molecular cloud structures.
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Chapter 3
The “Dragon” Nebula G28.34+0.06

Abstract This chapter presents new SMA and JVLA observations of an infrared
dark cloud G28.34+0.06. Located in the quiescent southern part of the G28.34 cloud,
the region of interest is a massive (>10° M) molecular clump P1 with a luminos-
ity of ~10° L, where our previous SMA observations at 1.3 mm have revealed a
string of five dust cores of 22-64 M, along the 1 pc IR-dark filament. The cores are
well aligned at a position angle of 48° and regularly spaced at an average projected
separation of 0.16 pc. The new high-resolution, high-sensitivity 0.88 mm image fur-
ther resolves the five cores into ten compact condensations of 1.1-17.2 M, with
sizes a few thousands AU. The spatial structure at clump (~1 pc) and core (~0.1 pc)
scales indicates a hierarchical fragmentation. While the clump fragmentation is con-
sistent with a cylindrical collapse, the observed fragment masses are much larger
than the expected thermal Jeans masses. All the cores are driving CO (3-2) out-
flows up to 38kms™!, majority of which are bipolar, jet-like outflows. Multiple
NH3 transitions reveal the heated gas widely spread in the 1 pc clump. The temper-
ature distribution is highly structured; the heated gas is offset from the protostars,
and matches the outflows in morphology. Hot spots of spatially compact, spectrally
broad NHj (3,3) emission features are also found coincident with the outflows. A
weak NH3 (3,3) maser is discovered at the interface between an outflow jet and the
ambient gas. The moderate luminosity of the P1 clump sets a limit on the mass of
protostars of 3—7 M. Because of the large reservoir of dense molecular gas in the
immediate medium and ongoing accretion as evident by the jet-like outflows, we
speculate that P1 will grow and eventually form a massive star cluster. This study
provides a first glimpse of massive, clustered star formation that currently undergoes
through an intermediate-mass stage. The findings suggest that protostellar heating
may not be effective in suppressing fragmentation during the formation of massive
cores.

3.1 Introduction

Stars are born in dense molecular clouds through gravitational collapse. A clas-
sic picture of low-mass star formation has been described in Shu et al. (1987).
During the collapse, a parsec-scale molecular clump fragments into gaseous cores
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that subsequently collapse and fragment to condensations which eventually form
individual or a group of stars. After the formation of an accretion disk, a bipolar
wind develops to shed angular momentum in the disk so that circumstellar matter
can accrete onto the protostar. Interactions between such a wind and the ambient
molecular cloud may produce highly collimated molecular outflows (or “molecular
jets”) at parsec scales (Shang et al. 2006, 2007).

Massive protostars are often found embedded in massive molecular clumps of
103 M, o (Plume et al. 1997; Molinari et al. 2000; Beuther et al. 2002b; Beltran et al.
2006). Their presence is marked by high luminosity (>10% L), copious spectra
from organic molecules (Blake et al. 1987; Schilke et al. 1997), active accretion
(Zhang 2005; Cesaroni et al. 2006), and strong molecular outflows (Zhang et al. 2001,
2005; Beuther et al. 2002¢). However, the stage prior to the high mass protostellar
phase is not clear. Do massive protostars evolve through a low to intermediate-
mass stage? How does accretion proceed? Do cores harboring massive young stellar
objects collect all the mass before the formation of a protostar? These questions can
potentially be addressed by studying massive infrared dark clouds (IRDCs).

IRDCs are dense (>10*cm™3) and cold (<25K) molecular clouds that absorb
Galactic background mid-infrared emission while emit at longer wavelengths
(2100 wm). Because of their extreme properties, IRDCs are ideal laboratories to
study the early stages of star formation, and thus have been subjected to intense
studies since their identification in mid-1990s by the Infrared Space Observatory
(ISO) and the Midcourse Space Experiment (MSX; Perault et al. 1996; Egan et al.
1998; Hennebelle et al. 2001). Comprehensive catalogs have been established based
on Galactic IR surveys from the MSX (Simon et al. 2006a, b) and Spitzer (Peretto and
Fuller 2010), revealing more than 10,000 IRDCs. Among them, the ones with masses
of 10’ M and luminosities <10 L, are candidates of massive star formation at a
stage prior to the high mass protostellar phase.

G28.344-0.06 (hereafter G28.34), one of the first recognized and well studied
IRDCs (Carey et al. 1998, 2000), appears to be a candidate to form massive stars (see
Fig.3.1 for an overview). This IR-dark filamentary complex shapes like a Chinese
dragon extending ~6pc at a distance of ~4.8kpc. The giant cloud contains several
103 M, of dense gas traced by 1 mm dust emission (Carey et al. 2000; Simon et al.
2006b; Rathborne et al. 2006; Pillai et al. 2006; Wang et al. 2008; Zhang et al. 2009).
Two prominent dust clumps, P1 and P2, are revealed from dust continuum images
obtained from single dish telescopes (Carey et al. 2000; Rathborne et al. 2006). Large
amount of dense gas (~10° M within <1pc) makes P1 and P2 potential sites of
protostellar cluster formation. Zhang et al. (2009) observed P1 and P2 with the SMA
at 230 GHz band. They found that, despite similar amount of dense gas contained
in the two clumps, P1 and P2 show very different stages of evolution. At a 1”.2
resolution, the northern clump P2 fragments to two compact cores with masses 49 and
97 M, respectively. The cores emit rich organic molecular line emissions analogous
to that observed in hot cores. The southern clump P1, on the other hand, fragments
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Fig.3.1 Panoramic view of the Dragon nebula (IRDC G28.344-0.06). Left Spitzer composite image
(red/green/blue = 70/24/8 um) showing the IRDC complex. Overlaid are the water (W1-4) and
methanol (M1) masers detected by our JVLA observations. The positions and spectra of the masers
are presented in Fig.3.8. The Spitzer data are taken from the GLIMPSE and MIPSGAL legacy
projects (Churchwell et al. 2009; Carey et al. 2009) [Credit Wang et al. (2012), reproduced with
permission of the AAS] Right CSO 350 wm continuum emission image. The color bar indicates
flux in Jy per 9”.6 beam. The white box outlines clump P1 [Credit Ke Wang (ESO)]

to a string of five cores regularly spaced along the IR-dark ridge, with masses of 22—
64 M. In contrast to the cores in P2, the P1 cores show no molecular line emission
except faint CO(2-1) across the entire 4 GHz SMA band. This implies a significant
CO depletion at a scale over 0.07 pc in the P1 cores. In addition, an enhancement
of deuterium fractionation was also found toward P1 (Chen et al. 2010). All these
properties point P1 to a quiescent stage much earlier than P2. However, strong H,O
maser (Wang et al. 2006) and enhanced 4.5 wm emission (“green fuzzy”’; Chambers
etal. 2009), as well as a faint 24 um source in P1 suggest that star formation may be
ongoing.

This chapter presents new SMA and JVLA observations of G28.34-P1. With even
higher resolution and better sensitivity, the new observations reveal a great details
of the ongoing star formation, including hierarchical structures, multiple jet-like
outflows, new masers, an X-shaped filamentary system, and feedback from the star
formation activities to the parental clump.
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3.2 Observations

3.2.1 Submillimeter Array

We observed the molecular clump P1 in IRDC G28.344-0.06 with the Submillimeter
Array! (SMA; Ho et al. 2004) at the 345GHz band from 2009 April 26 through
2009 September 23. During six observing runs, the SMA antennas were in three
different array configurations: compact (COM), extended (EXT), and subcompact
(SUB), each was used to observe for two nights for this project. Table 3.1 summarizes
the observations.

For all the observations, we used a common phase center (R.A., decl.)y2000 =
(18142M50574, —04°0315.'3). Quasars J17514-096 and J1830+063 were observed
approximately every 20 min to monitor time dependent antenna gains. The receivers
were tuned to a local oscillate frequency of 341.6 GHz, with a uniform spectral
resolution of 0.812MHz (or 0.7 kms™!) across the entire band. The system temper-
ature varies from 120 to 500K during the six tracks. The full-width-half-maximum
(FWHM) primary beam is about 34"

For the COM observations, we used quasar 3C273 for frequency dependent band-
pass calibration. Absolute flux was obtained by comparing the observed correlator
counts with modeled fluxes of dwarf planet Ceres. With an IF of 4-6 GHz, the lower
sideband (LSB) covered rest frequencies from 335.7 through 337.7GHz and the
upper sideband (USB) covered 345.6-347.6 GHz.

For the EXT observations, 3C454.3 was used for bandpass calibration, while
young star MWC349 or planet Uranus was observed for flux calibration. The obser-
vations made use of the newly upgraded capability that doubled the original IF

Table 3.1 SMA observations towards G28.34-P1

Array | UT date Number of | Bandwidth | Bandpass | Flux Tsys 025 GHz"
(yyyymm) | antenna (GHz) calibrator | calibrator (K)

COM | 20090426 |7 2 3C273 Ceres 200400 |0.09-0.15

COM | 20090503 |7 2 3C273 Ceres 160-280 |0.05

EXT |20090806 |8 4 3C454.3 | MWC349 | 260-500 | 0.09-0.14

EXT |20090826 |7 4 3C454.3 | Uranus 120-250 |0.06-0.07

SUB | 20090905 |5 4 3C454.3 | Ganymede, | 160-300 | 0.05-0.07
Callisto

SUB | 20090923 |7 4 3C454.3 | Ganymede, | 150-300 | 0.07-0.09
Callisto

4 Zenith opacity measured from water vapor monitors mounted on CSO or JCMT

! The Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory
and the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica.
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bandwidth to 4 GHz in each sideband, covering rest frequencies 333.7-337.7 GHz
in the LSB and 345.6-349.6 GHz in the USB.

For the SUB observations, bandpass was calibrated by observing 3C454.3 and
flux was scaled by observing Jovial satellites Callisto and Ganymede. The frequency
coverage was the same as the EXT observations.

The visibility data were calibrated using MIR IDL software package.” Cali-
brated visibility data were then exported to MIRIAD? (Sault et al. 1995) for further
processing and imaging. CASA* (McMullin et al. 2007) was also used for part of
the image processing.

Data from different observing runs were calibrated separately, and then combined
in the visibility domain for analysis. Continuum emission was generated by averaging
line free channels in the visibility domain. In this study, if not otherwise stated, we
use the EXT data for continuum analysis and the combined SUB and COM data for
spectral analysis. With natural weighting, the synthesized beam is 07.69 x 0”.64,
with PA = —83°.1 for the continuum image; while for the spectral line, the beam is
37.23 x 17.96, PA = —47°.4. The 1o rms noise is about 0.8 mJy in the continuum,
and about 100mJy (0.2K) per 1 kms~! in the spectra. If we use the SUB data only,
the beam becomes larger and we obtain a 1o rms of 0.1K at the same spectral
resolution. Empirically, the absolute flux is accurate to about 15 %. The uncertainty
in the absolute position is <0”.1, obtained by comparing the fitted position of the
secondary gain calibrator and its catalog position.

3.2.2 Very Large Array

The Karl G. Jansky Very Large Array (JVLA) of NRAO’ was used to obtain the
NH;3 (J,K) =(1,1), (2,2), (3,3), as well as HO and CH3OH maser line emission data
in 2010 during the Expanded VLA early science phase. Table 3.2 summarizes the
observations. The data were calibrated in CASA and imaged using CASA and Miriad.

The NHj3 (1,1) and (2,2) observed in the C array has a channel width of 0.2 km s~
Wang et al. (2008) observed NH3 (1,1) and (2,2) toward the same phase center in the D
array with a channel spacing of 0.6kms~!. We combined the calibrated visibilities
of Wang et al. (2008) with the new C array data for imaging. To increase the
signal-to-noise ratio in the final images, we averaged the channel width to 0.3 kms~!
and tapered the visibilities with a Gaussian function with a FWHM of 180 kx. We
also made images with a 0.6kms™! channel width to compare with the images at
0.3kms ™! resolution, and found that the latter does not introduce additional features.

2 http://www.cfa.harvard.edu/~cqi/mircook.html.
3 http://www.cfa.harvard.edu/sma/miriad, http://www.astro.umd.edu/~teuben/miriad.
4 http://casa.nrao.edu.

5 The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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Table 3.2 JVLA observations towards G28.34-P1

Parameter/line NH;3 (1,1) | NH3 (2,2) |NH3 (3,3) H,O/CH30H
Observing date 20100ct09 | 20100ctl1 |2010May09 |2010Nov24
Configuration C C D C

Rest frequency (GHz) 23.694 23.722 23.870 22.235/24.959
Primary beam () 2 2 2 2

Gain calibrator J18514005 |J18514005 |J18514005 |J1851+005
Flux calibrator® 3C48 3C48 3C48 3C48
Bandpass calibrator 3C454.3 3C454.3 3C454.3 3C454.3
Phase center? I 1 11 11

Integration time (min) 95 95 21 15/15
Bandwidth (MHz) 4 4 4 4

Polarization Dual Dual Dual Full

Naive channel width (kms™') |0.2 0.2 0.2 0.8

Final channel width (kms=!) 0.3 0.3 0.3 0.8
Synthesized beam (”)° 2.7 x22 2.8 x2.0 4.8 x2.7 1.3 x1.0/1.5 x 0.9
RMS noise (mJy/beam)? 1.2-1.5 1.2-1.5 3 1.2-1.5/0.8
Convention factor (K/Jy) 367 388 165 1939/1484
Weighting method Natural Natural Natural Robust/natural

4 Absolute flux is accurate to about 5 %

b Phase centerIat (R.A., decl.)ya000 = 18"42™50%, —04°03/30"; Il at 18"42™508.82, —04°03/11".3
¢ Final NH3 (1,1) and (2,2) images are made by adding archival D array data (Sect. 3.2)

4 16 rms noise measured in the final images

For the NH3 (3,3) images we also averaged the channel width to 0.3 kms ™! to improve
the signal-to-noise ratio.

3.3 Results

3.3.1 Hierarchical Fragmentation

There are different definitions of clump, core, and condensation in the literature when
describing the spatial structure of dust continuum or molecular line emission. In the
following discussion, we refer a clump as a structure with a size of ~1 pc, a core as
a structure with a size of ~0.1 pc, and a condensation as a substructure of ~0.01 pc
within a core. A clump is capable of forming a cluster of stars, a core may form one
or a small group of stars, and a condensation can typically form a single star or a
multiple-star system. This nomenclature is consistent with the one adopted by Zhang
et al. (2009).

Figure 3.2 presents the 0.88 mm continuum emission. The 0”.69 x 0”.64 resolution
image resolves the clump into five groups of compact condensations, corresponding
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Fig. 3.2 SMA 0.88 mm image of the G28.34-P1 region in contour overlaid on the Spitzer 24 pm
image in color scale. The SMA image is made from the EXT configuration data only, with synthe-
sized beam 0”.69 x 0”.64, PA = —83°.1, indicated as an ellipse in the lower left corner of the panel.
The contours start at 4mJy (50) and increase by a step of 1.6mJy (20'). Assigned condensation
names are also labeled on the image. The SMA image shown here is not corrected for the primary
beam attenuation [Credit Wang et al. (2011), reproduced with permission of the AAS]

to the five dust cores discovered at 1.3 mm, namely SMA1, SMA2, SMA3, SMA4,
and SMAS (Zhang et al. 2009). Cores SMA1, SMA3, and SMAS consist of one con-
densation. Cores SMA2 and SM A4 consist of three condensations, with one dominat-
ing over the other two in peak flux. In addition, a faint condensation is also revealed
northeast to core SMA?2. We tentatively assign this condensation to the SMA2 group.
We name all the 10 condensations accordingly and label them on Fig.3.2. Refining
the core positions using the positions of the dominant condensations, the five cores
are spaced by an projected distance of 0.16 £ 0.02pc (6”.8 4 1”.0), and are well
aligned at a position angle (PA, east of north) of 48°. In cores SMA2 and SMA4, the
three condensations are spaced by 0.03 = 0.007 pc (1”7.3 £ 0”.3).

We estimate the mass of each condensation. Assuming optically thin dust emis-
sion, the dust mass can be estimated following

F,d>

M, = —)
dust By, (Tqust) kv

where Mgys 1s the dust mass, F,, is the continuum flux at frequency v, d is the
source distance, B, (Tqust) is the Planck function at dust temperature 7Tyys, and
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Ky = 10(v/1.2THz)? cm?g~! is the dust opacity (Hildebrand 1983). We adopt
the dust temperatures from high resolution NH3 lines (Sect. 3.4.2.1). The dust opac-
ity at millimeter/sub-millimeter wavelengths is uncertain. For dust in the interstellar
medium, 8 = 2 (Draine and Lee 1984). Rathborne et al. (2010) derived 8 = 1.5+ 0.3
for the entire P1 clump based on a global spectral energy distribution. We generated
a dust opacity map by comparing the continuum image at 345 and 230 GHz, and
found B to vary from 1.3 to 2.5 across the map. Given the uncertainties, we adopt
B = 1.5 for all the cores similar to Zhang et al. (2009), and discuss the effect of
different B on the mass estimates.

Table 3.3 lists coordinates, size, peak flux, integrated flux, and estimated mass of
all the 10 condensations. These parameters are determined by fitting a two dimen-
sional Gaussian function to the observed flux distribution. Fluxes are then corrected
for primary beam attenuation. The masses of the condensations range from 1.1 to
17.2 M with an average of 4.3 M. The mean size is 07.9 x 0”.7,0r 0.6 x 0.2
after deconvolved with the synthesized beam. The deconvolved size corresponds to
about 3,000 x 1,000 AU at the source distance. The uncertainty in the mass estimation
arises from several factors. First, the flux calibration contributes 15 % in uncertainty.
Second, the uncertainty of 8 contributes in a form of Mgyg¢ 3.5#. Third, the spatial
filtering effect of radio interferometry preferentially picks up the compact structures
and filters out the extended emission. Comparing images made from different array
configurations, the EXT image recovered 20-30 % fluxes of what covered by COM
and SUB images. This filtering effect explains why the masses reported in Table 3.2
are consistently lower than those in Zhang et al. (2009). The EXT image at 345 GHz
represents the high contrast structure in these cores—the small, compact condensa-
tions tracing the immediate surroundings of the protostars.

Our observations reveal fragmentation at different spatial scales in G28.34-P1
(Fig.3.3). First, the 1pc clump fragments into five cores (Zhang et al. 2009);

Table 3.3 Properties of the condensations

Name RAJ2000) | Dec(J2000) Size PA. Fpeax | Fine | T? | Mass/ Mg
h:m:s d:m:s a’ xb" |° mly |mly |[K |[B=15|8=2

SMA1 | 18:42:51.19 | —04:03:07.2 | 0.82 | 0.68 | —63.6 |25.3 |31.6 |18 | 6.2 11.6
SMA2a |18:42:50.85 | —04:03:11.4 | 0.74 |0.70 | 552|157 |183 |19 | 3.3 6.2
SMA2b | 18:42:50.76 | —04:03:11.5 | 1.18 | 0.68 | 56.8 | 8.5 |15.5|18 | 3.0 5.7
SMA2c |18:42:50.79 | —04:03:12.4 | 0.81 | 0.62 | 60.5| 5.1 5818 | 1.1 2.1
SMA2d | 18:42:50.99 | —04:03:09.5 | 0.94 | 0.63 | 622 | 5.1 6719 | 1.2 2.3
SMA3 | 18:42:50.58 | —04:03:16.3 | 0.76 | 0.63 | —82.3 | 144 |15.6 |18 | 3.1 5.7
SMA4a | 18:42:50.28 | —04:03:20.2 | 0.78 | 0.75 | 38.1 |12.2 |16.0 |18 | 3.2 5.9
SMA4b | 18:42:50.32 | —04:03:21.0 | 1.30 | 0.75 | 33.2| 6.8 |15.0 |18 | 3.0 55
SMA4c | 18:42:50.20 | —04:03:20.3 1093 |0.55 | —84.7 | 74 | 85|18 | 1.7 3.1
SMAS | 18:42:49.83 | —04:03:25.2 | 091 |0.74 | 788 |16.6 |25.1| 9 |17.2 322
Average 4.3 8.0

4 Measured from JVLA NH3 transitions, see Fig.3.9a
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Fig. 3.3 Hierarchical structure of P1 resolved in dust continuum emission images at various res-
olutions (gray ellipses). a 1.2mm emission from IRAM 30m telescope (Rathborne et al. 2006)
contoured at 10% of the peak flux (260 mJybeam™") starting at 40%. b SMA 1.3 mm emission
(Zhang et al. 2009), contoured in step of 5mJybeam™! starting at 10 mJy beam~'. ¢ SMA 0.88 mm
emission (Wang et al. 2011), contoured the same way as in Fig.3.2 [Credit Ke Wang (ESO)]

second, two of the 0.1 pc cores fragment into even smaller condensations of 0.01 pc.
The fragmentation at clump and core scales are consistent with a hierarchical frag-
mentation picture. The clump fragmentation is likely the result of initial physical
conditions (density, temperature, turbulence, and magnetic fields), while the core
fragmentation results from an increased density after the initial fragmentation. Based
on the JVLA NH3 (1,1) and (2,2) spectra (Wang et al. 2008) and the IRAM 30m
1.2mm continuum image (Rathborne et al. 2006), we measure an initial gas tem-
perature of 13K and density of 3 x 10° cm™3, over a scale of 1pc toward the P1
clump. These values yield a thermal Jeans mass of 0.8 M. At the core scale, density
increases to several 10 times of the initial clump density. For instance, in SMA2 the
core density measured from the 230 GHz image is 9.6 x 10®cm™3, 32 times of the
initial clump density. This density, together with an increased gas temperature (16 K),
leads to a thermal Jeans mass of 0.2 M,. These parameters are also listed in Table 3.4.

It is worth stressing that, in both clump and core fragmentation, the observed
fragment (core/condensation) masses are significantly (~10 times or more) larger
than the expected thermal Jeans masses (Table 3.4), indicating that thermal pressure
is not dominant in the fragmentation processes. Instead, turbulence may play an
important role in supporting these large core/condensation masses, as discussed in
Zhang et al. (2009) (see further discussion in Sect.3.3.1.1). The 1o rms sensitivity
in Fig. 3.2 is 0.8 mly, corresponding to 0.2 M, well below the thermal Jeans mass

Table 3.4 Hierarchical fragmentation in G28.34-P1

Source T? n(Hp) My Ry Fragment massP
K em ™3 Mo pc Mgy

P1 to cores 13 3.0 x 10 0.8 0.04 22-64

P1-SMAZ2 to condensations 16 9.6 x 10° 0.2 0.008 >1.1-3.3

4 Gas temperatures are derived from JVLA NHj3 lines averaged over clump or core scales
b Observed core/condensation masses are calculated using a dust opacity index of § = 1.5
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at the clump scale (0.8 M). However, we did not detect any cores of 0.8 M, in the
filament. The non-detection of Jeans mass cores in the clump may suggest that low
mass cores are not significantly centrally peaked, thus they cannot be substantiated
from the smooth emission in the clump.

3.3.1.1 Cylindrical Collapse

The most intriguing feature in G28.34-P1 is the configuration of well aligned,
regularly spaced cores. The alignment and regularity strongly suggest a mechanism
that is responsible for shaping the molecular filament into what it is now. Similar
features (but at different spatial scales) have been reported in a large number of
nearby dark clouds (Schneider and Elmegreen 1979), in a few filamentary IRDCs
(e.g., Jackson et al. 2010; Miettinen and Harju 2010), as well as in numerical
simulations (Martel et al. 2006). It has been suggested that these fragments are
most likely the results of gravitational collapse of a cylinder, as first proposed
by Chandrasekhar and Fermi (1953) and followed up by Nagasawa (1987) (also
see discussion in Jackson et al. 2010). The theory predicts that, under self gravity,
the gas in the cylinder will ultimately beak up into pieces with a certain interval
(Amax) at which the instability grows the fastest and thus dominates the fragmen-
tation process. Such ‘sausage’ instability produces a chain of equally spaced frag-
ments along the filament, with the spacing roughly the interval Apax. The mass
per unit length along the cylinder (or linear mass density) has a maximum value,
(M/Dmax = 202/G = 465 (km"g,l )2 Mg pe~!, where G is the gravitational con-
stant. If the cylinder is supported by thermal pressure, o is the sound speed cy; if, on
the other hand, it is mainly supported by turbulent pressure, then o is replaced by
the velocity dispersion.

We now compare the observational results with the theoretical predictions.
In G28.34-P1, the FWHM line width is 1.7kms~!, measured form the NH3 (1,1)
spectrum (Wang et al. 2008; Zhang et al. 2009). The line width is equivalent to a
velocity dispersion of o = 0.72km s~ !if the line profile is Gaussian. This velocity
dispersion leads to a maximum mass density of 240 Mg pc~!. The total core mass
in P1is 183 M over 0.8 pc along the filament (Zhang et al. 2009), implying a linear
mass density of 230 M pc~!. Taking into account the missing flux in the interfer-
ometer maps, the observations match the theoretical predictions well if G28.34-P1
is mainly supported by turbulence.

The separation between two adjacent fragments, Apax, depends on the nature
of the cylinder. For an incompressible fluid cylinder in absence of magnetic field,
Amax = 1R, where R is the unperturbed cylindrical radius. And the instability
manifests at about two free-fall timescales (see Sect.3.3.2.2). In G28.34-P1, the
average separation between cores is Apmax = 0.16pc, implying an initial radius of
R = 0.014 pc, several times smaller than the core diameter of 0.1 pc (Zhang et al.
2009). If magnetic field is involved, the strength is of the order of B = 4rpRVG
(see Eq. (93) in Chandrasekhar and Fermi 1953). With n = 3 x 10°cm™3 and
R = 0.014pc, we obtain a magnetic field strength of 0.16 mG. This is relatively
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small compared to magnetic field strength observed in massive star formation regions
(e.g., Girart et al. 2009).

For an isothermal gas cylinder, Apax = 22H, where H = v(4m G,oc)_l/ 2 is the
scale height, whereas p. is the gas density at the center of the cylinder. The equation
can be simplified as

~1/2
0.15 pc (0_21&1 s*l) (3X10§lcm_3) for thermal support,

)"max -

—-1/2
0.13pc (0_72 e ) (SX 106 o= ) for turbulent support.

In the above equations, the sound speed ¢ of 0.21kms™! is calculated using a gas
temperature of 13 K; volume density 3 x 10° cm™3 is the averaged clump density,
while 5 x 10 cm 3 is the average of clump density (3 x 10° cm~3) and core density
(9.6 x 10°cm™3) given in Table 3.4. We see that both scenarios are in agreement with
the observed spacing of Apax = 0.16 £ 0.02 pc if the assumptions are reasonable.
However, since the density should be the central density of the cylinder, we suspect
that the turbulent support is more likely dominant in G28.34-P1.

Comparison between observational results and theoretical predictions suggests
that the fragmentation in the G28.34-P1 filament is well represented by a cylindrical
collapse. The filament is likely supported mainly by turbulence rather than thermal
pressure.

3.3.1.2 Core Structures

We measure the core density profiles in unresolved cores SMA1, SMA3, and SMAS.
The measurements are performed in the visibility domain to avoid defects in image
deconvolution. We combine the SUB, COM, and EXT data for analysis for this pur-
pose. The combined visibility data sample the G28.34-P1 region over baseline lengths
ranging from about 5 to 200 kA, offering a fairly well sampled (z, v) measurement.

For a spherical core, the observed flux distribution over radial distance F(r)
represents the radial density profile modified with temperature gradient. The dust
temperature scales as Tgyst o< 7~ % (Scoville and Kwan 1976) with a = 0.33, if
the core is internally heated. As long as Rayleigh-Jeans approximation holds, this
temperature gradient contributes to the total flux in the form of o« r~¢. Assuming a
power law density profile, p o< r~?, and optically thin dust emission, the observed
dust continuum flux integrated along the line of sight, F' f 0 Tquseds, or

Focr=@tb=b

when (a +b) > 1. In the visibility domain, this is Fourier transformed into a form of

Auv 16 S(u+b73) ,

uv
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Fig. 3.4 Amplitude distribution against (u, v) distance of cores SMA1, SMA3, and SMAS [Credit
Wang et al. (2011), reproduced with permission of the AAS]

where A, is the visibility amplitude and S,, = +/(u2 + v?) is the (u, v) distance
(Looney et al. 2000; Zhang et al. 2009).

Figure3.4 plots the amplitude versus (u, v) distance for SMAI, SMA3, and
SMAS. The amplitude is a vector average of the visibility data in a concentric annuli
defined by a bin of 8kA. Least-squares fitting yields » = 2.09 & 0.09 for SMAI,
1.97 & 0.08 for SMA3, and 1.84 £ 0.10 for SMAS. The results are consistent with
Zhang et al. (2009) measured from the 230 GHz continuum data, where they derived
b = 2.1 £ 0.2 for SMAA4. The density profiles are similar to that of an isothermal
sphere in hydrostatic equilibrium, where the radial density scales as oc » ~2. We note
that the large error bars and discrepancy at long (u, v) distances reflect sensitivity
limits and may be also partly due to unresolved weak sources in the vicinity.

3.3.2 CO Outflows

3.3.2.1 Morphology

Among the entire 8 GHz SMA band, only CO (3-2) is detected above 30 (10 &~ 0.1K
at 1 kms ™! resolution). Nevertheless, CO (3-2) reveals high-velocity outflowing gas
in P1. Figure 3.5 presents the CO (3-2) channel maps, and Fig. 3.6 plots the integrated
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Fig.3.5 CO(3-2) channel maps towards G28.34-P1. The image is made by averaging the emission
overa5kms~! velocity interval, with the central velocity labeled on each panel. The contours start at
50 (240mly) and step by £50. The filled ellipse on the bottom left corner represents the synthesized
beam. The stars mark the presumable outflow driving sources as labeled on the last panel (see the
text) [Credit Wang et al. (2011), reproduced with permission of the AAS]

blueshifted emission in blue contours, and redshifted emission in red contours, super-
posed on the continuum emission. One can find in Fig.3.5 that the extended CO
emission close to the systemic velocity (78.4kms™") is filtered out. This effect actu-
ally helped us identify outflows at high velocities. It is intriguing that all the five
dust cores are associated with CO outflows, majority of which are bipolar, jet-like
outflows.

The outflows are centered on the dust cores and are generally oriented cross the
major axis of the filament. The most prominent outflow is centered on core SMA2,
with a blue lobe emanating toward southeast (SE; see channels of 51-71km s 1in
Fig.3.5), and ared lobe toward northwest (NW; 86—116km g1 ). In addition, a minor
blue lobe is also seen at NW (66-76 kms—!). The outflow centered on SMA3 is in
an east-west orientation, with its blue lobe emanating westbound (51-71kms™!)
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Fig. 3.6 Integrated CO (3-2) emission overlaid on the 0.88 mm continuum emission of the G28.34-
P1 region. The velocity ranges used for integration are [41, 74]kms~! for the blueshifted lobe
(blue contours), and [84, 116]kms™! for the redshifted lobe (red contours). The CO contours are
+(2,2.5,3,...,9.5) x 10 % of the blue lobe peak, 39bee.5urf1 kms~!. The continuum contours
are the same as in Fig.3.2. The arrows sketch the outflow directions. The synthesized beams
indicated in the lower left corner are 3”.23 x 17.96, PA = —47°.4 for the CO image, while
07.69 x 0”.64, PA = —83°.1 for the continuum image [Credit Wang et al. (2011), reproduced with
permission of the AAS]

and its red lobe eastbound (86-96kms~!). SMA4 lies in the center of a NW-SE
outflow, with a SE blue lobe (66-76kms~!) and a NW red lobe (86-91kms™!).
SMALI is associated with a quadrupolar outflow. Its two blue lobes are seen at
66-71kms~!, emanating toward SE and north, respectively. Its two red lobes are
seen from 86 through 91kms~! toward NW and south, respectively. The outflow
centered on SMAS has an orientation almost parallel to the SMA4 outflow. This
outflow is weak compared to others, and its SE blue lobe and NW red lobe can be
barely seen at 66—71kms~! and 86-91kms™!, respectively. Orientation of all the
outflows are sketched as arrows in Fig. 3.6.

The driving sources of these outflows can be identified geometrically. Cores SMA 1
to SMAS are roughly located at the geometric centers of the outflows, respectively.
While SMA1, SMA3 and SMAS5 are unresolved, SMA2 and SMA4 are resolved
into three condensations. In these two cases, we assign the strongest and/or central
condensation as the driving source of the relevant outflow. Hence, the outflows are
likely driven by condensations SMA1, SMA2a, SMA3, SMA4a, and SMAS.
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The CO outflows shown in Figs. 3.5 and 3.6 consist of pairs of knots which are
geometrically symmetric with respect to the central protostar. Illustrated in Fig. 3.6,
outflows SMA2a and SMA3 have four pairs of knots, and outflow SMA4a has two
pairs. The knots are equally spaced by about 0.16 pc. These knots in outflows may
represent outbursts due to disk variability arising from episodic, unsteady accretion
(e.g.,HH211,Leeetal. 2010; HH 80-81, Qiu and Zhang 2009). With the spacing and
maximum outflow velocity vmax, We estimate the period between two outbursts to be
about 4,000 yr. This value lies in the range of roughly 10°~10* yr used in episodic
accretion models for low mass stars (Baraffe and Chabrier 2010; Zhu et al. 2010).

The outflows show slight bending (Fig.3.6). In the outflow SMA3, the red lobe
bends 5° toward the south, and the blue lobe bends 6° toward the south, making
the outflow C-shaped. In outflows SMA2a and SMA4a, and probably SMA1, the
knots seem to trace the propagation of a periodically wiggled, S-shaped molecular
jet, most evident at the closest knotty pairs near the protostar. Part of this effect
may be contaminated by multiple outflows (e.g., in outflow SMA2a). Nevertheless,
the mirror symmetric (C-shaped) wiggles and point symmetric (S-shaped) wiggles
may indicate different bending mechanisms like jet precession, orbital motion of
the jet source, and Lorentz forces (Fendt and Zinnecker 1998; Masciadri and Raga
2002; Raga et al. 2009). Similar bending effects have been observed in a number of
Herbig-Haro jets (e.g., HH 211, Lee et al. 2010) and some of the most collimated
high-mass molecular jets (e.g., Su et al. 2007). Because the wiggles are not prominent
in CO(3-2), we do not discuss this effect further.

3.3.2.2 Physical Properties

We calculate the physical parameters of each outflow, including mass, momentum,
energy, as well as dynamical age and outflow rate. Assuming local thermodynamic
equilibrium and optically thin CO emission in the line wings, we first derive the CO
column density following Garden et al. (1991),

33.12
Nco(em™2) = 4.81 x 10'2 (Tox + 0.92) exp( - )/TB dv ,

ex

where dv is the velocity interval inkms™!, and 7., and Ty are excitation temper-
ature and brightness temperature in K, respectively. We take the gas temperatures
(Table 3.3) to be the excitation temperatures. The outflow mass, momentum, energy,
dynamical age, and outflow rate are then given by

_ g2 2 — / /
M = d* [ 51, | Neo(@)d<'.
Q

P =Mv,
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where d is the source distance, my, is the mean mass per hydrogen molecule assumed
tobe 2.33 atomic units, €2 is the total solid angle that the flow subtends, v is the outflow
velocity with respect to the systemic velocity of 78.4kms™!, vy is the maximum
outflow velocity, and Loy, is the flow length. We adopt an empirical [g—(z)] abundance
ratio of 10* (Blake et al. 1987).

Table 3.5 lists derived physical parameters for each outflow. The outflow properties
show general symmetry in blue- and redshifted lobes. The energetics are small com-
pared to outflows observed in high mass protostellar objects (Beuther et al. 2002c;
Zhang et al. 2005), but are similar to outflows emanating from nearby (<1kpc)
intermediate-mass hot cores (IMHCs: IRAS 2219846336, Sanchez-Monge et al.
2010; NGC 7129-FIRS 2, Fuente et al. 2005; IC 1396 N, Neri et al. 2007). Particu-
larly, the outflow rate Mout, which amounts to (4—47) x10~° Mg yr_l, and the flow
momentum P, which ranges from 1 to 9 M kms™!, are of the same order to all the
three IMHC outflows known to date. The dynamic timescales are (1.5-3.4) x 10*
yr for all the outflows. These values are comparable to massive outflows but are
one order of magnitude higher than the IMHC outflows. Because observations are
limited by noise and gas at higher velocities are possible, #qyy is a lower limit of the
outflow age and the accretion history of the dominant protostar. Theoretical models
suggest that the massive star formation process takes a few times of the free fall

7
timescale (fr= ,/3;—2/) = 366x100y1) f the core. Beuther et al. (2002c) observed a

Vn(em=3)
rough equality between tqy, and #. For the P1 cores, we obtain #¢ of (1.2-6.7) x 10*
yr based on the densities given in Table 3.4. We see that #y approximates fgy, well,
and this supports the idea that flow ages are good estimates of protostar lifetimes
(Beuther et al. 2002c).

The SMA2a, SMA3, and SMA4a outflows are so well collimated that they
resemble “molecular jets” commonly found in low-mass star-forming regions (e.g.,
L1157, Zhang et al. 2000; OMC-1S, Zapata et al. 2005; HH 211, Lee et al. 2007).
Recently, interferometric observations have revealed collimated outflows in high-
mass star-forming regions (e.g., AFGL 5142, Hunter et al. 1999; Zhang et al. 2007a;
IRAS 2012644104, Cesaroni et al. 1999; Shepherd et al. 2000; IRAS 0535843543,
1941042336, 1921741651, Beuther et al. 2002a, 2003, 2004; HH80-81, Qiu and
Zhang 2009). To measure the collimation, we take the ratio of outflow total length
(blue + red lobes) over width measured in Fig. 3.6 as collimation factor. We obtain 14,
10, and 7 for SMA2a, SMA3, and SMA4a outflows, over scales of 0.5—1 pc. These
values are comparable to that of the most collimated low-mass outflows and are
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higher than that of the high-mass outflows discovered by single dishes and previous
interferometers (Wu et al. 2004; Beuther et al. 2002c; Qiu and Zhang 2009). Beuther
et al. (2007a) reported one outflow in IRAS 0535843543 with a collimation fac-
tor of ~10 and claimed that it was the first massive outflow observed with such a
high degree of collimation at a scale of 1 pc. In G28.34-P1, the SMA2a and SMA3
outflows are among the best collimated molecular outflows yet discovered in high-
mass star-forming regions over parsec scales. We note that these collimation factors
should be considered as lower limits because the outflow lengths and widths are not
corrected for inclination angle, and are not deconvolved with synthesized beam.

3.3.3 Ammonia Emission

Figure 3.7 presents moment 0, 1 and 2 maps of the NHj3 (1,1), (2,2) and (3,3) main
hyperfine emission. The NE-SW orientated filament is traced by the NH3 (1,1) and
(2,2) emission extremely well. Ammonia cores coincide with all the SMA dust cores,
indicating that NH3 traces the dense envelopes of the protostellar cores. As illustrated
in the moment 1 images of NH3 (1,1) and (2,2), there is a velocity gradient of
1.5kms™! over 1 pc along the filament. This gradient is, however, not uniform; it
is enhanced toward southwest starting at SMAS5. On the other hand, the velocity
field from SMA1 through SMA4 is quite uniform, at about 79 kms~!. The moment
2 images show similar velocity dispersion® of 0.4-0.8 kms~! along the filament as
traced by NH3 (1,1) and (2,2). The velocity dispersion is enhanced to several local
maxima of 0.6-0.8 kms~! which coincide with all the SMA dust cores except SMA3.
The enhancements may originate from a combination of spatially unresolved motions
such as rotation, infall, and outflow.

In addition to the main filament, the NH3 (1,1) emission also reveals a fainter
northwest-southeast (NW-SE) orientated filament, crossing the main filament at
SMAS, making an X shape. This minor filament is located at a slightly different
velocity, around 82 km s~ Compared to the main filament, the minor filament shows
weaker emission in NH3 (1,1) and little emission in NH3 (2,2), indicative of even
colder gas. The minor filament is evident in the previous NH3 (1,1) image at lower
resolution (Wang et al. 2006; Zhang et al. 2009), however, it does not correspond
to any dust emission feature at 3501300 wm (Rathborne et al. 2006, 2010; Zhang
et al. 2009; Chen et al. 2010; Wang et al. 2011). Therefore, the minor filament is
remarkably less dense than the main filament. Like the main filament, the minor
filament consists of a velocity gradient of 2kms™! over 1pc; it also hosts several
NH3; cores with sizes similar to the NH3 cores on the main filament. It has a velocity
dispersion of < 0.4kms~! in general, but local enhancements of up to 0.5kms™!
are also presented. We will discuss the nature of the minor filament in Sect.3.4.3.

% For a Gaussian line profile, velocity dispersion o is related to FWHM line width AV as o =

AV /24/21n2.
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Fig. 3.7 Moment maps of the main hyperfine emission of NH3 (1,1), (2,2) and (3,3), shown on
the left, middle and right columns, respectively. The contours are plotted in steps of 6o, which
is 0.5 mJy beam™! kms™! for (1,1) and (2,2), while 1 mly beam™! kms™! for (3,3). Units of the
color bars arekms™!. The stars mark the five dust cores (SMA1-5) which are further resolved
into smaller condensations (the black contours in Fig.3.9). The blue line on the bottom-left panel
indicates the direction of the mean magnetic field (Sect. 3.4.3). The filled ellipses on the bottom-left
corners represent synthesized beams [Credit Wang et al. (2012), reproduced with permission of the
AAS]

In the following text, unless otherwise stated, we refer the main NE-SW filament as
“the filament”.

Itis interesting to note that the clumpy NHj3 (3,3) emission does not follow the dust
filament at all. We visually identified five representative peaks from the (3,3) moment
0 map, labeled as A-E in Fig.3.7. None of these peaks coincide with any dust cores.
In fact, the only one that lies on the filament is peak D which is between SMA4 and
SMAS; other peaks are offset from the filament. Because NHj3 (3,3) is excited at an
energy level of 125 K, these ammonia peaks trace local temperature enhancements
relative to the generally cold molecular clump. Another important feature is the
large velocity dispersion: all the peaks show centrally condensed distribution of
o > 0.8kms~!, and up to 2.2kms™! in peak B. Peak B is located down stream of
the red lobe of outflow SMA2a, the most energetic outflow in P1 (Wang et al. 2011).
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Fig. 3.8 Left Spectra and coordinates of the water (W1-4) and methanol (M1) masers detected
with JVLA on 2010 November 24. Brightness temperatures have been corrected for primary beam
response. See Fig. 3.1 for the location of the masers in the IRDC complex [ Credit Wang et al. (2012),
reproduced with permission of the AAS] Right Variation of masers M1 and W2 from 2005 to 2010.
W1,3,4 are new detections (see text). [Credit Ke Wang (ESO)]

The centroid velocity on peak B is redshifted relative to the filament, consistent with
the redshifted CO emission. Indeed, all these NH3 (3,3) peaks seem to trace the
footprint of the jet-like CO (3-2) outflows revealed by the SMA (Wang et al. 2011).
We will discuss this further in Sect.3.4.2.1.

3.3.4 Maser Emission

We report maser detections based on the following criteria: (a) Peak flux >60;
(b) Emission continues at least two channels with flux >40; and (c) Within the
primary beam response of >0.3. We adopt these criteria because at some channels
the images are contaminated by the side lobes of a strong maser located at P2 (Wang
et al. 2006), well outside of the primary beam. Using the criteria, we identify 4
water masers (W1-4) and 1 methanol maser (M1), as presented in Figs. 3.1 and 3.8.
Positions of the masers are obtained by fitting a two dimensional Gaussian to the
brightness distribution of the maser emission. The positional uncertainty is <0”.02.



3.3 Results 63

All masers are either coincident with or close to infrared point sources at 8—24 pm.
Their FWHM line widths are less than 1kms~! with only one exception, the HO
maser W3 which has a line width of about 2kms~!. Because maser emission has a
narrow line width in nature, this indicates that our observation has spatially resolved
the maser knots in most cases.

Comparing the maser positions and velocities with previous observations made
with JVLA (Wang et al. 2006, resolution ~2”) and GBT (Chambers et al. 2009,
resolution ~30"), we find that W1, W3, and W4 are new features, while W2 and
M1 are spatially and spectrally coincident with two masers reported previously. Both
W2 and M1 have been varying in peak flux during the last several years: W2 was
2.4 Jy on 2005 September 23/24, then brightened to 6 Jy on 2006 December 5, and
dimmed dramatically to 0.03 Jy on 2010 November 24; M1 dimmed from 0.24 Jy
on 2006 December 5 to 0.02 Jy on 2010 November 24. On the other hand, W1 and
W3 were either newly emerged or experienced brightening between 2006 and 2010,
otherwise they should have been detected by Chambers et al. (2009). W4 is below
the detection limit of Chambers et al. (2009).

Among all the five detected masers, only two (W1, W2) are associated with
NH3 emission above 60 significance. W1 and W2 locate right on top of the dust
condensations SMA2a and SMAZ2b, respectively, and have distinct velocities (90
and 81kms™), thus they are presumably excited by the protostars embedded in
their own dust condensations. The position discrepancy between the HoO maser
with its exciting protostar is within a fraction of 1,000 AU. Based on the CO outflow
driven by SMA2 we can only identify SMA2a as a protostar. However, the maser
emission suggests that SMA2b is also a protostar. It is interesting to note that the
water maser reported by Wang et al. (2008) is located between SMA2a and SMA2b
(see Fig. 3.4 of Wang et al. (2011) for illustration), but has a velocity of 80km s—L.
Therefore, we suspect that the previous maser detection corresponds to W2.

3.4 Discussion

3.4.1 Massive Star Formation Through an Intermediate-Mass
Stage

The presence of highly collimated outflows demonstrates a protostellar nature of the
condensations in G28.34-P1. Wang et al. (2008) reported a luminosity of 10 L
for the 24 um source associated with SMA2. Rathborne et al. (2010) obtained a
luminosity of 2.1 x 103 L, for the entire P1 clump. These luminosities set a limit on
the mass of the embedded stars of 3—7 M, if they are at the zero-age main sequence.
The stellar masses put these objects at an intermediate-mass stage. The presence of
highly collimated outflows also favors a disk-mediated accretion scenario of massive
mass star formation (Zhang et al. 2005; Cesaroni et al. 2007) in a manner similar to
low-mass star formation. In addition, the high collimation also indicates that these
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outflows are at very early stages since the opening angle of outflows widens as they
evolve.

The G28.34-P1 condensations are comparable in mass to the nearby intermediate-
mass “cores” (2-5 M) at a similar spatial extent (2,300 x 1,600 AU; Sanchez-
Monge et al. 2010). The non-detection of organic molecules (CH3OH, CH3CN,
etc.) in P1 is likely due to the sensitivity limit of our observations. Sinchez-Monge
et al. (2010) observed copious hot core molecular line emissions toward 122198,
an intermediate-mass star with a luminosity of 370 L at a distance of 0.76kpc.
The typical brightness temperature of the lines is 0.8 K. If we scale 122198 to the
distance of G28.34, the emission would become 40 times fainter, well below our
detection limit of 0.1K per 1 kms~! resolution (also true for Zhang et al. 2009).
Therefore, it is possible that G28.34-P1 may have already experienced an increase
in abundance of organic molecules as expected from protostellar heating, similar to
122198. Deep spectroscopy with ALMA will be able to verify the presence of hot
core type molecules in G28.34-P1.

Despite the similarities between the G28.34-P1 condensations and the
intermediate-mass star forming “cores”, there is an important distinction between
the two: The G28.34-P1 condensations are embedded in compact (~0.1 pc), dense
cores (~107 cm 3, see Table 3.4) with several tens of solar masses, which are hier-
archically embedded in a massive, dense (3 x 10° cm ™3, Table 3.4) molecular clump
of over 10° M, an order of magnitude larger than the mass in a typical intermediate-
mass star-forming region. With a typical star formation efficiency of 30 % in dense
gas and a standard stellar initial mass function, it is natural to expected that massive
stars will eventually emerge in some of the condensations (if not all), at the end of
protostellar accretion. At that time, P1 would become a massive star cluster. In the
context of evolution, an immediate comparison to G28.34-P1 is the northern clump
(G28.34-P2 in the same cloud complex, which may represent the future of P1. With a
similar clump mass, P2 has a higher gas temperature of 30 K, and a higher luminos-
ity of 2.6 x 10* L, (Rathborne et al. 2010), equivalent to a zero-age main-sequence
mass of 14 M. The SMA observations detected molecular lines from CH30OH and
CH3CN in the P2 cores, while none in the P1 cores (Zhang et al. 2009). Likewise,
other massive molecular clumps (e.g., W33A, Galvan-Madrid et al. 2010; G31.41,
Girart et al. 2009; NGC 6334, Hunter et al. 2006; G10.6, Liu et al. 2010) that have
luminosities of 10*~10° L, and are associated with radio continuum emission, may
represent an even more evolved phase of massive star formation at which high mass
protostellar objects have already emerged.

The large mass reservoir (22-64 Mg at ~0.1pc; 1,000 My at <lpc) in
(G28.34-P1 and the outflows suggest that the condensations are, and will remain,
actively accreting materials through the ambient medium. Materials in the cores fall
onto the embedded protostars through disks and at the same time materials in the
clump fall onto the cores. Observations of G28.34-P1 seem to indicate a continu-
ous accretion over a spatial scale that spreads two orders of magnitude, from 1 to
0.01 pc, and finally reaches onto the protostars. This is a relatively new picture, but
has also been reported in another IRDC, G30.884-0.13 (Zhang and Wang 2011). A
comparison with massive and more luminous molecular clumps indicates that the
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condensations will grow in mass, and likely emerge as massive stars eventually. The
embedded protostars appear to be still intermediate-mass objects and are on their
way to eventual massive stars. Our observations of the G28.34-P1 clump provide
perhaps the first glimpse of an intermediate-mass stage of massive, clustered star
formation.

3.4.2 Feedbacks from Star Formation: Outflow and Radiation

3.4.2.1 Outflow Heating

Intensity ratios of the main and hyperfine components from multiple NH3 (J,K) tran-
sitions constrain rotational temperature which well approximates kinetic temperature
in the regime of <20 K (Ho and Townes 1983; Walmsley and Ungerechts 1983). In
the following analysis, we assume that the rotational temperature is the same as the
kinetic temperature when the former is <20 K. Following the procedure of Ho and
Townes (1983), we compute a rotational temperature (7>1) map based on the NH3
(1,1) and (2,2) images. The NH3 images were first smoothed to a common beam of
2”.8 before computing the T>; map. The uncertainty of 73] is estimated to be 3 K.
Figure 3.9a shows 7»; with the dust condensations and the CO (3-2) outflows super-
posed. The 7> map reveals a highly structured temperature profile ranging from 8 to
30 K, opposite to the smooth temperature profiles observed in other IRDCs (Ragan
et al. 2011). This may be due to beam dilution since the data in Ragan et al. (2011)
have a larger beam. A number of remarkable enhancements (7>; > 26 K) are present
among the entire map, but surprisingly none of the temperature enhancements coin-
cide with any dust condensations. Instead, all the 7>; enhancements spatially match
the footprint of the outflows.

Since the NH3 (3,3) is more widely spread than the (1,1) toward the northwest
where the signal-to-noise ratio of (1,1) prohibits us from computing opacity, it is
difficult to derive a reliable rotational temperature map from the NHz (1,1) and (3,3)
lines. Instead, we compute the intensity ratio of the main hyperfine of (3,3)/(1,1),
R31, as plotted in Fig.3.9b. To compute the intensity ratio, the NH3 (1,1) image
was first smoothed to the beam of the (3,3) image. The intensity ratio is positively
correlated with the rotational temperature (Ho and Townes 1983; Zhang et al. 2002).
For reference, assuming optically thin emission and the same abundance for the ortho
and para NH3 (Zhang et al. 2007b), R3; = 0.5, 2, and 5 correspond to rotational
temperatures of 731 = 31, 55, and 109 K, respectively. Like the 751 map, the R3; map
is also highly structured. R3; varies continuously from 0.3 to 12.5 over the map. Again
several hot spots represented by Rj3; peaks (corresponding to NH3 (3,3) emission
peaks A—E) match the outflow footprint and are offset from the dust condensations. In
addition to the peaks, there is a low R3; valley along SMA?2 to SMA3. Optically thin
thermal NH3 (3,3) emission should have R3; < 6.4 (Ho and Townes 1983). Higher
R31 values are seen toward peaks A—C, indicative of non-thermal emission. Toward
peak B, the (3,3) emission is weakly amplified (Fig.3.10), resembling an NH3 (3,3)
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are a T»1, the rotational temperature derived from NH3 (1,1) and (2,2), and b R3j, the integrated
intensity ratio of NH3 (3,3)/(1,1). The arrows and blue/red contours outline the blue-/redshifted
CO (3-2) outflows, and the compact black contours represent the five groups of dust condensations,
SMAL-5, from upper-left to bottom-right (contoured the same way as in Fig.3.2). The two white
crosses on top of SMA2a and SMA2b represent water masers W1 and W2, respectively. On the
bottom-left corners are the beams for dust continuum, CO (3-2), and 7> (R31), from the smallest
to the largest respectively. Note that masks of S0 were applied to both maps, and additional manual
clipping was also performed to R3; in order to avoid noisy edge pixels [Credit Wang et al. (2012),
reproduced with permission of the AAS]
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(A-E). Note at peak B a spectroscopically unresolved NH3 (3,3) maser at about 84kms~! [Credit
Wang et al. (2011), reproduced with permission of the AAS]

maser similar to those found in other massive star formation regions where outflows
are present (e.g., Mangum and Wootten 1994; Zhang and Ho 1995; Beuther et al.
2007b; Brogan et al. 2011). However the spatial resolution is insufficient to constrain
the brightness of this emission feature.

The morphological match between the heated gas and the outflow footprint
suggests that the heating in the P1 region is due to protostellar outflows. Indeed,
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all the hot spots exclusively coincide with large NH3 (3,3) line widths compared to
relatively small line width toward the dust condensations (Fig.3.10), likely
indicative of gas motion and extra turbulence injected by the outflow shocks. Col-
limated outflows also pave an optically thin way through which the protostellar
radiation heats up preexisting dense cores without been absorbed significantly, mak-
ing the heating much more efficient (Hartquist and Dyson 1993; Wiseman and Ho
1996; Cunningham et al. 2011). This may be the case for the hot spot seen at the tip
of the red lobe of the SMAZ2a outflow. The protostellar radiation travels through the
outflow cavity and heats up the exposed gas out to 0.5 pc away from the protostar. The
outflow heating has two important features. First, the heating alters thermal property
of the gas throughout the clump, from a distance 0.1-0.5 pc away from the driving
protostars. Second, the heating is localized and far from well mixed. The temperature
at the low Rj3; valley is not high enough to suppress further fragmentation into Jeans
mass of 1 Mg (Wang et al. 2011). We probably have witnessed through JVLA and
SMA the very beginning of an outflow induced gas heating.

3.4.2.2 Radiative Heating

It is apparent that protostellar outflows can introduce significant heating to the
ambient gas. What is the effect of protostellar radiation? Is radiative heating from
low mass protostars sufficient to suppress fragmentation and aid the formation of
massive cores? The fact that all dense cores correspond with low R3; is intriguing.
In addition, the temperature map in Fig. 3.9a indicates that dense cores have typical
temperatures of 18 K, and are offset from the high temperature peaks. The temper-
ature distributions suggest that the heating of low mass protostars may not play a
significant role in the formation of dense cores detected with the SMA. Otherwise,
massive cores should be found at the peaks of the temperature distribution. Longmore
et al. (2011) made a similar statement for a hot molecular core G8.68-0.37.

It is also interesting to note that the protostars embedded in the SMA cores have
not produced significant heating. SMA1 to SMA4 have a rather uniform 7»; of 18
K, while SMA5 has a lower T»; of 9 K. We caution that the 7>; map has a 2”.8
beam, so any temperature structure has been smoothed to a spatial scale of 0.065 pc.
How much luminosity is required to heat the gas to 18 or 9K at a radius of 0.065 pc
from the central source? Assuming thermal equilibrium between gas and dust, the
luminosity can be estimated following the equation (Scoville and Kwan 1976; Garay
and Lizano 1999):

0.1pc\ Y4B 1 Lo \VED 10,1\ /@)
Taust = 65 3 e ’
r 10 L@ f

where f = 1.5 is the dust emissivity at far infrared wavelengths (Rathborne et al.
2010), f = 0.08 cm? g~ ! is the dust emissivity at 50 wm (Scoville and Kwan 1976),
and r = 0.065 pc is the radius from the central protostar. We estimate a luminosity
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of 30 L for each protostar embedded in SMA1, SMA2a, SMA3, and SMA4a, and
1 L for the protostar SMAS. These values should be taken with caution because
the beam dilution may introduce large uncertainty in both temperature and radius.
Nevertheless, we note that the luminosity of SMAZ2a is in rough agreement with the
luminosity inferred from SED for the 24 jum source in the SMA2 vicinity (~10% L,
Wang et al. 2008). A lack of significant heating from the growing protostars is
consistent with non detection of line emission from organic molecules (Zhang et al.
2009; Wang et al. 2011).

3.4.3 Magnetic Fields and the Origin of the X-shaped Filamentary
System

The origin of the low-density minor filament is rather interesting. A low-density
streak perpendicular to a high-density oblate region is expected if magnetic field is
dynamically important compared to self-gravity and turbulence during the formation
of the system (Li et al. 2011). In this case, gravitational contraction along the field
lines is more efficient, resulting in a high-density region perpendicular to the magnetic
field, while on the other hand turbulence is also channeled by the field and gives rise to
streaks aligned with the magnetic field in the lower-density region. This phenomenon
has been seen in simulations (Price and Bate 2008; Nakamura and Li 2008) and in
observations of NGC 2024 in Orion (Li et al. 2011). In G28.34-P1, the X-shaped
filamentary system projected on the sky is almost perpendicular. If the system were
formed from the same mechanism, one should expect a mean magnetic field along
the minor filament and perpendicular to the main filament. Based on the JCMT dust
polarization data cataloged by Matthews et al. (2009), we derived a mean B-field
direction of P.A. = —25°.6 4= 45° as labeled on Fig.3.7. Because the main filament
has a P.A. of 48° (Wang et al. 2011), the separation angle between the mean B-field
and the main filament is 73°.6. The mean magnetic field at the clump scale is indeed
along with the minor filament and roughly perpendicular to the main filament. The
large deviation in the B-field direction may indicate that the strong outflows have
started to disturb the initially ordered field lines in the inner part of P1 (Li et al.
2009). Therefore we speculate that the minor filament originates from turbulence
anisotropy during the formation of the X-shaped filamentary system, and that the
formation process has been governed by the interplay between strong magnetic field,
self-gravity, and turbulence.

3.5 Conclusions

This chapter presents an observational study of the P1 clump in IRDC G28.34+4-0.06
using the SMA and JVLA. Our main findings are summarized as follows.
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(1) High resolution and high sensitivity image at 0.88 mm reveals hierarchical
fragmentation at 1 and 0.1 pc scales. The mass of the dust cores and conden-
sations are much larger than the relevant thermal Jean masses. The clump frag-
mentation is consistent with a cylindrical collapse.

(2) All five dust cores are driving highly collimated CO (3-2) outflows, indicating a
protostellar nature of the condensations embedded in the cores. Bipolar, jet-like
outflows suggest a disk-mediated accretion of high-mass star formation.

(3) The outflows inject feedback to the clump scale in the form of heating, turbu-
lence, and excitation of a possible NH3 maser. At this stage of evolution, heating
from outflows is much more significant than radiative heating from protostars.
Protostellar heating may not be effective in suppressing fragmentation during
the formation of massive cores, unlike suggested in some numerical simulations.

(4) We discovered an X-shaped filamentary system of G28.34-P1 which indicates
magnetic fields have been dynamically important compared to self-gravity and
turbulence during the formation of the X-shape system. This is the first obser-
vation of such a system at a typical distance of massive star formation regions.
Our observations can be routinely applied to other similar regions to exam the
importance of magnetic fields in the star formation process.

(5) The relatively low luminosity and a lack of detection of organic molecules indi-
cate that the condensations in P1 underline an intermediate-mass stage of massive
star formation and will likely form massive stars eventually.
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Chapter 4
The “Snake’ Nebula G11.11-0.12

Abstract This chapter presents SMA A = 0.88 and 1.3 mm broad-band observations,
and JVLA observations in NH3 (J, K) = (1,1) up to (5,5), H,O and CH3OH maser
lines toward the two most massive molecular clumps in IRDC G11.11-0.12, also
known as the “Snake” nebula. Sensitive high-resolution images reveal hierarchical
fragmentation in dense molecular gas from the ~1 pc clump scale down to ~0.01 pc
condensation scale. At each scale, the mass of the fragments is orders of magnitude
larger than the Jeans mass. This is common to all four IRDC clumps we studied, sug-
gesting that turbulence plays an important role in the early stages of clustered star
formation. Masers, shock heated NH3 gas, and outflows indicate intense ongoing star
formation in some cores while no such signatures are found in others. Furthermore,
chemical differentiation may reflect the difference in evolutionary stages among these
star formation seeds. A similar chemical differentiation is also found in clumps and
condensations. We find NH3 ortho/para ratios of 1.1 +0.4,2.0 £ 0.4, and 3.0 = 0.7
associated with three outflows, and the ratio tends to increase along the outflows
downstream. Our combined SMA and JVLA observations of several IRDC clumps
present the most in depth view so far of the early stages prior to the hot core phase,
revealing snapshots of physical and chemical properties at various stages along an
apparent evolutionary sequence, subject to further tests by detailed modelling.

4.1 Introduction

4.1.1 Initial Fragmentation and Star Formation

Because high-mass stars form deeply embedded in dense gas and in distant clustered
environments, observational studies face severe limitations of optical depth and spa-
tial resolution. Heavy dust extinction (Ny, ~ 103cm™2, A, > 100 mag) obscures
the forming young protostars and also the Galactic background radiation even at mid-
infrared wavelengths (Churchwell et al. 2009; Carey et al. 2009), when viewed against
the Galactic plane. This is what led to the cloud complexes containing such regions
to be coined “infrared-dark clouds” (IRDCs; Perault et al. 1996; Egan et al. 1998;
Hennebelle et al. 2001; Simon et al. 2006a,b; Peretto and Fuller 2009). The cold

© Springer-Verlag Berlin Heidelberg 2015 77
K. Wang, The Earliest Stages of Massive Clustered Star Formation:

Fragmentation of Infrared Dark Clouds, Springer Theses,

DOI 10.1007/978-3-662-44969-1_4



78 4 The “Snake” Nebula G11.11-0.12

dust in IRDCs transitions to emission at longer wavelengths, from far-infrared to
sub-millimeter and millimeter wavelengths (Molinari et al. 2010; Schuller et al.
2009; Rosolowsky et al. 2010; Aguirre et al. 2011). One key outcome of the recent
Herschel surveys has been the identification of a population of deeply embedded
protostellar cores, which appear as point sources (~0.1 pc at typical 3 kpc distance
to IRDCs) in the Herschel PACS bands (Henning et al. 2010; Ragan et al. 2012a).
However, detailed case studies beyond the core scale, the key to understand the
early fragmentation that directly initiates subsequent clustered star formation, are
only possible by deep interferometric imaging. To maximize the mass sensitivity,
the preferred wavelength of observations is in the sub-millimeter regime, accessible
by the Submillimeter Array (SMA) and by the recently inaugurated Atacama Large
Millimeter/submillimeter Array (ALMA).

Compared to the numerous interferometric studies on massive proto-clusters
(e.g., Rathborne et al. 2008; Hennemann et al. 2009; Beuther and Henning 2009;
Longmore et al. 2011; Palau et al. 2013) and NH3 observations of IRDCs (Wang
et al. 2008; Devine et al. 2011; Ragan et al. 2011, 2012b; Wang et al. 2012), there
have been few high angular resolution studies dedicated to pre-cluster clumps in the
literature (Rathborne et al. 2007; Swift 2009; Zhang et al. 2009; Busquet et al. 2010;
Zhang and Wang 2011; Wang et al. 2011; Pillai et al. 2011; Beuther et al. 2013; Lee
et al. 2013). Among these, only a small portion reached a resolution better than the
0.1 pc core scale. Therefore, in the past years we have used SMA and JVLA to peer
into several IRDC clumps to study their fragmentation (Zhang et al. 2009; Zhang
and Wang 2011; Wang et al. 2011, 2012, 2013; Wang and Zhang 2014). We use
SMA dust continuum emission to resolve hierarchical structures, and JVLA NH3
inversion transitions to precisely measure the gas temperature. We strictly limit our
sample to dense molecular clumps that represent the extreme early phases (prior
to the appearance of hot molecular cores). This makes our programme unique in
probing the early fragmentation.

In G28.34-P1, we found hierarchical fragmentation where turbulent pressure
dominates over thermal pressure (Chap. 3; Wangetal. 2011, 2012). This is in contrast
with low-mass star formation regions where thermal Jeans fragmentation matches
well with observations (e.g., Lada et al. 2008), and is consistent with studies that
turbulence becomes more important in high-mass star formation regions (Wang et
al. 2008, 2009, and references therein). Whether this kind of fragmentation is a
common mode of the initial fragmentation, and how the fragments grow physically
and chemically, are of great importance, yet remain unexplored. In this chapter, we
address these questions by extending our study to two early clumps.

4.1.2 Targets: Dense Clumps in IRDC G11.11-0.12

G11.11-0.12, also known as the “Snake” nebula, is one of the first IRDCs identified
by Egan et al. (1998) from the Midcourse Space Experiment images owing to its
remarkable sinuous dark features in the mid-IR (see Fig. 4.1 for an overview). Shortly
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Fig.4.1 Multi-wavelength composite image of the ‘Snake’ nebula, IRDC G11.11-0.12. Continuum
emission at 70 um (Molinari et al. 2010), 24 wm (Carey et al. 2009), and 8 um (Churchwell et al.
2009) are color coded in red, green, and blue, respectively. The contours show 850 um emission
(Carey et al. 2000) from JCMT at 0.05, 0.3, 0.6, and 0.9Jy per 14”.5 beam. Note this figure is
plotted in the Galactic coordinate system. The two yellow boxes outline the approximate spatial
extend of clumps P1 and P6 as plotted in Fig.4.2 [Credit Ke Wang (ESO)]

after the discovery of Egan et al. (1998), Carey et al. (1998) observed H,CO line
emission, a tracer of dense gas, in the central part of the Snake, and thus directly
confirmed (in addition to the infrared extinction) the existence of dense gas in the
IRDC. A kinematic distance of 3.6kpc was then inferred based on the radial velocity
of the H>CO line, putting the Snake on the near side of the Scutum-Centaurus arm
[see Tackenberg et al. (2012) and Goodman et al. (2014) for a Galactic illustration].
Later, Carey et al. (2000) and Johnstone et al. (2003) obtained JCMT 450 and 850 pm
continuum images for the entire Snake, and identified seven major emission clumps
P1 through P7. Pillai et al. (2006a) mapped the entire cloud in NH3 using the Effels-
berg 100-m Radio Telescope and found a consistent V| sg around 29.8 kms~! along
the Snake, thus the elongated (aspect ratio 28 pc/0.77 pc = 36:1) cloud is indeed a
physically coherent entity, not a chance alignment.

As a demonstration case for the Herschel key project “Earliest Phases of Star
Formation” (EPoS), Henning et al. (2010) studied G11.11-0.12 with deep Herschel
images in multiple wavelengths and identified 18 protostellar “cores” along the Snake
filament, which they call “seeds of star formation”. By fitting the spectral energy
distributions (SEDs) of individual cores, Henning et al. (2010) obtained physical
parameters including dust temperature, mass, and luminosity. Among all these cores,
two massive and luminous cores stand out. With masses of 240 and 82M and
luminosities of 1.3 x 103 and 1.4 x 10% L respectively, the two cores distinguish
from other cores of much lower mass and luminosity, and therefore are the most
likely sites to form massive stars in the entire cloud. The two cores reside in clumps
P1 and P6 respectively, coincident with two mid-IR point sources which dominate the
luminosities of the clumps (Fig.4.1). P1 and P6 lie in the centre and the head of the
Snake respectively. These clumps, with sizes less than 1 pc, are likely results of global
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fragmentation (see Sect.4.4.1.2), while further fragmentation towards smaller scales
are less affected by the global environment but rather depend on local properties of the
clumps themselves (Kainulainen et al. 2013). Both clumps have a mass reservoir of
~ 103 M within 1 pc (Sect.4.4.1). Therefore, P1 and P6 are two massive, relatively
low-luminosity molecular clumps that are the most likely sites of high-mass star
formation in the “Snake” IRDC. Hence, resolving the initial star formation processes
in P1 and P6 is of great interest.

Although G11.11-0.12 is one of the most well studied IRDCs, previous studies
are mostly limited to angular resolution achieved with single dish telescopes (Carey
et al. 1998, 2000; Johnstone et al. 2003; Pillai et al. 2006a; Tackenberg et al. 2012).
The only interferometric studies are still yet to resolve underlying fine structures
(Pillai et al. 2006b; Gomez et al. 2011). Here, we present new SMA and JVLA
observations of P1 and P6 which resolve great details of the star formation activities
that capture the growth of these star formation seeds in action.

4.2 Observations

4.2.1 Submillimeter Array

4.2.1.1 230 GHz Band

The Submillimeter Array' (SMA; Ho et al. 2004) was pointed towards G11.11-0.12
P1 and P6 to obtain continuum and spectral line emission in the 230 GHz band dur-
ing four tracks in 2010, when SMA was in its subcompact, compact, and extended
configurations. Time-dependent antenna gains were monitored by periodic observa-
tions of quasars NRAO530 and J1911-201; frequency-dependent bandpass responses
were calibrated by quasars 3C273, 3C279 and 3C454.3; and absolute flux was scaled
by observed correlator counts with modelled fluxes of Solar system moons Titan,
Callisto, and Ganymede. The empirical flux uncertainty is about 15 %. For the four
tracks, we used the same correlator setup which covers 4 GHz in each of the lower and
upper sidebands (LSB, USB), with a uniform channel width of 0.812 MHz (equiv-
alent velocity 1.1kms~! at 230 GHz) across the entire band. System temperatures
varied from 80 to 150K, and the zenith opacity at 225 GHz ranges from 0.05 to 0.12
during the four tracks. The full width at half-maximum (FWHM) primary beam is
about 52" at the observed frequencies. Table 4.1 summarizes the observations.

The visibility data were calibrated using the IDL superset MIR.? Calibrated
visibility data were then exported out for imaging and analysis in MIRIAD?

! The Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory
and the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica.

2 http://www.cfa.harvard.edu/~cqi/mircook.html.
3 http://www.cfa.harvard.edu/sma/miriad, http://www.astro.umd.edu/~teuben/miriad.
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Table 4.2 Image properties

Image?® P1 P6
Beam RMSP Beam RMSP
1.3 mm continuum 2"2x1".6 0.9 2"1x1".5 0.9
1.3 mm spec. lines® 277 x 1”7 25-30 277 x 177 25-30
880 wm continuum 176 x1".2 33 172 x17.0 2.3
0".8x0".6 1.7
880 Lm spec. lines® 271 x 1”3 110 271 x 1”3 110
NH3 (1,1) 5" x 3" 14 7"1x2"8 4
NH; (2.2) 5 % 3" 35 6" 1x2'7 25
NH3 (3,3) 5" x 3" 6.5 6".9 x2".9 2.8
NH3 (4,4) No data No data 7" x3".0 2.3
NHj3 (5,5) No data No data 6”.7x3".0 2.5
H,O maser 5" x 3" 13 274 x1".0 2.7
7".0x3"2 4
7'2x3"2 2
CH;3O0H maser class I No data No data 2"7.0x0".9 2.2

2 All images are made with natural weighting to achieve the highest sensitivity
b 1o RMS noise in mJy beam™!
¢ For spectral line images, beam varies slightly from line to line, hence a typical beam is listed

(Sault et al. 1995) and CASA* (Petry and CASA Development Team 2012). Data
from different tracks were calibrated separately, and then combined in the visibil-
ity domain for imaging. Continuum emission was generated by averaging line free
channels in the visibility domain. Table4.2 lists the synthesized beam and 1o RMS
noise of the images.

4.2.1.2 345 GHz Band

In 2011, we revisited P1 and P6 with SMA at the 345GHz band in two tracks,
one in subcompact and another in extended array configuration. The two tracks
used the same correlator setup which covers rest frequencies 333.7-337.7GHz in
the LSB, and 345.6-349.6 GHz in the USB, with a uniform spectral resolution of
0.812MHz (or 0.7kms™!) across the entire band. System temperatures were in the
range of 200-300 K, and the zenith opacity t225gH, Was stable at 0.06 during the
observations. Other parameters are listed in Table4.1. The data were reduced and
imaged in the same way as the 230 GHz data. Additionally for P1, we made an image
using data from the extended configuration only and achieved a higher resolution
(see Sect.4.3.3.1). Image properties are tabulated in Table4.2.

4 http://casa.nrao.edu.
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4.2.2 Very Large Array

The Karl G. Jansky Very Large Array (JVLA) of NRAO> was pointed towards P1 in
its D configuration in two observation runs in 2001 to observe the NH3 (J,K)=(1,1)
transition. The 3.125 MHz band was split into 128 channels with a channel spacing
of 24.4kHz (or 0.3kms™!). In 2004, P1 was revisited with another phase centre to
obtain 22 GHz H,O maser and NH3 (2,2) and (3,3) transitions. The H,O maser was
observed in a single IF, dual polarization mode, with the same bandwidth and channel
spacing as the 2001 observations. The NH3 (2,2) and (3,3) were observed in a 2IF,
dual polarization mode, splitting the 3.125 MHz band into 64 channels, each with a
0.6kms~! channel width.

Observations of P6 were carried out in C configuration in three observation runs
during the expanded JVLA early science phase in 2010-2011, and two runs in the
2013 D configuration. Thanks to the flexibility of the new correlator, we observed the
NHj3 (1,1), (2,2), (3,3), (4,4), and (5,5) transitions as well as 22 GHz H>O maser and
25 GHz class I CH30H maser lines, with various bandwidth and spectral resolutions
(see Table4.1).

For all the experiments, gain, bandpass, and flux variations were calibrated by
strong, point-like quasars. See Table4.1 for details. The visibility data were cali-
brated using CASA, and then imaged and analyzed in MIRIAD and CASA. Data
from different observation runs were calibrated separately, and then combined in the
visibility domain for imaging with the exception for maser for which we make indi-
vidual images from different observing runs, to investigate potential time variations.
The final image cubes keep the native channel width listed in Table 4.1, except for the
NH3 (1,1), (2,2), and (3,3) images of P6 where the final channel width is 0.4 km g1
in order to include both the C and D configuration data. Observational parameters
are summarized in Table4.1 and image properties are listed in Table4.2.

4.3 Results

4.3.1 Hierarchical Structure

In the literature, there have been different definitions for a clump, core, and
condensation when describing the spatial structure of molecular clouds. For con-
sistency, we adopt the terminology of clump, core, and condensation suggested by
Zhang et al. (2009) and Wang et al. (2011). We refer a clump as a structure with a size
of ~1pc, a core as a structure with a size of ~0.1 pc, and a condensation as a sub-
structure of ~0.01 pc within a core. A clump is capable of forming a cluster of stars,
a core may form one or a small group of stars, and a condensation can typically form

5> The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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Fig. 4.2 Hierarchical structures in G11.11-P1 (a—¢) and G11.11-P6 (d—f), as seen by JCMT at
850 m, SMA at 1.3mm, and SMA at 880 m (contours), superposed on Spitzer 8 um image
(color scale). The JCMT continuum emission is contoured at 0.3 Jy beam~!. The SMA 1.3 mm
emission is contoured at £ (3,6,9, ...) o, where 0 = 0.9mly beam ™! for both P1 and P6. The
SMA 880 wm emission is contoured at +(3,5,7,...) o, where o = 3.3mly beam™! for P1 and
o = 2.3mJy beam ™! for P6. The shaded ellipse in the bottom left corner of each panel represents
the beam size of the contoured image. The red stars mark dominant condensations identified from
the SMA 880 wm images. The scale bars represent a spatial scale of 0.1 pc at the source distance
of 3.6 kpc. Negative contours are dashed throughout this chapter. a JCMT 850 wum b SMA 1.3 mm
¢ SMA 880pum d JCMT 850 pum e SMA 1.3mm f SMA 880pum [Credit Wang et al. (2014),
reproduced with permission © the authors]

a single star or a multiple-star system. These structures are dense enough that gas
and dust are well coupled (Goldsmith 2001), thus we use the NH3 gas temperature
as a direct measure of the dust temperature throughout this chapter.

Dust continuum images at various resolutions reveal hierarchical structures in
P1 and P6. Figure 4.2 plots JCMT 850 pm, SMA 1.3 mm, and SMA 880 wm images
superposed on Spitzer 8 wm images. The JCMT images outline IRDC clumps P1 and
P6, where P1 exhibits a bright MIR source in its centre, while P6 shows a less bright
MIR source in its southern part. As the resolution increases, structures at different
scales are highlighted: from ~1 pc scale clumps seen in JCMT 850 wm images, to
the ~0.1 pc scale cores resolved by the SMA 1.3 mm images, and to the ~0.01 pc
scale condensations resolved by the SMA 880 wm images. These structures show in



4.3 Results 85

general a good spatial correlation with the Herschel 70 um emission and the Spitzer
8/24 pm extinction, where two IR-bright protostars have already developed (Fig.4.2;
Henning et al. 2010; Ragan et al. 2012a).

We identify the smallest structure, condensations, based on the highest resolution
SMA 880 iwm images as shown in Fig. 4.2c, f. All features above 5o rms are identified
as in Wang et al. (2011) and Zhang et al. (2009). We first identify “major” emission
peaks with fluxes >9¢ (the 4th contour) and assign them as SMA1, SMA2, SMA3,...,
in order from east to west and from north to south. Three major peaks are identified
in P1 and six identified in P6, denoted by red stars in Fig.4.2. Then we identify
“minor” emission peaks with fluxes >50 (the 2nd contour). Three minor peaks are
identified in P1, and we assign them as SMA4, SMAS, SMAG6, from north to south. In
P6, 11 minor peaks are identified. These emission peaks are relatively weak and are
associated in position with the 6 major peaks. We thus assign these minor peaks to the
associated major peaks. For instance, the two minor peaks associated with P6-SMAS
are assigned as P6-SMAS5b and P6-SMAS5c. All the identified major and minor peaks
are of the size of condensations. Associated condensations may have been fragmented
from a common parent core. In summary, we identify 6 condensations in P1 which
may belong to 6 cores (P1-SMA1,2,3,4,5,6), respectively, and 17 condensations
in P6 which may belong to 6 cores (P6-SMAI1,2,3,4,5,6), respectively. For each
condensation, we fit a 2D Gaussian function to the observed SMA 880 m image
and list the results in Table4.3. All except one (P6-SMA4) “major” condensations
(red stars in Fig.4.2) coincide with the cores resolved in the SMA 1.3 mm images.
Condensation P1-SMAI is coincident with protostar #9 identified by Henning et al.
(2010) from multi-band Herschel images, and condensation P6-SMAG is coincident
with the protostar #18.

Dust mass is estimated with the assumption that dust emission is optically thin
(which is valid at 0.88 and 1.3 mm), following

S, d>

M, = —
dust By, (Taust)kv

4.1)

where Mgy is the dust mass, S, is the continuum flux at frequency v, d is the
source distance, B, (Tqus) is the Planck function at dust temperature Tgug, and
ky = 10(w/1.2 THz)ﬁ cm? g’] is the dust opacity (Hildebrand 1983). In the
calculation we adopt the temperature measured from NH3 (Sect. 4.3.5.2) and the dust
opacity index § = 1.5. If 8 = 2 the mass would be a factor of 2 larger. Dust mass
is then translated to gas mass accounting for a gas:dust ratio of 100. The computed
total mass for each condensation is reported in Table4.3. Note that interferometric
images filter out relatively smooth emission due to imperfect (4, v) sampling, leading
to “missing flux”. Thus the total mass of the dense cores or condensations revealed
by SMA (Fig.4.2) is less than the clump mass determined from single dish JCMT
observations. Our analysis (Sect.4.4.1) does not rely on the smooth emission but
on clumpy structures, therefore is not affected by the missing flux. For reference,
the SMA 880 m images recover 7 and 14 % of the total JCMT 850 wm flux in P1
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Table 4.3 Physical parameters of the condensations

Source | RA (J2000) | Dec (12000) | Flux? | T (K) | Mass® | Size®
b (mly) Mo) i ) [Min. (") [PA ()
PI-SMA
1 18:10:2827 | —19:22:30.9 2050 |25 | 141 |21 13 114
2 18:10:28.19 | —19:22:33.2 | 467 | 19 47 |19 0.4 86
3 18:10:28.09 | —19:22:35.7 | 197.0 |17 |237 |34 17 69
4 18:10:28.15 | —19:22:27.0 | 57.6 | 18 63 |25 12 99
5 18:10:28.56 | —19:22:31.9 | 53.5 |18 59 |21 11 60
6 18:10:2827 | —19:22:39.7 | 545 |15 80 |23 16 156
P6-SMA
1 18:10:07.80 | —1929:01.2 [109.7 [11  [279 |11 0.9 147
b 18:10:07.83 | —19:28:59.3 | 83.8 |11 213 |34 13 48
2 18:10:07.39 | —19:28:583 | 788 |10 242 |15 11 135
2 18:10:07.58 | —19:28:57.9 | 33.0 |10  |10.1 |15 0.7 167
2 18:10:07.22 | —19:29:00.6 | 382 |10 | 117 |21 0.6 131
2d 18:10:07.30 | —19:29:00.8 | 549 |10  |169 |25 1.0 91
2 18:10:07.39 | —1929:013 | 352 |10 108 |25 0.7 109
3 18:10:07.12 | —1929:043 | 664 |14  |109 |17 12 55
18:10:07.10 | —19:29:06.8 | 353 | 15 52 |10 1.0 83
5 18:10:07.25 | —19:29:09.0 | 82.1 |21 72 |16 038 143
5b 18:10:07.32 | —19:29:10.8 | 30.9 |21 27 |14 12 16
S¢ 18:10:07.27 | —1929:11.0 | 21.5 |21 19 |17 11 23
6 18:10:07.25 | —19:29:17.6 |157.0 |19 | 159 |14 1.0 105
6b 18:10:07.51 | —19:29:135 | 29.0 | 19 29 |13 0.7 50
6¢ 18:10:07.46 | —19:29:14.3 | 445 |19 45 |20 0.9 41
6d 18:10:07.39 | —19:29:15.4 | 287 | 19 29 |13 1.0 35
6c 18:10:07.06 | —19:29:184 | 32.7 | 19 33 |15 0.6 36

4 Integrated flux obtained from 2D Gaussian fitting and corrected for primary beam attenuation

b Mass computed assuming dust opacity index 8 = 1.5. The mass scales with 8 in a form of
M o 3.5P. For reference, if B = 2, the mass will be 1.87 times larger

¢ Deconvolved source size

and P6, respectively. This is consistent with the fact that P6 contains more compact
structures than P1 (Fig.4.2).

The sensitivity in the 880 um images (Fig.4.2 and Table4.2) corresponds to
0.2-0.5M¢, for the 15-25K gas temperature in the P1 clump (Sect.4.3.5.2), and
0.2-0.7M¢ in P6 for a 10-21K temperature range (Sect.4.3.5.2). Therefore, the
identified condensation is complete to a 5o mass limit of 1-3.5M¢, depending on
the temperature.
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4.3.2 H,O and CH30OH Masers

No H,0 or CH3OH maser line emission was detected above 30 in P6. In P1, we
detect two 22 GHz H, O masers which we name as W1 and W2, in decreasing order of
brightness (white and black crosses in Fig.4.6). W1 is located at (RA, Dec)j000 =
(18:10:32.902, —19:22:23.339), close to the eastern border of the dark filament.
It has a flux of 3Jy at Visr = 30.5kms~ L. W2 is located at (RA, Dec)jgn0 =
(18:10:28.298, —19:22:30.759), coincident with PI-SMA1. It has a flux of 0.25Jy
and is seen at Vigr = 37.5kms~!. Both W1 and W2 show a typical maser spectrum
with a single velocity component and has a narrow linewidth (FWHM < 1kms™!).
The spectral profile is not resolved at the 0.3kms ™! channel width.

In addition to the two water masers, Pillai et al. (2006b) reported a 6.7 GHz class
IT CH30H maser using the Australia Telescope Compact Array (ATCA), which we
assign as M1. Located at (RA, Dec)yp00 = (18:10:28.248, —19:22:30.45), M1is 0”.7
(2500 AU) west of W2 (Figs.4.3,4.10 and 4.11). Unlike a single velocity component
seen in the water masers, M1 has multiple velocity components ranging from 22 to
34kms~!. Pillai et al. (2006b) noted that M1 consists of six maser spots which are
spatially distributed along a 0”.3 north-south arc, and exhibits an ordered velocity
field red-shifting from north to south. Based on the position and velocity distribution,
Pillai et al. (2006b) suggested that the CH3 OH maser spots trace a rotating Keplerian
disc seen edge-on. Our detection of an East-West molecular outflow centred on W2
strongly supports this speculation (see Sect.4.3.3.1).

4.3.3 Protostellar Outflows

4.3.3.1 Outflow Driven by P1-SMA1

Our SMA observations clearly reveal a bipolar outflow oriented east-west in P1.
The outflow is seen in many molecular tracers including CO, SO, SiO, H,CO, and
CH3O0H, but only in SiO do both the blue and red lobes appear; other tracers only
reveal the blue (eastern) lobe. Figure4.3 plots the blue shifted SiO emission (18—
28kms~ !, blue contours) to the east, the SiO emission close to the systemic velocity
(29-31km s~ gray background), and red shifted SiO emission (32-39km s7! red
contours) to the west, in comparison with the SMA 880 wm continuum (black con-
tours). A bipolar SiO outflow is clearly defined by the blue/red lobes with respect
to the dust continuum, which is probably produced in shocks by an underlying jet.
We schematically draw the axis of the outflow on the plot, and measure a position
angle of 94 £ 12°. The geometric centre of the outflow is close to P1-SMA1, and
we speculate that the outflow driving source is a protostar embedded in the dust
condensation P1-SMAI, likely the #9 protostar identified by Henning et al. (2010).
(See more discussion on the driving source later in Sect.4.4.3). Previous studies have
shown indirect evidence of an outflow associated with P1, for example broadening
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Fig. 4.3 The SiO(5-4) outflow in G11.11-P1. Blue/red contours show the blue-/red-shifted SiO
emission integrated over [18, 28] km s~! and [32, 39] kms™!, respectively, whereas the black
contours represent SiO emission near the systemic velocity integrated over [29, 31] kms™!. The
SiO contours are + (3,4, 5, ...) o, where 0 = 85 mJykm s~ ! For comparison, the SMA 880 wm
continuum image is shown as grey scale in the background. Labelled symbols denote H,O maser
W2 (4), class II CH30H maser M1 (x), and the three 2MASS point sources (o). In the bottom
right corner the open/filled ellipses represent synthesized beams of the SiO/880 um images. The
thick grey line marks schematically the underlying bipolar jet that propels the observed molecular
outflow. The grey line centres on W2 and extends 0.3 pc eastbound and westbound, respectively
[Credit Wang et al. (2014), reproduced with permission © the authors]

of line wings, possible extended 4.5 um emission, and enrichment of outflow tracers
(Carey et al. 2000; Pillai et al. 2006b; Leurini et al. 2007; Cyganowski et al. 2008;
Goémez et al. 2011). Our high-sensitivity, high-resolution, broad-band SMA obser-
vations directly reveal this outflow in multiple tracers for the first time, providing
critical support for a previously speculated outflow-disc system in P1 (Sect.4.4.3).

The SiO outflow extends 0.3 pc away from the protostar in the east-west direction
(Fig.4.3). While the blue lobe further propagates towards the eastern edge of the
main filament, it induced the NH3 emission peaks A, B and D, and probably excited
the water maser W1 (see first paragraph in Sect.4.3.5.1). The projected separation
of the NH3 peaks are [ap = 0.3pc, and Iap = 1pc (Fig.4.6), i.e., the molecular
outflow extends at least 1 pc away from the driving source in the eastern lobe. Further
to the east from D, there is no dense gas to be heated and shocked. In the western
lobe, however, there is no dense gas beyond the red shifted SiO lobe which is 0.3 pc
from the protostar. Because the powering source is located near the edge of the dense
filament, there is more dense gas in the eastern lobe to be heated (and therefore being
detected) than in the western lobe. The special location and orientation of this outflow
provides a unique case to study environment dependence of outflow chemistry, which
deserves further study.

We compute outflow parameters assuming LTE and optically thin SiO emission
in the line wings, following the formulas given in Sect.3.3.2.2 Wang et al. (2011).
We adopt an abundance of [SiO/H,] =5 x 10710 based on recent chemistry surveys
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Table 4.4 Outflow parameters

Parameter® P1-SMA1 P6-SMA2 P6-SMAS5| P6-SMAG6

Blue Red Blue Red Blue Blue Red
Tracer SiO SiO CH3OH |CH30OH |CH30H |CH3OH |CH30H
Fractional 5%10710(5%x 10710 5% 1078 [5x 10785 %x 1078 |5x 1078 |5 x 10~}
abundance
[X/H,]°
Excitation 25 25 21 21 21 21 21
temperature Tex
(K)
Inclination 77 77 57.3 57.3 57.3 57.3 57.3
angle 6
(degree)©

Velocity range |[18,28] [32,39] [22,29] | [31,35] |[22,29] [22,29] |[31,35]
(kms™h)
Total mass M |2.0 1.1 1.1 0.4 2.1 1.2 0.1
(M)
Momentum P |10.8/48.2 |4.6/20.7 |1.8/3.3 |0.8/1.5 |6.1/11.3 |4.1/7.5 |0.3/0.5
(Mg kms™1)
Energy E 40.0/791.0| 12.4/245.6 | 1.8/6.2 | 1.0/3.4 |12.3/42.3 |8.8/30.3 |0.4/1.4
(Mo km? s72)
Lobe length 0.30/0.31 |0.30/0.31 |0.17/0.20| 0.07/0.08 | 0.24/0.29 | 0.28/0.34 | 0.08/0.10
Liow (pc)
Dynamical age |24.9/5.7 [31.9/7.4 |20.8/13.3|12.5/8.0 |30.2/19.4 |35.7/22.9 | 15.8/10.1
Idyn (103 yr)
Outflow rate 8.0/34.8 |3.3/14.3 |5.4/84 |3.2/5.1 6.9/10.8 |3.5/54 [0.7/1.1
Mout

(107> Mg yr™h
4 Parameters corrected for inclination follow after the ““/”
b Adopted abundances are based on (Sanhueza et al. 2012) and (Leurini et al. 2007) for SiO and
CH3OH, respectively
¢ Angle between outflow axis and the line of sight, see Sects.4.3.3.1 and 4.3.3.2

towards IRDCs by Sanhueza et al. (2012). The inclination angle of this outflow can
be inferred based on the CH3;OH masers discovered by Pillai et al. (2006b). The
masers outline (part of) an ellipse with an eccentricity of ~0.2. Suppose the masers
trace a circular disc, we infer an inclination angle of ~77° between the axis of the
disc (also the outflow jet) and the line of sight. Therefore, the disc is almost edge-
on to us and the outflow jet is almost parallel to the plane of sky. Table4.4 shows
the derived outflow parameters with and without correction for inclination. The P1-
SMAT1 outflow is a massive outflow judging from its energetics, in comparison with
other outflows emanating from high mass protostellar objects (Beuther et al. 2002;
Zhang et al. 2005).
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Fig. 4.4 Channel maps of CH30H (4 — 3) in G11.11-P6. All panels share the same coordinates as
labelled on the lower-left panel. Central velocity (kms™") of each channel is labelled on the upper
left corner. The contours are +(3,4,5,6,...)0, where 0 = 25 mJykm s~!. The stars denote
six cores identified in G11.11-P6 (SMA1-6, labelled in the last panel). SMA2, SMAS, and SMA6
drive either bipolar or uni-polar outflows, as outlined by schematic lines. The filled ellipse represents
synthesized beam [Credit Wang et al. (2014), reproduced with permission © the authors]

4.3.3.2 Outflows Driven by P6-SMA2,5,6

We also detect molecular outflows in P6. These outflows are seen in many molecular
tracers including CO, SO, SiO, H,CO, but are best seen in CH3OH. Figure 4.4 shows
channel maps of CH3OH (4-3), where one can see that SMA2,5,6 drive relatively
collimated outflows. Outflows associated with SMA2 and SMAG6 show both blue
and red shifted lobes extending about 0.1-0.3 pc, whereas the SMAS outflow only
shows a blue lobe approximately 0.3 pc long. All these outflows are oriented in a
NE-SW direction, coincident with emission from the NH3 (3,3) and higher transitions
(Fig.4.7). The outflow parameters (Table4.4) are also calculated in a similar way as
for P1. The inclination angles for the P6 outflows are unknown. We list outflow
parameters without correction and with correction for an inclination of 57.3°, the
most probable value for a random distribution of outflow orientations (Bontemps
et al. 1996; Semel et al. 2009). Compared with outflow P1-SMAL, the P6 outflows
are slightly less energetic but are still comparable with other high-mass outflows
(Beuther et al. 2002; Zhang et al. 2005).
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The coresin G11.11-P1 and G11.11-P6 exhibit similar characteristics (mass, size,
and global mass reservoir) to those in G28.34-P1. The cores driving powerful out-
flows are undergoing accretion to build up stellar mass. With a typical star formation
efficiency of 30 % in dense gas and a standard stellar initial mass function, the ~103
Mg clumps will eventually form massive stars in some of the cores once the proto-
stellar accretion is completed. At that time, these clumps will become massive star
clusters. One key difference is that we detect copious molecular emission in the cores
in G11.11-P1 and G11.11-P6, which we can use to assess their evolutionary state
(Sect.4.3.4).

4.3.4 Chemical Differentiation

Our SMA broad-band observations covered a total of 16 GHz in two observing bands,
and detected many molecular lines in P1 and P6. Table 4.5 lists all detected lines and
Fig.4.5 plots spectra of the nine “major” cores. Besides CO isotopologues, P1 and
P6 show several complex molecular lines like OCS, HNCO, CH3CN, and CH30H,
and molecules enriched by outflow shocks like SO and SiO. The number of detected
lines vary from core to core and may reflect chemical evolution, despite that the
cores are fragmented from the same parent clumps. Typical hot core lines CH3CN
and/or CH30H are seen towards cores P1-SMA1,2, P6-SMAG6,2,5, suggesting their
protostellar nature. This is consistent with the detection of protostellar outflows ema-
nating from most of these cores. Deep Herschel 70 um image revealed point sources
coincident with P1-SMA1 and P6-SMAG6 and relatively diffuse 70 wm emission in
good agreement with our SMA 1.3 mm images of P1 and P6, suggesting that P1-
SMA1 and P6-SMAG6 have developed an increased luminosity than their fellow cores
(Ragan et al. 2012a).

The diagnosis in outflow, hot core lines, and 70um emission show that
P1-SMAL1,2, P6-SMAG6,2,5 are protostellar cores, while the other cores P1-SMA3,
P6-SMA1,4,3 are likely of prestellar nature. Moreover, the line richness and strength
reveal detailed chemical differentiation, likely reflecting an evolutionary sequence
from core to core, as we plot in order in Fig.4.5. Ideally, one would compare cores
with the same/similar mass, as a lower mass core can be more evolved but does
not have detectable line emission. However, this does not seem to affect our results,
since the most massive core P6-SMA1 is not most evolved, and the most evolved
core P1-SMAL is not most massive. P1-SMAL is in a “warm core” phase because
it has not yet reached the hot core phase defined by Cesaroni (2005): temperature
> 100K, size <0.1pc, mass 10-1000M, and luminosity > 10* L. The prestellar
cores all show H>CO, a mid-product along the sequential hydrogenation from CO to
CH3O0H (Zernickel et al. 2012), thus they are slightly more evolved than the cores in
IRDC clumps G28.34-P1 and G30.88-C1 where only '>CO is detected (Zhang et al.
2009; Zhang and Wang 2011; Wang et al. 2011). Distance effect cannot explain the
difference, see discussion in Sect. 4.4.4. Within each core, the grouped condensations
show similar chemical difference.
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Table 4.5 Observed molecular lines

Rest freq.? (GHz) Molecule? Transition Clump® Remark
217.10498 Sio 5-4 P1,P6 Outflow, Fig. 4.3
217.23853 DCN 3-2 Pl

217.82215 ¢-HCCCH 61.6 — 50.5 Pl

218.22219 H,CO 303 — 202 P1, P6 Outflow
218.32472 HC3N 24 —23 P1

218.44005 CH30H 4y —312 P1, P6 Outflow, Fig. 4.4
218.47563 H,CO 322 — 221 P1, P6 Outflow
218.90336 0CS 18 —17 Pl

219.56037 c30 2-1 P1, P6 Outflow
219.79828 HNCO 100,10 — 90.9 Pl

219.94943 SO 65 — 54 P1, P6 Outflow
220.39868 13co 2-1 P1, P6 Outflow
228.91047 DNC 3-2 Pl

229.75881 CH3;0H 8_1.5— 707 P1, P6

230.53797 co 2-1 P1,P6 Outflow
231.22100 13¢cs 5—4 Pl

337.06110 c'70 3-2 P1, P6

335.56021 13CH;0H 12111 — 12012 Pl

345.79599 co 3-2 P1, P6

346.52940 CH3;CHO 1817.1 — 17170 P1

346.97089 CH3CH,CN 1789 — 177,10 P1, P6

346.99834 HCO™ 4-3 P1,P6

346.99991 CH3CHO 187,11 — 177,10 P1, P6

 Lines observed above 3¢ at bands 230 and 345 GHz
b Rest frequency obtained from Splatalogue (http://splatalogue.net)
¢ Clump in which the line is observed

4.3.5 NH3 Emission and Temperature

4.3.5.1 Shock Heated N H3

We detect ammonia emission in all the observed transitions both in P1 and P6.
Figure 4.6 (left panel) shows the NH3 integrated images of P1 superposed on Spitzer
24 pm and JCMT 850 wm images. The sensitive Spitzer 24 um image reveals details
in the central part of the Snake Nebula: a filamentary system that consists of a main
NE-SW oriented dark filament and two minor filaments joining from the South. This
configuration resembles the filamentary system discussed by Myers (2009) and may
arise from compression of an elongated clump embedded in a thin cloud sheet, as
seen in IRDC G14.225-0.506 (Busquet et al. 2013). Dense gas traced by the JCMT
dust image is mostly concentrated on the main filament, and NH3 appears only on the
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main filament. The NH3 (1,1) emission is relatively continuous, whereas NH3 (2,2)
and (3,3) emission are highly clumpy. We identify four representative NH3 emission
peaks A, B, C, and D, and plot the corresponding spectra in Fig. 4.6 (right panel). Peak
A shows the strongest NH3 emission, and is associated with the IR point source, dust
core P1-SMA1, and masers W2 and M 1. Following A, peaks B, C, and D are roughly
aligned on a line eastward inside the main filament, with D located near the eastern
edge of the dense filament close to the water maser W1. All peaks except C show
broad line wings in all three transitions. Peak A shows nearly symmetric blue and red
line wings, whereas peaks B and D show only the blue wings extending greater than
15kms~! from the systematic velocity. Broad line wings, geometric alignment, and
association with masers strongly suggest that peaks A, B, and D are associated with
outflow activities. Indeed, these peaks are located on the extension of the blue lobe
of the SiO outflow driven by P1-SMAT1. The line broadening increases with higher
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Fig. 4.6 Left JVLA observations of G11.11-P1: NH3 (1,1), (2,2), (3,3) line emission integrated
over the main hyperfine shown in cyan, yellow, and pink contours, respectively. The background
is Spitzer 24 pm image stretched from 22 (black) to 100 (white) MJy st—!, and the black thick
contour outlines JCMT 850 jum continuum emission at 0.31 Jy per 14”.5 beam. The contours for the
NHj3 (1,1) emission are (4,7, 10, ...,25) 0, whereo = 7.4 mJykmsfl; the contours for the NH3
(2,2) emission are (4,6, 8, ...,24) 0, where 0 = 2.8 mJykm s~L: the contours for the NH3 (3,3)
emission are (4,7, 10,...,28)0, where 0 = 5 mJykms*I. The two (black and white) crosses
denote the two water masers detected by JVLA. Dashed cyan/yellow circles represent two phase
centres P1.I/P1.1I (Table. 4.1) and their relative FWHM primary beams. Synthesis beams of the NH3
images are shown as ellipses in the bottom left corner with the same color as the contours. Four
representative NH3 emission peaks are labelled as A, B, C, and D. The grey line is the same as in
Fig.4.3 and represents the SiO (5-4) outflow driven by PI-SMA1. The white line is the extension of
the grey line. For scale, [ag = 0.3pc, and Iap = 1 pc. Right NH3 spectra extracted from emission
peaks A—D as shown in the left panel. The spectra are smoothed by a 2-point boxcar function to
enhance features. The brightness temperature has been corrected for the primary beam attenuation.
The vertical line represents the systematic velocity Visgr= 29.8km s~ [Credit Wang et al. (2014),
reproduced with permission © the authors]
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transition, and becomes more prominent in (2,2) and (3,3) than in (1,1). This suggests
that a significant fraction of the higher excited (2,2) and (3,3) emission may arise
from the passage of outflow shocks which releases the NH3 molecules from dust
mantle into the gas phase (Zhang et al. 1999; Nicholas et al. 2011). The statistical
equilibrium value for the fractional abundance ratio of ortho/para NH3 is 1.0. But
ortho-NH3 (K = 3n) is easier to release than para-NHs3 (K # 3n) because it requires
less energy (Umemoto et al. 1999). Therefore, NH3 (3,3) is expected to be enriched
more than (2,2) and (1,1). The relative emission strength /3.3y > I2,2) > I(1,1) in
D supports this scenario. We will test this quantitatively for P6 for which we have
more transitions observed (Sect.4.4.2).

Shock enhanced NH3; emission has been observed in a number of sources: a
similar IRDC clump G28.34-P1 (Chap. 3; Wang et al. 2012), the high-mass disc/jet
system IRAS 2012644104 (Zhang et al. 1998, 1999), the Orion BN/KL hot core
(Goddi et al. 2011), and the low-mass L1157 outflow (Umemoto et al. 1999). We
note that in a recent single dish study of a large EGO sample (shocked 4.5 pum
emission sources), Cyganowski et al. (2013) fit the NH3 spectra with a fixed ortho-
to-para ratio of unity. The fittings systematically underestimate the strength of NH3
(3,3) (see Fig.4.3 in their paper), which is suggestive to either (a) an elevated gas
temperature traced by NH3 (3,3), or (b) an enhanced ortho-NH3, or a mixture of
both. Both factors are the consequences of outflow activities.

Peak C is 3” offset from the outflow jet defined by A, B, and D. The spectral
profiles are narrow and symmetric which indicates that the gas is unaffected by the
outflow. This also suggests that the outflow is well collimated.

NH3 emission also reveals an ordered velocity field towards P1. As an example,
Fig.4.11 plots the moment 1 map of NHj3 (2,2) which clearly shows an NW-SE
velocity field, varying more than 2kms~! over 0.16 pc. We will discuss this velocity
field in Sect.4.4.3. The velocity dispersion of NH3 centres on P1-SMA1. On the
main filament the overall velocity dispersion is about 0.8 kms™!, which increases to
1.1kms ™! towards P1-SMALI.

In P6, the NH3 (1,1) and (2,2) emission follow the IR-dark dust ridge in general
and are concentrated in two clumps: one lying between SMA?2 and SMA3 and another
southwest of SMAG, offset from the IR source (Fig.4.7 left panel). The (3,3), (4,4)
and (5,5) emission lie on a slightly bent filament connecting the two NH3 clumps and
extending further towards southwest. While the NH3 (1,1) and (2,2) are less affected
by outflows, higher transitions are clearly associated with outflows (Sect.4.3.5.2).
The velocity dispersion peaks on the two NH3 clumps with values up to 0.9kms™!.
Towards the dust cores, the velocity dispersion varies from 0.4 to 0.7kms~! with
an average of 0.6kms~!. These numbers are used in the fragmentation analysis
(Sect.4.4.1).

4.3.5.2 N H3 Temperature

Metastable NHj3 inversion lines provide a robust thermometer for cold and dense gas
in star formation regions (Ho and Townes 1983; Walmsley and Ungerechts 1983;
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Fig. 4.7 Left JVLA observations of G11.11-P6: NH3 (1,1), (2,2), (3,3), (4,4), and (5,5) integrated
line emission plotted in gray scale, black, yellow, pink and cyan contours, respectively. The (2,2)
contours are £ (3,6,9,12) o, where 0 = 12 mJykm s~1: the (3,3) contours are =+ (6, 20, 30) o,
where 0 = 25 mJykms_l; the (4,4) and (5,5) contours are +(4, 6, 8, ...)o, where 0 = 6 and
8 mJykms~!, respectively. The beams shown in the bottom left corner are color coded in the
same way as the contours. The white crosses mark the six dust cores SMA1-6. Selected regions
(A,B.,C) for OPR analysis are labelled. Right Kinetic temperature map of G11.11-P6 computed
from NH3 (1,1), (2,2), and (4,4) transitions. Overlaid are the SMA 880 jum contours as in Fig.4.2
(), and the integrated NH3 (3,3) emission with primary beam corrected shown in black contours
[+(3,6,9, 12, 15,20, 25, 30) o, where o0 = 25 mJykms_l]. The small and large ellipses in the
bottom left corner denote the resolution of the SMA image and the temperature map, respectively.
Grey lines denote the outflows as in Fig.4.4. The temperature map has been masked by 0.25Jy
(30) integrated NH3 (1,1) emission [Credit Wang et al. (2014), reproduced with permission © the
authors]

Juvela and Ysard 2012). To deduce the NH3 temperature, we model the (1,1), (2,2),
and (4,4) cubes simultaneously on a pixel-by-pixel basis, following the method devel-
oped by Rosolowsky et al. (2008). The model assumes LTE and Gaussian line profiles,
and describes the spectra with five free parameters, including kinetic temperature,
excitation temperature, NH3 column density, velocity dispersion, and line central
velocity. The level population is governed by the rotational temperature of the NH3
system, which is related to kinetic temperature with collision coefficients (Danby et
al. 1988). For details of the method see Rosolowsky et al. (2008). Only para species
are included in the fitting to avoid any difference in the origin of ortho and para
NH3. The three NH3 images were restored in a common beam, and then corrected
for primary beam attenuation before input for the fitting procedure. Only pixels with
>30 (0.25]y) in integrated NH3 (1,1) emission are fitted; other pixels are masked
out.

Figure4.7 (right panel) shows the fitted kinetic temperature map of P6. The
temperature distribution shows a single relatively-high-temperature spot of 220K
located between SMAS5 and SMA6, comparing to 10-15 K in other cores. This
“hot” spot is also likely related with the outflows originated from SMAS5 and
SMAG6 (Sect.4.3.3.2). In P1, however, due to the outflow broadening, the fitting



4.3 Results 97

is inappropriate. Instead of fitting, we adopt the method used for G28.34-P1 (Wang
etal. 2012). This method estimates the rotational temperature by comparing the NH3
(1,1) and (2,2) emission integrated over a 1.5kms™! velocity range centred on the
systematic velocity. The rotational temperature approximates kinetic temperature
very well in the regime of <20K (Ho and Townes 1983; Walmsley and Ungerechts
1983).

The resolutions of the NH3 images and therefore the temperature map are high
enough to resolve the cores but not the condensations. We assume all condensa-
tions in a given core share the same core-averaged temperature. A higher resolution
map is needed to resolve the fine temperature structures associated with individual
condensations. We list the temperature of each condensation in Table4.3. Gas and
dust are coupled in such a dense environment, so the gas temperature equals to the
dust temperature, and is used to calculate the condensation masses. The error in the
fitting is about 1K across P6, while for P1 we estimate a 3K error bar, similar to
Wang et al. (2012). The estimated temperature for the SMA cores and condensations
range from 15 to 25K inP1 and 10 to 21 K in P6. The upper bounds of the temperature
range are consistent with the Herschel SED estimates (Henning et al. 2010; Ragan
et al. 2012a). This means that there is no evidence of significant external heating in
this cloud. At the clump scale, we adopt an average temperature 15K for both P1
and P6 based on previous single dish studies (Pillai et al. 2006b; Leurini et al. 2007).

4.4 Analysis and Discussion

4.4.1 Fragmentation Analysis

The hierarchical structures seen in Fig. 4.2 indicate fragmentation at different spatial
scales: a clump with its initial physical conditions (density, temperature, turbulence,
and magnetic fields) fragments into cores, and some cores continue to fragment into
condensations with increased density and temperature. These structures resemble
what we see in IRDC clump G28.34-P1, thus we discuss the fragmentation of P1 and
P6 as in Wang et al. (2011). First, we estimate the density and temperature averaged
over clump and core scales for fragmentation analysis. On clump scale, Gaussian
fitting to the JCMT 850 wm image (Carey et al. 2000; Johnstone et al. 2003) yields
an integrated flux of 8.7Jy in a FWHM size of 40” x 25" (0.7 x 0.4 pc) for P1. The
average temperature of clump P1 is 15K (Sect.4.3.5.2), leading to a clump mass
of 1.2 x 103M¢, and a mean density of 8.6 x 10*cm™ for P1. For P6, the JCMT
image is best fitted with a 2D elliptical Gaussian function with 7 Jy integrated flux in
FWHM 43" x 23" (0.75 % 0.4 pc). Similarly, we obtain a clump mass of 9.3 x 10> M,
and a mean density of 7.6 x 10* cm™3. On core scale, we fit the SMA 1.3 mm image
shown in Fig.4.2b, e and compute core masses 10-92M, and average core density
7.5 x 10°cm™3. Calculated temperature and density on both scales, as well as the
corresponding Jeans mass and length, are tabulated in Table4.6. In this section we
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Table 4.6 Hierarchical fragmentation in P1 and P6

Fragmentation Tb (K) n (Cm_3) MJeans (MO) AlJeans (10_2 pC) quralgC (MG) )Lfragc(lo_z PC)
level?

Clump—cores | 15 8.0 x 104 1.8 9.0 10-92 7.5-14
Core— 10-25| 7.5 x 109 0.1-0.4 0.8-1.2 1.9-27.9 1.6-8.3
condensations

4 Listed are average or range of properties measured in all the clumps, cores, or condensations. The
clump properties are measured from JCMT data, and others from SMA data

b Coupled dust and gas temperature estimated from multiple NHj3 lines, see Sect.4.3.5.2

¢ Observed mass/separation of/between “fragments” (core or condensation)

compare the observational results with theoretical predictions of Jeans fragmentation
and cylindrical fragmentation, which are summarized in Fig.4.8.

4.4.1.1 Jeans Fragmentation

If the fragmentation is governed by Jeans instability, the initially homogeneous gas
characterized by particle density n (or equivalently, mass density p)® and temperature
T has a Jeans length of

12 12 _
- T n 12
= (G—p) — 0.066 pc (101() (105 Cm_3) . 42

kT
pmy
temperature 7. The Jeans mass is the gas mass contained in a sphere with an radius

of Ay/2:

where G is the gravitational constant, and ¢; = is the speed of sound at

M= =75 _ogrrmg (L 3/2( ~ )_1/2 4.3)
T e/Ge @10k 105 cm—3 ’ '

In the above two equations, the sound speed ¢, represents pressure from thermal
motions. Massive clumps often contain non-thermal motions likely dominated by
micro turbulence. If the internal pressure of the gas is dominated by turbulence, then
cs is replaced by the turbulent linewidth which is well approximated by the velocity
dispersion measured from dense gas tracers like NH3. As Table4.6 shows, at both
fragmentation levels (clump or core), the masses of the observed “fragments” (core or
condensation, respectively) are consistent with the prediction of Jeans fragmentation

6 Particle number density n and mass density p are related as p = umyn, where u = 2.37
is the mean molecular weight per “free particle” (H, and He, the number of metal particles is
negligible). We use particle number density throughout this chapter. Note this is different to the H
number density which counts hydrogen molecules only and thus a higher molecular weight of 2.8
should be applied. See discussion in Kauffmann et al. (2008). For a molecular cloud made with
N(H)/N (He) = 10 and negligible metals, npaticle : nH, = 1.2.
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Fig. 4.8 Fragment mass versus projected separation to the nearest fellow fragment. Circles filled
with various sizes denote clump, core, and condensation. Sources are color coded as G11.11-P1
and G11.11-P6 (G11, red, this chapter; Wang et al. 2014; Wang and Zhang 2014), G28.34-P1 (G28,
green; Chap. 3; Wang et al. 2011, 2012), G30.88-C1 and G30.88-C2 (G30, blue; Chap. 5; Zhang
and Wang 2011). The orange shaded regions show the sensitivity and resolution limit of the G11
observations. The stars denote average observed properties of all the cores or condensations. The
dotted line shows thermal Jeans fragmentation with 7 = 15K and n = [102, 108]cm ™3, and the
blue shaded region corresponds to the same density range but with 7 = [10, 30] K. The thin solid
line shows turbulent Jeans fragmentation with o = 0.7kms~! and the same density range, and
the green shaded region corresponds to the same density range but with ¢ = [0.4, 1.1] kms~!.
The thick solid line shows cylinder fragmentation with central density n. = 3.75 x 10°cm™3
and o = [0.4, 1.1] kms™!. This figure shows clearly that the fragmentation from clump to cores
and from core to condensations are dominated by turbulence over thermal pressure. See text in
Sect.4.4.1 for discussion [Credit Wang et al. (2014), reproduced with permission © the authors]

only if we account for the turbulent pressure; otherwise, thermal pressure alone
predicts much smaller fragment mass. This suggests that turbulence dominates over
thermal pressure in the hierarchical fragmentation, the same as we found in IRDC
clump G28.34-P1 (Wang et al. 2011), and in contrast to low-mass star formation
regions (Lada et al. 2008).

4.4.1.2 Cylindrical Fragmentation

Similar to the case of G28.34-P1, the cores in G11.11-P6 and perhaps alsoin G11.11-
P1 appear to be regularly spaced along a “cylinder”, although these “cylinders” are
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not straight. The so-called “sausage instability” of a gas cylinder has been suggested
to explain such fragmentation, as first proposed by Chandrasekhar and Fermi (1953)
and followed up by many others (e.g., Ostriker 1964; Nagasawa 1987; Bastien et al.
1991; Inutsuka and Miyama 1992; Fischera and Martin 2012; see also discussion in
Jackson et al. 2010 and Wang et al. 2011). In an isothermal gas cylinder, self gravity
overcomes internal pressure (represented by o) once the mass per unit length along
the cylinder (or linear mass density) exceeds a critical value of

2
o
(M/Derit = 202/ G = 465 (m) Mg pe . (4.4)

Under this condition, the cylinder becomes gravitationally unstable and fragments
into a chain of equally spaced fragments with a typical spacing of

e )_1/2 . @45)

o
Kt = 220(4m Gpe) 2 = 1.24pe (
d (47 Gpe) P\ Tkms 1) \105em 3
In the above two equations, p. or n. is the gas density at the centre of the cylinder.
The fragment mass is therefore

Mo = (M1 575.3M, © ) (e ) 4.6
o = (M/Derie x & = 575. @(lkms_l) (105cm—3) . (4.6)
Similarly, if the cylinder is supported by thermal pressure, o is the sound speed cs;
if, on the other hand, it is mainly supported by turbulent pressure, then o is replaced
by the velocity dispersion.

Assuming the initial temperature of the cylinder that represents clumps P1 and
P6 is the average clump temperature (15 K), then the corresponding sound speed is
cs = 0.23kms~!, while the average velocity dispersion is o ~ 0.7kms~!. Accord-
ing to Eq.4.4 these lead to a linear mass density of 298 My pc~! for turbulence
support which is in agreement with the observed core masses in P1 and P6, while for
thermal support this value becomes 25 M pc™!, inconsistent with the observations.
On the other hand, the projected separations of the cores are 0.08-0.14 pc (Table 4.6).
We estimate the central density of the cylinder on the verge of collapse to be the aver-
age of the clump density and core density, which amounts to n = 3.75 x 106cm 3.
We calculate a separation of 0.1 pc for turbulent support and 2 pc for thermal sup-
port. Clearly the observations favor the former against the latter scenario. On larger
scales, taking the entire Snake filament as a cylinder, the mass/separation between
the clumps is also consistent with a cylindrical fragmentation. Adopting an aver-
age velocity dispersion of 0.7kms~! and an initial central density of 1 x 10*cm™3
(Kainulainen et al. 2013), the predicted clump mass and separation are 624 M, and
2.7 pc, in agreement with the measured average values of 1100M, and 3 pc.

Similar turbulence dominated fragmentation and cylindrical collapse have been
observed by SMA and JVLA in another IRDC G30.88+0.13 (Fig.5.1). There, in the
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clump G30.88-C2, dust cores SMM?2,3,4 lie aligned in a north-south filament also
seen in NH3. The filament may extend further north where an H,O maser and an
NH3 core coincide with each other (unfortunately this is far beyond the coverage
of the SMA observations), and further south to a 24 um point source. All these
features together form a north-south, 1.5 pc filamentary structure. The core mass and
separation support a fragmentation and cylindrical collapse similar to G11.11-P1,
G11.11-P6, and G28.34-P1.

The fragmentation analysis is summarized in Fig.4.8. For a given core, we plot
its mass against the separation to the nearest core. Similarly, clumps and conden-
sations are also plotted. Fragments in different IRDCs are plotted with different
colors: G11.11-0.12 in red, G28.34+0.06 in green, and G30.88+0.13 in blue. The
two clumps in G30.88+0.13 overlap completely along the line of sight, and are
apparently isolated. We assign a nominal separation of 3 pc (the approximate long
axis of the G30.88-C1 filament) for illustration only. The shaded regions represent
Jeans mass and length (Eqgs. 4.2, 4.3) for a range of physical properties. For ther-
mal Jeans fragmentation (shaded blue), the mass and separation are determined by
temperature and density. The adopted temperature range 7 = [10, 30] K is observed
in these IRDCs, and the density n = [10, 103]cm™ is a wide range representa-
tive for molecular clouds to dense condensations. For turbulent Jeans fragmentation
(shaded green), the temperature is replaced by the observed velocity dispersion range
o =[0.4, 1.1]kms~". Overlapped on the shaded regions are lines for a representa-
tive temperature (15K) or an average velocity dispersion (0.7kms~!). In addition,
cylindrical fragmentation (Egs.4.5, 4.6) for central density n. = 3.75 x 10%cm™3
ando = [0.4, 1.1]kms~ ! is plotted as a thick solid line. We find that most cores and
condensations are located within the shaded green region corresponding to the turbu-
lent fragmentation, and the average properties of cores and condensations (denoted
by black filled stars) lie almost along the thin solid line. The cores are also well rep-
resented by the thick solid line corresponding to cylindrical fragmentation. On the
other hand, thermal Jeans fragmentation (shaded blue) predicts much smaller frag-
ment masses than observed. This figure shows that the hierarchical fragmentation
observed in these IRDC clumps are the same in nature, i.e., turbulence dominated
fragmentation, and furthermore, the fragmentation from the clump to the core scale
can be well explained by turbulence supported gravitational collapse of an isothermal
cylinder. Our combined SMA and JVLA observations have resolved similar fragmen-
tation and cylindrical collapse in four IRDC clumps that are in different evolutionary
stages (Sect.4.4.4), suggesting that turbulence supported fragmentation is common
in the early stages of massive star formation. There is a lack of direct measurements
of magnetic fields in IRDC clumps. However, magnetic fields at a few mG levels are
reported in protocluster regions such as G31.41 (Girart et al. 2009), indicating the
importance of the B field relative to turbulence.
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4.4.2 NHj3 Ortho/Para Ratio

Following Sect.4.3.5.1, the enrichment of ortho- over para-NHj3 can be quantita-
tively quested by comparing the fractional abundance ratio, [ortho/para], or OPR.
We estimate the OPR by means of rotational diagram (Turner 1991; Goldsmith and
Langer 1999). This technique requires measurement of many transitions so we only
apply to P6. Assuming that the NH3 gas is in local thermaldynamic equilibrium
(LTE), all transitions are characterized by a single excitation temperature T;o, and
the level population follows a Boltzmann distribution,

N, N —E
2= exp( “) : 4.7)
8u Orot kTex

where Ny, E\, gy are the column density, energy, and total degeneracy, of the upper
state respectively, Ny is the total column density summing up all transitions, Qroy is
the rotational partition function at Ty, and & is the Boltzmann constant. For a given
NH;3 (J, K) transition, the total degeneracy g, is a product of rotational and spin
degeneracies, g, = g5 gk g1, where gy = 2J + 1, gk = 2 for K # 0, and g1 = %
for ortho-NH3 (K = 3n), or g1 = 2 for para-NH3 (K # 3n). Taking the natural
logarithm of the above equation leads to

E
In (ﬂ) =In (N“") . (4.8)
8u Orot kTex

This linear equation is used to construct rotational diagram. Let In (%) =a+bE,,

u

then the slope b is related to the rotational excitation temperature as Ty = —1/b,
and the intercept a is related to the total column density as Ny = Qrote®. The OPR is
inferred by comparing the observed NHj3 (3,3) intensity to the fitted intensity should
OPR equals unity: OPR = N2 /Nt = exp(a®® — afit).

As long as the Rayleigh-Jeans approximation (hv < k7o) holds, and Tyoy >
Ty, the column density can be computed from the observed intensity:

3k
Nu = WCT/TB dv (49)

775 x 108em™2 J(J 4 1)
B v (GHz) K?

C, / Tg dv (Kkms™)

where v is the rest frequency of the transition, i = 1.468 Debye (1 Debye = 107!8
esucm in cgs units) is the dipole moment for NH3, S = ](If—j_l) is the line strength for
(J, K) — (J, K) transitions, and C; = t/(1 —e™7) is a correction factor for optical
depth (Goldsmith and Langer 1999). The optical depth 7 is determined by comparing
hyperfine line ratios (Ho and Townes 1983; Li et al. 2003). We find transitions (2,2)
and higher are optically thin.
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Fig. 4.9 NHj rotational diagrams of selected regions in P6 (see locations in Fig.4.7). The error
bars correspond to 1o in the data points. The data are fitted with two temperature components, one
fits (2,2), (4,4), and (5,5) (solid lines) and another fits the residual of (1,1) and (2,2) after subtraction
from the first fit. The dashed lines connect (1,1) and (2,2) emission summed from the two fits. The
corresponding rotational temperatures are labelled for each fit. Other fitting results including the
column density and OPR are reported in Table4.7 [Credit Wang et al. (2014), reproduced with
permission © the authors]

Table 4.7 NH3 Ortho/Para Ratio (OPR) associated with outflows in P6

Region® OPR Northo (1010 cm=2) Npara (101 cm=2)
A 1.1+0.4 1.3+0.6 1240.1
B 20404 3.6+0.9 1.8+0.1
C 3.0+£0.7 33+1.1 1.1+0.1

2 See locations in Fig.4.7 and parameter fitting in Fig.4.9

We make rotational diagrams (Fig.4.9, Table4.7) with the outflows in P6
(Sect.4.3.3.2): the northern NH3 (1,1) peak (A), the southern NH3 (1,1) peak (B),
and the southern tip of the NH3 (3,3) emission (C). These regions (labelled in
Fig.4.7) are chosen to (a) have a high signal-to-noise ratio and (b) represent dif-
ferent locations along outflows: region A overlays with the driving source of out-
flow SMAZ2, region B is close to SMAG6, and region C is farther away but along
the direction of outflows SMAS and SMAG6. Integrated NH3 emission is extracted
from a circular region with a diameter of ~ 7", corresponding to the major axis
of the largest beam of the NH3 images. Obviously, the diagrams (Fig.4.9) cannot



104 4 The “Snake” Nebula G11.11-0.12

be fitted well with a single temperature because (1,1) traces a lower temperature
than other transitions. We fit the diagrams with two temperature components in
the following approach: (i) fit one temperature to (2,2), (4,4), (5,5); (ii) subtract
the fit from (2,2) and (1,1); and then (iii) fit another temperature to the residual of
(1,1) and (2,2). This approach is chosen keeping in mind that emissions from (2,2)
and higher transitions are dominated by outflow heating, judging from the broad
ling wings. Indeed, the fit to (1,1) and (2,2) results 13—14 K which likely traces the
dense envelope, and a fit to (2,2), (4,4), (5,5) results a much higher temperature of
48-66 K due to outflow heating. We assume that NH3 (3,3) has the same temperature
as the second fit, and find OPRs of 1.1 £+ 0.4 (A), 2.0 &+ 0.4 (B), and 3.0 £ 0.7
(C). The results indicate that (i) ortho-NHj3 is enhanced in all these regions, and (ii)
the enhancement increases along the outflow downstream. This is consistent with
the idea that NH3 molecules have been released to gas phase from dust grains by
outflow shocks, and that ortho-NH3 is preferentially desorbed than para-NH3. The
NH3 (3,3) spectra in P6 and P1 are free of maser lines, so the high OPRs are not due
to masing emission. Ammonia OPRs greater than 1.0 (up to 1.6) have been reported
in the Galactic centre (Nagayama et al. 2009) and Galactic star formation regions
(L1157 and Orion Umemoto et al. 1999; Goddi et al. 2011). Even higher OPRs (>6)
have been reported in starburst galaxies (Takano et al. 2002). OPR has also been
found to be <1.0 (Faure et al 2013).

It is noteworthy that our analysis has adopted a standard technique used in many
similar studies (e.g., Umemoto et al. 1999; Henkel et al. 2000; Mauersberger et al.
2003; Ao et al. 2011), and presents comparable results. Ideally, a more sophisticated
approach would require data from transitions up to (6,6) (i.e., including at least two
data points from ortho-NH3) and radiative transfer modelling incorporated with a
temperature distribution.

4.4.3 PI-SMA1: An Outflow/Disc System in a Proto-Binary?

The east-west outflow corresponds surprisingly well with the north-south edge-on
disc suggested by Pillai et al. (2006b) based on CH30H masers. Without direct
evidence of outflow, Pillai et al. hypothesized an outflow perpendicular to the disc
which is responsible for illuminating the small dust knots seen as three point sources
in 2MASS images (Fig.4.10). Pillai et al. further speculated a geometric orientation
of this hypothesized outflow-disc system, see Fig. 4.6 in their paper. Our discovery of
the east-west outflow strongly support their suggestion. Moreover, class Il CH;0OH
masers are exclusively associated with massive young stars (Hill et al. 2005), there-
fore, M1 provides additional evidence that P1-SMA1 is forming massive star(s).
From the morphology of high velocity SiO emission we locate the outflow driving
source to be within the dust condensation P1-SMA1. However, the large scale SiO
emission cannot pinpoint the driving source, because P1-SMA1 is closely associated
with multiple sources: the CH;OH maser M 1, the H,O maser W2, the Herschel point
source, and the SMA dust condensation. The Herschel and Spitzer images however
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Fig. 4.10 Infrared images of
G11.11-P1: 2MASS J, H, K,
bands and Spitzer 3.6 um. H =y

Labelled symbols denote
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CH3O0H maser M1 (x), and b’ 5
the three 2MASS point i
sources (o) [Credit Wang et 'R "= |
al. (2014), reproduced with : -
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do not have sufficient resolution to distinguish dust structures associated with M1
and W2. To reach the highest possible resolution with SMA, we make an 880 um
image using only the data from the extended configuration, and obtain a 0”.8 x 0”.6
(3,000 x 2,000 AU) synthesis beam. The image is plotted with white contours in
Fig.4.11, in comparison to the masers, the outflow axis, and large scale velocity
field from NH3 (2,2). Surprisingly, P1-SMAT1 contains an elongated dust structure,
and the major axis of the structure matches the axis of the outflow. The elongated
structure has an integrated flux of 76 mlJy (5M assuming 25K dust temperature),
and is composed of at least two substructures. The eastern feature (3 M) coincides
with W2, and the western feature (2 M) near M 1. Plausibly, these two dust features
indicate a proto-binary system with a separation of 2,500 AU. High-mass stars are
known to be born mostly as twins (Chini et al. 2011, 2013), and a recent ALMA
discovery also suggests a disc associated with a proto-binary system in G35.20-0.74N
(Sanchez-Monge et al. 2013), suggesting the multiplicity can be traced back to the
embedded phase. It is also possible that one of the dust features is heated by the
outflow driven by a protostar embedded in another dust feature.

We discuss two possibilities on the location of the outflow driving source. Pos-
sibility I: the driving source is located within the disc traced by the CH3OH maser
spots, therefore coincides with M1. This supports that CH3OH masers trace disc
other than outflow (Pestalozzi et al. 2004). W2 would locate in the blue lobe of the
outflow, but its velocity is red-shifted (37.5km s~ L Sect.4.3.2). Possibility II: the
driving source coincides with W2 and the more massive eastern dust feature. The
NH3 velocity field seems to support this scenario since W2 resides closer than M1 to
the transition from blue- to red-shifted velocity (Fig.4.11). In this scenario, M1 traces
the red lobe of the outflow (De Buizer 2003; Kurtz et al. 2004), but its velocity range
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Fig. 4.11 Flux weighted velocity field of NH3 (2,2). The grey contours show the SMA 880 um
continuum image as in Fig.4.2(c), but contoured by 20 % of the peak (76 mJy) for clarity. The white
contours show the highest resolution SMA 880 wm image made from the Extended configuration
only; the contours are + (3, 6,9, ...) o, whereo = 1.7 mbeeam*] . Labelled symbols denote H,O
maser W2 (4), class I CH3OH maser M1 (x), and the three 2MASS point sources (o). The ellipses
in the bottom left corner represent synthesized beams for the NH3 image and the two SMA 880 um
images, from the largest to the smallest respectively. The thick grey line denotes the SiO outflow as
in Fig.4.3 [Credit Wang et al. (2014), reproduced with permission © the authors]

spans blue to red (22-34kms~!; Sect.4.3.2), and it becomes difficult to explain the
ordered velocity field of M1 that could otherwise perfectly trace a disc (Pillai et al.
2006b). Among all the pieces of evidence, the strongest evidence seems to be the
maser spots associated with M 1. We therefore regard the possibility I is more likely
compared to possibility II. Deep near to far-infrared imaging with higher resolution
is needed to pinpoint the driving source, and thereby help further disentangle the
controversy about class II methanol masers tracing disc (Pestalozzi et al. 2004) or
shocked gas (De Buizer 2003; Kurtz et al. 2004). As far as we see with current data,
our results combined with Pillai et al. (2006b) supports the disc scenario.

4.4.4 Evolutionary Sequence

In Sect.4.3.4 we have seen that the chemical differentiation in cores suggests an
evolutionary sequence of the cores. On larger scales, the 1 pc clumps in the Snake
appear to be at different evolutionary stages as well. P1 and P6 are the most evolved
clumps, where P1 is slightly more advanced than P6. Other clumps appear to be
younger. For example, Tackenberg et al. (2012) identified five starless clumps within
the Snake nebula. The brightness temperature of the detected lines in P1 and P6
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are typically 1-5 K (Fig.4.5). If G11.11-0.12 were located at the distances of
G28.34-P1 or G30.88-C1, the brightness would be 2 or 3 times lower even if the
structures are unresolved, whereas in reality the structures within clumps are well
resolved by SMA. The sensitivities of the SMA observations (Zhang et al. 2009;
Wang et al. 2011; Zhang and Wang 2011) were enough to detect such lines. The fact
that previous SMA observations did not detect lines except CO in G28.34-P1 and
G30.88-C1 suggest that those clumps are chemically younger than G11.11-P1 and
G11.11-P6. In Chap. 6 we infer an evolutionary sequence for all the IRDC clumps
based on their observed properties.

4.4.5 Condensation Mass Function

The 23 condensations identified in P1 and P6 are of the size of ~0.01 pc and mass
2-28 M, subject to form individual stars or a small stellar system. These conden-
sations are equivalent to the structures often used to study “Core Mass Function”
(CMF), or the probability density as a function of mass. CMF is converted to the well
observed stellar initial mass function (IMF) through star formation process, hence
the detailed functional form of CMF is of fundamental importance to discriminate
various star formation scenarios. Robust studies of CMF in low-mass case have been
carried out based on samples containing hundreds of dense cores (e.g., Alves et al.
2007; André et al. 2010), while in high-mass case the sample is still largely limited
by resolving power (see, for example, the study of Beuther and Schilke 2004 based
on 24 sources identified in IRAS 19410+2336). In addition, it has been shown that
improper binning of the data points (which is often the case in the study of CMF)
can introduce significant biases in results (Apelldniz and Ubeda 2005).

We use the maximume-likelihood method (Clauset et al. 2007; Swift and Beau-
mont 2010; Klaus et al. 2011; Alstott et al. 2014) to directly fit the mass spectrum
to a given distribution without binning the data. The sample contains 33 conden-
sations in total, including 23 condensations in P1 and P6 and 10 condensations in
G28.34-P1 (Wang et al. 2011) with updated masses according to the new temperature
(Wang et al. 2012, Chap. 3). We find that the mass spectrum can be fitted with a power
law with a slope (in log-log space of dN /dM vs.dM) o = 2.0 £0.2 and a turnover
at 2.7 M, condensation mass. Fitting only the 23 condensations in G11.11-P1 and
G11.11-P6 yields « = 1.9 £+ 0.2 if assuming the same turn over. The slope is
consistent with Beuther and Schilke (2004) who obtained « = 2.5 + 0.3. We cau-
tion, however, the mass function cannot be distinguished from a power law with a
turnover, or a lognormal distribution. As discussed by Swift and Beaumont (2010),
a large sample of hundreds of sources is required for a sophisticated study.

Our result is encouraging yet largely limited to the sample size and the still insuf-
ficient resolving power including dynamic range, angular resolution, and sensitiv-
ity needed to routinely resolve the smallest structures (e.g., the PI-SMA1 binary
system, Sect.4.4.3). Moreover, P1 and P6 are the most evolved clumps in the
Snake. A deep view of the entire Snake will enable a complete census of individual
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condensations to thoroughly study the form of CMF. The newly inaugurated ALMA
is now capable of resolving a large number of similar condensations with a high
dynamic range, therefore will enable us to study CMF in high-mass star formation
regions with statistical significance. G11.11-0.12 is obviously a well suited region
thanks to its youth and complexity.

4.5 Conclusions

We study fragmentation of two massive (=103 M), low-luminosity (<103L), and
dense (~8x10%*cm—3) molecular clumps P1 and P6, the most likely sites of high-
mass star formation in IRDC G11.11-0.12, using high resolution SMA and JVLA
observations. The achieved mass sensitivity is better than the Jeans mass at the clump
scale, and our main findings are as follows.

(1) High-resolution, high-sensitivity SMA continuum images at 1.3 and 0.88 mm
resolve two levels of fragmentation in both P1 and P6: the clump fragments into
6 dense cores, some of which further fragment into even smaller condensations.
While the clump fragmentation is consistent with a cylindrical collapse, the
masses of the dust cores and condensations are much larger than the respec-
tive thermal Jeans masses. This is similar to what was found in IRDC clumps
G28.34-P1 and G30.88-C2, suggesting that turbulence supported fragmentation
is common in the initial stages of massive star formation.

(2) Molecular outflows, masers, shocked NH3 emission, as well as hot core lines
and mid-IR point sources all indicate active ongoing star formation in cores P1-
SMA1,2 and P6-SMAG6,2,5. The discovery of an east-west outflow associated
with P1-SMA, together with previous studies, points to an outflow-disc system.
A close-up view of the system further suggests a possible proto-binary system,
which deserves further study with better resolution.

(3) Enrichment of ortho-NHj3 is found associated with all the three identified out-
flows in clump P6, and the enrichment tends to increases along the outflow
downstream. The derived ortho/para abundance ratios are 1.1 +0.4,2.0 = 0.4,
and 3.0 £ 0.7, among the largest OPRs ever observed in Galactic star formation
regions while less than that in starburst galaxies, although observations of even
higher transitions are needed to confirm the high ratios.

(4) Chemical differentiation between cores suggests variations in evolutionary
stages among the cores. This effect is also seen at smaller scales down to con-
densations, and to larger scales up to clumps. Accordingly, an evolutionary
sequence is inferred for cores and clumps, respectively.

(5) With adetection limit of 1-3.5 M, we identify 23 condensations that are subject
to form individual stars or a small stellar system. The mass spectrum of these
condensations is consistent with a powerlaw with a slope of « = 2.0 &= 0.2 and a
turnover at 2.7 M condensation mass. Deeper images with improved resolving
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power toward all the six clumps in the Snake will reveal a complete census of
individual condensations for a robust study of the CMF.
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Chapter 5
The Infrared Dark Cloud G30.88+0.13

Abstract Massive stars form from collapse of parsec-scale molecular clumps. How
molecular clumps fragment to give rise to massive stars in a cluster with a distribution
of masses is unclear. In this chapter, we search for cold cores that may lead to future
formation of massive stars in a massive (>103 M), low luminosity (4.6 x 10% Lg)
infrared dark cloud (IRDC) G030.88+00.13. The NH3 data from JVLA and GBT
reveal that the extinction feature seen in the infrared consists of two distinctive clumps
along the same line of sight. The C1 clump at 97 kms ™! coincides with the extinction
in the Spitzer 8 and 24 pm. Therefore, it is responsible for the majority of the IRDC.
The C2 clump at 107kms™! is more compact and has a peak temperature of 45K.
Compact dust cores and H>O masers revealed in the SMA and JVLA observations
are mostly associated with C2, and none is within the IRDC in C1. The luminosity
indicates that neither the C1 nor C2 clump has yet to form massive protostars. But
C1 might be at a precluster forming stage. The simulated observations rule out 0.1 pc
cold cores with masses above 8 M within the IRDC. The core masses in C1 and
C2, and those in high-mass protostellar objects suggest an evolutionary trend that
the mass of cold cores increases over time. Based on our findings, we propose an
empirical picture of massive star formation that protostellar cores and the embedded
protostars undergo simultaneous mass growth during the protostellar evolution.

5.1 Introduction

Formation of OB clusters has been a subject of intense studies for several decades.
Itis well known that massive stars form in clusters that contain a distribution of stellar
masses (Lada and Lada 2003). How dense molecular clouds contract and fragment
to give rise to a cluster of stars has been a subject of intense studies for decades. It is
often suggested that the stellar mass at the peak of the Initial Stellar Function (IMF) is
related to and perhaps is determined by the characteristic mass in molecular clouds.
The value of such mass is dictated by the interplay of gravity, internal pressure due
to thermal and turbulent motions, and/or magnetic fields (Larson 2005). A typical
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proto cluster forming clump! with massive young stellar objects contains 103 M, of
dense molecular gas (Molinari et al. 2000; Beuther et al. 2002; Beltrdn et al. 2006)
within a size scale of about 1 pc. The average density (10° cm™3) and temperature
(15K, Rathborne et al. 2007; Pillai et al. 2006) in these clumps yield a Jeans mass
of approximately 1 M. This characteristic mass explains naturally the peak of the
IMF in a cluster (Larson 2005).

Massive stars, on the other hand, contain masses at least an order of magnitude
larger than the global thermal Jean mass in a molecular clump. This presents a
theoretical puzzle, since cores and stars significantly larger than the global Jeans
mass are unstable against fragmentation to less massive objects. While the origin
of low mass stars could be linked to the Jeans mass, how massive stars form in a
cluster has been a matter of debate. Do massive stars form in cores of Jeans mass
similar to their low mass counterpart, or form in cores far more massive than the
thermal Jeans mass? Observations of high-mass protostellar objects often find hot
molecular cores with masses of 10-10> Mg, (Garay and Lizano 1999), consistent
with Jeans mass at elevated gas temperatures of over 100 K. However, the typical
Jeans mass in a molecular clump prior to massive star formation is much smaller
because of a lower temperature (<20K) in these regions (Pillai et al. 2006). In a
sequence of evolution, cores that give rise to massive stars must be relatively cold in
the early stage due to a lack of strong stellar heating, and later enter the hot core phase
characterized by strong emission from organic molecules as a result of evaporation
of grain mantles and subsequent high temperature gas phase chemistry. In contrast
to hot molecular cores with embedded high-mass protostars, we refer entities that
ultimately form massive stars, i.e., precursors of hot molecular cores, as cold cores.
What is typical mass of these cold cores? Do they contain 10> M, as postulated in
some theoretical models (McKee and Tan 2002)? Studies of infrared dark clouds
(IRDCs), massive clouds at low temperatures and high densities (Egan et al. 1998;
Carey et al. 1998, 2000; Hennebelle et al. 2001; Simon et al. 2006a, b; Rathborne
et al. 2006), can provide clues to these questions, and shed light on the process of
massive star formation.

The studies of G28.344-0.06 and G11.11-0.12 (Chaps. 3 and4) are insightful in
revealing the properties of cold cores. Here, as part of our high resolution mini survey
of IRDCs, we present results from SMA, JVLA and GBT of a massive IRDC clump
G30.884-0.13 (hereafter G30.88) with a mass and luminosity similar to G28.34 and
G11.11. The object, which is dark from 8 to 24 um in the Spitzer images, contains
a mass of >103 Mg, estimated from 850 um continuum emission, embedded in a
2 x 10* Mg cloud seen in CO (Swift 2009). The region, at a reported kinematic
distance of 6.7-7.2kpc, has a luminosity of only 460 L (Swift 2009). Swift (2009)
presented arcsecond resolution image at 870 wm with the SMA, which identified a
massive core of 110 M. The NH3 data from the new JVLA and GBT observations

! As in Chaps. 3 and 4, we refer a molecular clump as an entity with a size scale of 1 pc, which is
capable of forming a cluster of stars, while a molecular core as an entity with a size scale of 0.1 pc,
which forms one or a small group of stars.


http://dx.doi.org/10.1007/978-3-662-44969-1_3
http://dx.doi.org/10.1007/978-3-662-44969-1_4
http://dx.doi.org/10.1007/978-3-662-44969-1_3
http://dx.doi.org/10.1007/978-3-662-44969-1_4 

5.1 Introduction 119

reveal two velocity components along the line of sight: one component coincides with
the IRDC G30.88; the other component, likely at a different distance, is associated
with the massive core detected with the SMA and an H,O maser emission. No
compact cores more massive than 8 M (4o0) are found to be associated with the
IRDC clump. Thus, this IRDC component may represent a precluster clump.

5.2 Observations

5.2.1 Very Large Array

We observed IRDC G30.88 in the NH3 (J, K) = (1,1) and the (2,2) lines with the
Karl G. Jansky Very Large Array (JVLA) of NRAO? on 2010 January 8in its D
configuration. The phase center of the observations was RA(J2000) = 18:47:13.70,
Dec (J2000) = —01:45:03.70. The 25 m-dish of the JVLA antennas yields a FWHM
primary beam of approximately 2 at the observing frequencies. We employed the
21F mode that splits the 256-channel correlator into two sections to observe the NH3
(1,1) and (2,2) lines simultaneously in one polarization for each line. The channel
separation was 24.4 KHz (~0.3km s~! at the line frequencies). The time variation
of antenna gains was calibrated using quasar J1851+005, observed at a cycle of
about 20min. The absolute flux density is established by bootstrapping to 3C286.
The bandpass is calibrated via observations of 3C454.3.

Subsequently, we observed the NH3 (J, K) = (3,3) line with the JVLA on 2010
May 09in its D configuration. We observed two polarizations using a bandwidth
of 4MHz that splits into 256 channels. The time variation of antenna gains was
calibrated using quasar J18514-005, observed at a cycle of about 6 min. The absolute
flux density is established by bootstrapping to 3C48. The bandpass is calibrated via
observations of 3C454.3.

Data on the 22 GHz H>O maser transition were obtained with the JVLA on 2010
December 16in its C configuration. We observed two polarizations using a band-
width of 4 MHz that splits into 64 channels. The time variation of antenna gains was
calibrated using quasar J18514-005, observed at a cycle of about 7 min. The absolute
flux density is established by bootstrapping to 3C48. The bandpass is calibrated via
observations of 3C454.3.

The visibilities were calibrated and imaged using the AIPS (Associated Universi-
ties 1999) and CASA (McMullin et al. 2007) software packages of the NRAO. The
synthesis beam is about 4” x 3” for the D array data, and 2” x 1” for the C array
data. The detailed observational parameters are summarized in Table5.1.

2 The National Radio Astronomy Observatory is operated by Associated Universities, Inc., under
cooperative agreement with the National Science Foundation.
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Table 5.1 JVLA, SMA, and GBT observations of G30.88+-0.13

Instrument Date of Line Bandwidth | Spectral res. | rms Angular
observations (MHz) (kms™1) (mlJy) |res. (")
JVLA-D 2010/01/08 |NHj3 (1,1),(2,2) |3.12 0.64 2.5 4x3
2010/05/09 | NH3 (3,3) 4 0.20 2.5 4x3
JVLA-C 2010/11/24  |H,0 4 0.84 1.5 2x1
GBT 2010/02/27 |NH3 (1,1), (2,2),|8 0.025 20 30
(3.3), (4,4)
SMA compact | 2007/07/07 - 4,000 - 5.7 19x1.8
2007/10/19 |- 4,000 -
2008/06/02 |- 4,000 -
2008/10/15 |- 4,000 -

4 1o rms in the combined SMA image

5.2.2 Green Bank 100m Telescope

Observations of G30.88 were carried out with the Green Bank Telescope (GBT)' in
the NH3 (J, K) = (1,1), (2,2), (3,3), and (4,4) transitions during 2010 February 27
through March 1, and 2010 April 29. We used the K-band receiver and a spectrometer
setup in the frequency switching mode that covers four windows, each with 12.5 MHz
bandwidth split into 4,096 channels. System temperatures varied from 50 to 100K
during the observations mostly due to changes in elevation. The 100 m aperture of the
GBT gives a 30” FWHM in the primary beam. Data were processed using GBTIDL.
We only present data of the (3,3) line.

5.2.3 Submillimeter Array

Observations with the SMA? (Ho et al. 2004) were made with 8 antennas in the
compact configuration from 2007 July 7 through 2008 June 15, in a mosaic of 18
pointings by Swift (2009). The zenith opacity at 225 GHz were 0.08-0.15 for the
four nights, with double sideband system temperatures of 400 during the transit. The
receivers were tuned to an LO frequency of 351 GHz for the 2007 observations, and
340 GHz for the 2008 observations. Table 5.1 summarizes the main observational
parameters.

The visibility data were calibrated with the IDL superset MIR package developed
for the Owens Valley Interferometer. The absolute flux level is accurate to about
25 %. After calibrations in MIR, the visibility data were exported to the MIRIAD
(Sault et al. 1995) format for further processing and imaging. The continuum is

3 The Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory
and the Academia Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian
Institution and the Academia Sinica.
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Fig. 5.1 False color 24 um image from the Spitzer MIPS for the IRDC G30.88 region. The color
bar indicates the logarithmic flux scale in units of MJy sr—'. The thin white contours represent the
NH3 (1,1) emission from the JVLA. The thick yellow contour outlines the JCMT 850 um continuum
emission. The dashed circle indicates the FWHM primary beam of the NH3 observations from the
JVLA. The star symbols mark the dust peaks detected with the SMA. The cross symbols mark
the position of the H, O masers [Credit Zhang and Wang (2011), reproduced with permission of the
AAS]

constructed from line free channels in the visibility domain. We combined the con-
tinuum data from four tracks, which yields a 1o rms of 5.7mly and a synthesized
beam of about 1.9” with the naturally weighting of the visibilities.

5.3 Results

5.3.1 Dense Molecular Gas and Dust Continuum

Figure 5.1 shows an overview of the G30.88 region in 24 um obtained from the
Spitzer MIPSGAL (Carey et al. 2009), overlaid with contours of the NHz (1,1)
emission from the JVLA. The 850 wm continuum from the JCMT archive (see also
Swift 2009) is also outlined in the yellow contour. The H»O masers detected with the
JVLA are marked with the plus sign, and the continuum sources detected with the
SMA are marked by the star symbol. At 24 wm, G30.88 is dark against the galactic
IR background. The IR extinction matched the NH3 and the 850 wm continuum
emission well.



122 5 The Infrared Dark Cloud G30.88+4-0.13

VLA NHg(1,1) VLA NH,4(2.2) VLA NH,(3,3)
T \\ T T T
8 + +
- [ * -
—
8 + * *
*
o L |
ral 7
Q 8
=
© 4 L J
o 4w ° - P s ° P S ° *
—014600  "~+ -7 oo O b 1]
18'47'16" . 14" 12" 10" 184716" 14" 12" 10"
SMA 870 um
T T T
6 3
30" L7 P L
7 1
= / 7, . skMe ¥ FMM2
8 ' u o 4TSMM3
Q 4500 (. 1 i
— .« SMM1 \
= |
© 30" - . .
-01°46'00" = L i

18°47'16" 14" 12" 10" 18°47'16" 14" 12" 10"

Fig. 5.2 Integrated intensity of the NH3 (1,1), (2,2) and (3,3) emission from the JVLA, the 850 um
emission from JCMT, and 870 um emission from the SMA. The NH3 images are contoured at
an interval of 15mJybeam™" x km s~!. The JCMT data are plotted at every 10% of the peak
(2Jybeam™!). The SMA data are contoured in steps of 25 mJy beam™!. The star symbols mark the
dust peaks detected with the SMA. The cross symbols mark the position of the H,O masers. The
dashed circle indicates the FWHM primary beam of the JVLA NH3 observations. The thin dashed
line outlines the 100 % sensitivity of the SMA observations. The spatial resolution of each dataset
is marked by the shaded ellipse at the bottom-left corner of each panel [Credit Zhang and Wang
(2011), reproduced with permission of the AAS]

Figure 5.2 presents the integrated NH3 (J, K) = (1,1), (2,2) and (3,3) emission
from the JVLA, the 850 wm continuum from JCMT, and 870 wm continuum from
the SMA. The range of velocities for the integrated emission is from 95 through
110kms~!. The NH; data reveal a dense gas filament that follows the dust emission
from JCMT (approximately 14" resolution). It appears that the NH3 emission is
spatially extended in the (1,1) transition, and becomes far more compact in the
(3,3) line. Since the NH3 emission of the (1,1), (2,2) and (3,3) arises from energy
levels of 23, 65 and 125K, respectively, a progressively smaller spatial extent in
higher excitation lines indicates that the extended NHj3 gas is at relatively lower
temperatures.

The SMA observations resolved the dust emission seen at lower resolution into
a dominant compact feature as reported in Swift (2009). This source is slightly
resolved at a resolution of 1”.9 x 1”.8, and consists of two peaks. The maximum and
the integrated flux of the source is 119 and 255 mly, respectively. In addition to the
dominant core which we name SMM 1, there appear to be emission peaks at a level
of 4-8¢ rms. We identify all dust peaks above So rms. Following SMM1, we name
other five peaks SMM2 through SMMG6, ordered in decreasing fluxes. The parameters
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Table 5.2 Physical parameters of cores

Name |R.A.(J2000) (" ™ $) | Dec.(J2000) (°’”) | Flux? (Jy) |Mass® (Mg) | Association®
SMMI1 | 18:47:13.68 —01:45:03.6 0.26 32 Cc2
SMM2 |18:47:12.61 —01:44:42.1 0.10 40 C2
SMM3 | 18:47:12.56 —01:44:52.9 0.082 33 Cc2
SMM4 | 18:47:12.78 —01:44.27.4 0.067 27 C2
SMMS5 | 18:47:10.32 —01:45:51.7 0.060 19 Cl
SMM6 | 18:47:15.14 —01:44:46.0 0.044 18 Cc2

4 Integrated flux

b We adopt dust temperatures of 45K for SMMI1, and 19K for SMM2 through SMM6. We use a
dust emissivity index 8 of 1.5, and the dust opacity law of Hildebrand (1983). The source distances
used are 6.5 kpc for the C1 clump and 7.3 kpc for the C2 clump, respectively

¢ Association of dust continuum sources with the two cloud components

(2,2) c2 VLA - 8 (3,3) VLA 4

Tg (K)

90 100 110 120 90 100 110 120

Visg (km s7h

Fig. 5.3 Spectra of the NH3 (J, K) = (1,1), (2,2) and (3,3) from the JVLA, and the NH3 (3,3)
transition from the GBT toward the position of the SMMI1. The two velocity components are
marked as “C1” and “C2” [Credit Zhang and Wang (2011), reproduced with permission of the
AAS]

of the continuum sources are given in Table 5.2. Of the six sources, only SMM1 was
reported in Swift (2009). With a more accurate temperature measurement (45K,
see Sect.5.3.2) for SMMI, we find a gas mass of 32 M, about 1/3 of the value
in Swift (2009). The difference is mainly due to the temperature values used. By
comparing the dust peaks with the NH3 and H>O data, we confirm that all the dust
peaks are robust detections (Sect.5.4.1).

Figure 5.3 presents the JVLA spectra of the NH3 (1,1), (2,2) and (3,3) transitions
toward SMM1. For comparison, we also present the NH3z (3,3) spectrum from
the GBT for the same position. The NH3 metastable lines have 18 distinctive
hyperfines that normally appear in 5 separate components due to blending (Ho and
Townes 1983). For the (1,1) transition, the inner and outer satellite pairs appear
at 7.7 and 19.4kms~! from the main hyperfine. For the (2,2) transition, the inner
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satellite pair is 16.6kms™! from the main hyperfine. Both the (1,1) and (2,2) spec-
tra show complex features indicative of multiple velocity components. The (3,3)
line, for which the inner hyperfines are further out from the main line and are much
fainter, clearly reveals two line-of-sight velocity components, C1 at a Vgr velocity
of 97kms™!, and C2 at 107 kms~!. The relative strength in brightness temperatures
between the JVLA and GBT spectra indicates that the C2 component is spatially
compact, thus is much brighter at a higher angular resolution (0.35 K in GBT versus
5.0K in the JVLA map). On the other hand, the C1 component is more extended: It
is detected by the GBT at a peak temperature of 0.2 K, and is not seen in the JVLA
spectrum at a 1o rms of 0.5 K. This comparison suggests that the faint (3,3) emission
seen in C1 is spatially extended and fills the GBT beam.

5.3.2 Two Cloud Components Along Line-of-Sight

Due to the crowded hyperfine structures in the (J, K) = (1,1) line, the main hyperfine
of the C1 component is blended with the first satellite hyperfine of the C2 component.
Since the hyperfines of the (2,2) line are further separated, we compute its moment
0, 1, and 2 maps for the two velocity components, which are presented in Fig. 5.4. As
one can see, the morphology of the C1 component is more extended, and correlates
well with the extinction feature in the 24 um image and sub-millimeter continuum
emission from the JCMT. The C2 component is spatially compact and is more cen-
trally peaked than the C1 component. An NH3 extension to the northeast of SMM1
seen in the C2 component coincides with the IR extinction and probably contributes
to the IRDC. However, the integrated flux of the extension amounts only 20 % of the
integrated flux over the same area in the C1 component. Therefore, IRDC is predom-
inantly associated with the C1 component. SMM 1, on the other hand, coincides with
the peak of the NH3 emission of the C2 component, and falls in the trough in the NH3
emission of the C1 component. Thus, SMM 1 is likely associated with the 107 kms ™!
C2 component. We will further discuss the association of other continuum sources
with the two cloud components in Sect.5.4.1.

The LSR velocities of the dense NH3 gas yield a kinematic distance of 6.5 and
7.3 kpc for the two cloud components, respectively. The integrated fluxes of the NH3
(2,2) emission within the IR extinction are 1.9 and 1.0Jykms~! for the 97 and
107kms~! components, respectively. The JCMT 850 jum flux integrated within the
IRDC region amounts to 9Jy. Assuming that the dust continuum emission from the
two components is proportional to the fluxes of the corresponding NH3 emission,
we obtain an 850 pm flux of 5.9Jy for C1, and 3.1Jy for C2, respectively. Using an
average dust temperature of 19K (see temperature estimate later in this section), a
dust opacity law of Hildebrand (1983) with a spectral index of 1.5, and a dust to gas
ratio of 1:100, we obtain a mass of 1.8 x 103 Mg for Cl,and 1.2 x 103 Mg, for C2.
With a size of 40” x 26" for C1, the average density amounts to 2.0 x 10* cm ™3
and 1.0 x 10?3 cm 2, respectively. The dust opacity law adopted here gives an opacity
value «(850pum) = 0.015cm~2g~!, consistent with that used in Swift (2009).
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Fig. 5.4 Moment 0, 1 and 2 maps of the NH3 (2,2) line from the JVLA for the two velocity
components at 97kms~! (C1), and 107kms~! (C2) respectively. The contours for the moment 0
map starts at 4mJybeam ™! x km s~! and in increments of the same value. The star symbols mark
the dust peaks detected with the SMA. The cross symbols mark the position of the H,O masers.
The synthesized beam is marked at the lower-left corner of each panel [Credit Zhang and Wang
(2011), reproduced with permission of the AAS]

Adopting a spectral index of 2 for the dust opacity law results in a nearly factor of 2
larger in gas mass.

We estimate the NH3 gas temperature (Ho and Townes 1983) using the JVLA
data. Since the hyperfines of the C1 component is blended, we cannot reliably obtain
its optical depth. Assuming optically thin emission for the C1 component, we derive
arotational temperature of 20 K. The rotational temperature T (2, 2 : 1, 1) is related
to the flux ratio of the main hyperfine component F(1,1) and F(2,2) (see Eq. 4 in
Ho and Townes 1983) via

~0.283 FQ2,2
TR(2,2:1,1) = —41.5 = In{ In[1 2,2)

N (D)
o (L 1) Fan < de -

When F(2,2) < F(1, 1), which is the case for C1, the optically thin assumption
causes the rotation temperature to be over estimated. For t,,(1, 1) = 1 and 5, the
gas temperature of 20 K under the optically thin assumption becomes 19 and 12K,
respectively. The NHj3 (1,1) emission likely has a moderate optical depth, thus the gas
temperature of the C1 component should be lower than 20 K. For the C2 component
at 107kms™!, the NH3 emission is detected in the (3,3) line toward SMM 1. We find
a rotation temperature of 45 K toward SMM1, and 19K outside of SMM1.
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As shown in Fig. 5.4, the line width of the C1 component revealed by the moment
two map is rather uniform, with an average line width of 0.55kms~! (or a FWHM
of 1.4kms~!%). There appears to be two areas with slightly larger line widths of
>1kms~!. The one northeast of SMM 1 is due to broadening by a feature at a slightly
different velocity as shown in the moment 1 image. The other one 11” south of SMM 1
has a line width of 2kms~'. This region coincides with a tentative detection of an
SMA peak at RA(J2000) = 18:47:13.46, Dec(J2000) = —01:45:13.0 and with a peak
flux of 27 mJy. Since the flux is lower than the 5o cutoff limit, we do not report the
source in Table 5.2. Future deeper observations will help confirming this dust peak.

The Doppler line width of the C2 component varies from 0.34 (or FWHM of
0.8kms™1) to 1.3kms™! (or FWHM of 2.5kms™!) toward the SMM1 dust peak.
Both C1 and C2 components show a velocity gradient. There is a velocity shift of
approximately 3kms ™! over a projected length of 40” (or 1.7 pc) along the filament in
the northeast-southwest direction in C1. For C2, there appears to be a shift of 1 kms™!
across SMMI1 at a position angle of 60°. This motion is likely due to rotation in the
core similar to that found in high-mass protostellar objects (e.g. IRAS 20126+4104
Zhang et al. 1998; Keto and Zhang 2010; G10.6-0.4 Keto et al. 1987).

The NH3 (3,3) emission is clearly detected with the GBT toward the position
of SMMI1. As shown in Fig.5.3, the brightness temperatures of the (3,3) line are
0.19K and 0.33K for C1 and C2, respectively (using a beam efficient of 67 % for
this frequency band). The (4,4) line is marginally detected only for the 107 kms™!
component at a brightness temperature of 0.04 K. Using these values, and assuming
the same filling factor for the two transitions, we derive a gas temperature of 40K for
the C2 component, and an upper limit of 40K for the C1 component. With a beam of
30”, we cannot constrain the spatial extent of the warm gas. Future high resolution
observations with the JVLA will help revealing the spatial distribution of the warm
gas.

5.3.3 H,O Masers

As signposts of star formation, HyO masers trace protostellar activities of a wide
range of stellar masses (Wouterloot and Walmsley 1986; Churchwell et al. 1990;
Palla and Stahler 1993; Claussen et al. 1996). Since their excitation requires high
density and temperature (Elitzur et al. 1989; Felli et al. 1992), H,O masers normally
arise in the close proximity of a protostar, thus mark the position of the protostar
that may not be revealed otherwise. A total of seven HyO masers are detected in the
region. Table 5.3 reports the maser positions and the peak brightness temperatures
in a descending order. Figure 5.5 presents the maser spectra. The HyO maser fluxes
reported are not corrected for the primary beam of the JVLA. This is because outside
the FWHM of the primary beam (~120"), a symmetric two dimensional Gaussian

4 If the line profile is Gaussian, the FWHM linewidth is related to the Doppler linewidth by a
multiplicative factor of 2+/2[n2.
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Table 5.3 Properties of HoO Masers

Name R.A.(J2000) (" ™ 5) Dec.(J2000) (° ") Flux® (K) Association?
1 18:47:13.70 —01:45:03.2 215.8 C2
2 18:47:09.07 —01:44:11.7 175.4 C2
3 18:47:12.67 —01:44:15.7 128.3 C2
4 18:47:10.30 —01:45:52.2 64.0 Cl
5 18:47:14.67 —01:43:58.2 17.4 Cl
6 18:47:15.50 —01:44:17.2 16.8 C2
7 18:47:15.74 —01:44:45.2 14.4 C2

4 To avoid introducing additional error, brightness temperatures reported here are not corrected for
the primary beam attenuation. Assuming a Gaussian primary beam with a FWHM of 120", we find
a peak brightness temperature of 808.6K for maser feature 2, a maser knot outside the FWHM of
the primary beam. The Jansky to Kelvin conversion factor is 1.11 x 103 JyK~!

b Association of the H,O masers with the two cloud components
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Fig. 5.5 H,O maser spectra for maser features /, 2, 3, 4, 5, 6, and 7 [Credit Zhang and Wang
(2011), reproduced with permission of the AAS]

profile does not represent the beam accurately. Applying a Gaussian correction to the
data may introduce additional error in the maser brightness temperature, especially
for masers outside of the FWHM of the primary beam. Should such a correction
be applied to the data, the maser feature 2, the one furthest away from the pointing
center, is about a factor of 5 brighter.

As seen in Fig. 5.5, all masers exhibit complex spectra and have a broad linewidth
of 3-8 kms™!. Since a typical maser feature has a line width of ~1kms~! as required
by coherent amplification, the broad linewidths seen here indicate spatially unre-
solved maser features in the synthesized beam of 2" x 1”. Masers 1, 2, 6 and 7 have
centroid velocities close to 107kms~!. Therefore, they are likely associated with
the C2 cloud component (see more discussions in Sect.5.4.1). On the other hand,
maser 4 has a centroid velocity close to 97kms™!. Thus, it is likely associated with
the 97kms~! component. We caution that masers are often excited in protostellar
outflows, and may have velocities offset from that of the cloud. This is shown in
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masers 3, and 5, who have features detected close to 97 and 107kms~!. We will
discuss associations of the dust continuum sources and H, O masers with the thermal
NH3 gas in Sect.5.4.1.

Other than SMM1 and SMMS, no other SMA dust peaks coincide with HyO
masers. On the other hand, most HyO masers are associated with either NH3 peaks,
mid-IR sources or with the JCMT 850 um continuum emission.

5.4 Discussion

5.4.1 Association of Dust Peaks and H,O Masers
with the NH3 Gas

The continuum image from the SMA reveals at least six dust peaks with masses
of 18—40 M. Except spatially extended CO, no other molecular line emissions are
detected toward most of the dust peaks despite a total passband of 4 GHz. Thus, we
cannot determine the Vi gr velocity of these continuum sources based on the SMA
data. In this section, we compare the spatial positions of the SMA dust peaks with the
NH3 (1,1) data and the H,O positions from the JVLA to determine the association
of the sources with the two cloud components. Figure5.6 presents the NH3 (1,1)
channel maps of the two cloud components with dust continuum peaks and H,O
maser positions. It is clear that SMM1, the dominant dust peak, coincides with the
peak NH3 emission (see velocity channels with V1 sg of 106.3 through 106.9kms ™!
and 109.1 through 109.7kms~! in Fig.5.6). In addition, the peak velocity of the
maser feature / is also close to the cloud velocity of component C2. Therefore,
SMM1 and maser / are associated with the C2 component. The dust cores SMM?2,
SMM3, SMM4 and maser 3 are aligned in the north—south direction, and coincide
with an NH3 filament (see channels with Vgr of 106.9 through 109.4km s~!in
Fig.5.6). Thus, they are likely associated with the C2 cloud component. SMMS5 and
maser 4 are not close in projection to any NH3 emission in the C2 component, but is in
close proximity of the extended NH3 emission in the velocity channel of 95.8 kms ™.
Since SMMS5/maser 4 lie outside of the primary beam of the JVLA, the extended
NHj3 emission is attenuated. Given that the maser velocity is close to that of the C1
cloud, we suggest that SMMS5/maser 4 are associated with the C1 component. Finally,
SMMB6 coincides with the NH3 emission in V1 gg of 106.3 through 107.2km s~! and
97.3 through 98.2kms~!. It appears that the NH; (1,1) emissions in 106.3 through
107.2kms™! are more centrally peaks. Therefore, we tentatively assign SMM6 to
the C2 cloud component. No strong NH3 emissions are detected toward masers 6
and 7. The peak velocities of the masers, however, indicate that they are associated
with the C2 component. Tables5.2 and 5.3 summarize the association of the SMA
dust peaks and H>O masers with the two cloud components.
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Fig. 5.6 NH3 (1,1) emission in different velocity channels for the C1 (97km s7h component
(upper panel) and C2 (107kms~") component (lower panel). The contour levels are in steps of
8mJybeam~! starting from 8 mJy beam~!. The star symbols mark the dust peaks detected with the
SMA. The cross symbols mark the position of the H,O masers. The synthesized beam is marked at
the lower-left corner of the first panel. The corresponding LSR velocity of the channel is indicated
at the top-right corner of each panel [Credit Zhang and Wang (2011), reproduced with permission
of the AAS]

5.4.2 Nature of the C2 Clump: A Massive Protocluster
in the Making

It appears that the majority of the SMA dust peaks (SMM1, SMM2, SMM3, SMM4,
SMM6), and H>,O masers (/, 2, 3, 6, 7) are associated with the C2 cloud component.
The presence of H,O maser emission indicates protostellar activities. The dominant
dust continuum source, SMM 1, is the only continuum source associated with strong
NH3 (3,3) emission from the warm gas of 45 K. Other continuum sources are not
detected in NH3 (3,3) and are associated with gas of about 19K.

Assuming that the dust is in a thermodynamic equilibrium with the gas in this
high density environment, we approximate the dust temperature by the NH3 gas
temperature. For a dust temperature of 45K and a source size of 1.1” for SMM1, we
estimate a luminosity of 420 L, for SMMI1 following Scoville and Kwan (1976).
This value is consistent with the luminosity of 460 L in Swift (2009), derived from
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Fig. 5.6 (continued)

the spectral energy distribution. These luminosities correspond to a zero age main
sequence star of 5 M. Since the star is under active accretion, which contributes
to the total luminosity, the stellar mass is likely smaller. This young protostar is
surrounded by 32 M, of dense gas within a scale of 0.04 pc, and several 10 M, gas
on larger scales. There is a large reservoir of dense gas for the protostar to accrete.
The amount of dense gas and the size scale of the molecular clump are similar to
those that harbor massive stars with bright hypercompact and ultra compact HII
regions. For instance, one of the nearest examples of massive star formation, Orion
KL, contains a dense molecular clump of several 103 M, within a scale of 1.5pc
(Chini et al. 1997; Lis et al. 1998; Johnstone and Bally 1999). This region, with a
luminosity of 10° L, is forming a cluster of stars (Beuther et al. 2005; Zapata et al.
2009). As a similar example but at a larger distance of 6kpc, G10.6-0.4 is a bright
hyper compact HII region embedded in a flattened molecular clump of >10° My in
its inner 0.5 pc region (Keto et al. 1987; Sollins et al. 2005; Liu et al. 2010). The
region has a luminosity of 9 x 103 L, and contains a cluster of stars of 195 M,
(Sollins et al. 2005) based on its ionization flux and total luminosity. The presence
of several massive cores and H,O masers in G30.88 C2 indicates active ongoing star
formation. The similar large amount of dense gas and the low luminosity suggest
that the G30.88 C2 region is a younger cousin of Orion KL and G10.6-0.4, with
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the most massive protostar(s) still at an intermediate mass stage. It is reasonable to
expect that it will form a massive cluster when accretion is complete.

5.4.3 Nature of the C1 Clump: A Massive Precluster Clump?

Beside the tentative detection of the dust peak at RA(J2000) = 18:47:13.46,
Dec(J2000) = —01:45:13.0, there appear to be no dust continuum sources nor H,O
masers associated with the C1 cloud component within the IR dark region. Since the
C1 cloud component contains 1.8 x 10° M, over a scale of 2 pc, similar to that of C2,
a lack of compact cores is intriguing. The relatively flat distribution of the NH3 gas
shown in Figs.5.4 and 5.6 suggests that C1 is likely at an earlier evolutionary stage
than C2, which makes it a candidate for probing the onset of massive star formation.
It is often debated whether massive stars form from the monolithic collapse of
cold, dense molecular cores of 10? M, (e.g. Krumholz et al. 2005), or they form as an
integral part of a cluster formation in a 10> M, clump (e.g. Bonnell et al. 2004; Li and
Nakamura 2004). A key difference between the two pictures is whether cold cores
forming massive stars acquire all the mass initially before the birth of a protostar. It
appears that the C1 clump bears the closest resemblance in conditions to the onset of
amassive star formation. In this clump, we find an upper limit of temperature of 20K,
an average density of 2.0 x 10*cm ™3, and a line width of 0.55kms™! (or FWHM
of 1.4kms™1!). There appear to be no massive cold cores of 10> M, detected in the
C1 clump, in contrast to what has be assumed in the monolithic collapse model.
However, interferometers filter out spatially extended emission. To test possible
bias in the SMA observations, we examine the filtering effect and the ability in
detecting faint cores by simulating observations using the JCMT image presented in
Fig.5.2. We choose a single SMA pointing centered at RA(J2000) = 18:47:12.70,
Dec(J2000) = —1:45:22.90 for the simulation. A single pointing is preferred over
simulating multi-field mosaic in order to avoid amplifications of noise toward the
edge of the primary beam in mosaic. This particular pointing, which lies in between
SMM1 and SMMS3, is chosen since it is more than one primary beam away from any
dust peaks. Thus, the image is less affected by the side lobes from SMM1. Figure 5.7
presents a comparison of the SMA data with simulated images. The dust emission
model, shown in Fig.5.7b, is derived from the JCMT image tapered by the SMA
primary beam, approximately 34" at 345 GHz. The peak flux of the JCMT data is
1.37Jy at abeam of 14”. Assuming that the emission is smooth within the 14" beam,
we derive a flux of 24 mJy per 1”7.9 x 1”.8 beam. This is about the 40 noise level of
the SMA observations. Therefore, the continuum emission would have been barely
detectable with the SMA, if it is smooth and if there was no spatial filtering effect
of the interferometer. A simulated observation using the JCMT data as the source
model, and using the (u, v) coverage and noise characteristics of the actual SMA
data is shown in Fig.5.7c. As one can see, nearly no emission is detected due to a
missing flux. However, if there were a compact core with a flux of 30 mJy embedded
in the extended molecular clump as a result of core formation, SMA observations



132 5 The Infrared Dark Cloud G30.88+4-0.13
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Fig. 5.7 Comparison between the SMA continuum image and simulated observations using the
JCMT data as the model. Panel a presents the SMA continuum image at 850 wm from a single
pointing centered at RA(J2000) = 18:47:12.70, Dec(J2000) = —1:45:22.90. Panel b presents the
source model based on the JCMT data tapered by the 34” FWHM primary beam response of the
SMA. The contour levels in (b) are plotted at every 10 % of the peak flux of 1.37Jy per 14” beam.
Panel ¢ presents the simulated image of the model dust emission in (b) using the (u, v) coverage
of the SMA observations. Panel d presents the simulated image of the model in (b) plus a point
source of 30mly at (5", 5”) offset from the pointing center. The contour levels in (a), (¢), and (d)
are plotted 417 and +23 mJy beam~!. The synthesized beam in the simulated images is 179 x 1”.8,
same as the SMA image in Fig.5.2 [Credit Zhang and Wang (2011), reproduced with permission
of the AAS]

would have reliably detected such an object, as shown in Fig. 5.7d. The fact that SMA
does not detect them limits the presence of compact cores of 8 Mg, at a 40 level.

These simulated observations reinforce identification of the dust cores in the SMA
image reported in Table 5.2. In addition, the simulation indicates that at very early
stages of massive star formation, no massive cold cores are spatially distinct from
the molecular clump. Our study of G30.88 rules out the presence of 0.1 pc cores of
8 M at a 4o level in the C1 region. This implies that cores giving birth to massive
stars may not be initially massive (e.g. 10> M).

5.4.4 Fragmentation and Massive Star Formation

The core masses detected in the G30.88 C2 clump range from 18 to 40 M. They are
likely the sites to form massive stars. A density of 2.0 x 10*cm ™ and a temperature
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of 19K yield a thermal Jeans mass of 5 M, and a Jeans length of 0.2pc for the
region. Although the SMA observations are not deep enough to detect cores of one
Jeans mass, the cores revealed here are 4 times or more massive than the Jeans
mass, similar to the case seen in IRDCs G28.34 (Chap. 3, Zhang et al. 2009; Wang
etal. 2011, 2012) and G11.11 (Chap.4, Wang et al. 2014; Wang and Zhang 2014),
and hot core G8.68 (Longmore et al. 2011). Assuming an isotropic turbulence for
which its velocity is characterized by the NHj3 line width of 0.55kms™!, we find a
turbulent Jeans mass of 37 M, a value more compatible with the masses detected
in the region. This reinforces the notion that massive cores arise from a turbulent
supported fragmentation.

Similar to C2, the C1 region contains a large mass of 1.8 x 103 M. However, in
contrast to strong dust cores revealed by the SMA, no apparent compact cores are
detected at a 40 mass of 8 M. Assuming that C1 and C2 represent two stages along
a common evolutionary sequence, this implies that cold cores forming massive stars
are probably less massive than 8 M initially. These cores will continue to grow in
mass by gathering material from the clump, and become compact cores as seen in C2.

5.5 Conclusions

In conclusion, this chapter presents spectral line and continuum images of a massive
IRDC G30.88. The cloud appears to consist of two line-of-sight components C1
and C2 with LSR velocities of 97 and 107kms~!, respectively. Both molecular
clumps are massive enough (>10° M) to form massive stars, but only C2 exhibits
protostellar activities. Among the seven H,O masers detected with the JVLA, five
have velocities or positions associated with C2, and none is within the IRDC in C1.
The SMA observations reveal six dust features SMM1 through SMM6 with masses
from 18 to 40 M, much more massive than the thermal Jeans mass. Among the
six cores, five are associated with the C2 region, and one is associated with the C1
component away from the main extinction region. The HoO maser emission and
dust peaks in the C2 clump indicate active star formation, but the low luminosity
constrains the protostar(s) at an intermediate mass stage. A lack of dust peaks and
H>O maser emission in C1 puts the IRDC at an even earlier stage of star formation,
and does not support the idea of cold cores of 10> M. Observations of G30.88 and
other IRDCs such as G28.34 and G11.11 seem to point to the early evolution of
massive star formation, in which cores gain mass from the clump while protostars
accrete gas from the core.
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Chapter 6
A New Evolutionary Picture

6.1 Thesis Summary

This thesis presents two dedicated surveys that we designed to reveal the early phase
of massive clustered star formation. Our studies provide the most in-depth view so
far for the stages prior to hot core phase, and suggest a new evolutionary picture,
which will be tested in the coming years with observations made by major telescopes
including ALMA.

The first survey used the KOSMA telescope to obtain '3CO (2—1) emission toward
asample of 135 far-infrared IRAS sources, color-selected to be potential young stellar
objects (YSOs). We find that the 13CO line width is correlated with the bolometric
luminosity of the associated YSOs, and that massive YSOs tend to form in more
turbulent molecular cloud structures (Chap. 2).

The second is a mini survey which employed the SMA and JVLA to image a
sample of 5 dense clumps in three well studies IRDCs, the earliest observed stages
of massive star forming regions. Thanks to the high resolution images of different
tracers, we are able to probe the fragmentation in dense IRDC clumps systematically
for the first time. Initial results of the survey have yielded encouraging clues to the
formation of massive stars. We find a common picture of hierarchical fragmentation
in the different sources (Fig. 6.1): an elongated 1 pc clump (or “filament”) encompass-
ing 103 M, fragments into a string of regularly spaced cores with several x 10 M
in mass and 0.1 pc in size, and a core may further fragment into a few condensations
with several x1 Mg in mass and 0.01 pc in size. The fragmentation likely halts at
condensation scale and launches star formation, evident by outflows and masers. In
some cases the clump itself is one of the fragments of a cloud-scale filamentary struc-
ture (Chap.4). The filament fragmentation is consistent with gravitational collapse
of a gas cylinder. The fragments at all scales are of super Jeans mass and are offset
from heated gas. These findings challenge some of the leading theoretical models and
suggest an observational-driven empirical picture of how massive star formation in
a clustered environment may begin: it is initiated by hierarchical fragmentation of a
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Fig. 6.1 Summary of the observed hierarchical fragmentation and star formation in IRDC clumps.
This thesis focuses on detailed structure at scales <1 pc. Larger scales will be the focuses of future
studies (Sect.6.4) [Credit Ke Wang (ESO)]

dense filament from ~1 pc down to 0.01 pc, and the mass build up is simultaneously
fed by hierarchical accretion at similar scales (see more in Sect. 6.3).

6.2 Evolutionary Sequence

Thanks to our coordinated SMA and JVLA observations, we are now able to com-
pare the relative evolutionary stages of the five aforementioned IRDC clumps. The
basis of this comparison is that the clumps are of similar mass and size (~103 M,
~1 pc), and that they evolve along the same path. Table 6.1 lists the observed prop-
erties of the clumps, including global properties (mass and luminosity), and star
formation signatures (dense molecular lines, outflows, dense cores, cylindrical col-
lapse, and maser detection). Among all the clumps, only G11.11-P1 shows all the
star formation signatures and only G30.88-C1 shows none of the signatures. Thus,
clump G30.88-C1 is the youngest and G11.11-P1 is the most evolved clump, while
other clumps are in between. This relative evolution is consistent with the global
luminosity-to-mass ratio (Table6.1). Clumps with a similar mass but at a later
evolutionary stage have a higher luminosity due to increased protostellar activity,
resulting a higher luminosity-to-mass ratio (Sridharan et al. 2002; Molinari et al.
2008; Rathborne et al. 2010).

Our sensitive high-resolution observations offer a first view of how chemical
and physical properties may evolve over time at various spatial scales in relevant
to the hierarchical fragmentation. Evolution is found at scales from 1 pc clumps,
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to 0.1 pc cores, and down to 0.01 pc condensations. The reason behind this may
be due to an inhomogenous initial condition or a somewhat competitive mechanism
among these star formation seeds. The spectra of these “star formation seeds”, like
the ones presented in Fig.4.5 provides an excellent testbed for chemical models.
In particular, comparing spectra from one region avoids systematic and calibration
uncertainties, offering a powerful tool for assessing how the seeds grow chemically
(e.g. Gerner et al. 2014).

6.3 A New Picture

An empirical picture of massive star formation appears to emerge from observa-
tions in the past several years. Surveys of cluster forming clumps reveal blue-red
asymmetry in optically thick tracers (e.g. HCN and HCO™", Wu and Evans 2003;
Fuller et al. 2005; Wu et al. 2007), consistent with infall of 1-2 km s~ ! at the cluster
forming scale of approximately 1 pc. These surveys with single dish telescopes at
> 10" resolution are in agreement with high resolution work in UCHII region G10.6-
0.4, in which global infall is observed in both molecular and ionized gas toward a
cluster of stars with a total stellar mass of 195 Mg (Ho et al. 1986; Keto et al. 1987;
Sollins et al. 2005; Liu and Ho 2010). Recently, Galvan-Madrid et al. (2009) reported
studies of an HII region G20.08-0.14, where inverse P-Cygni profiles are detected
toward a cluster of HIT regions with a linear size of 0.3 pc. The infall motion appears
to continue toward a hot molecular core in which the youngest hyper compact Hit
region is embedded.

The wide spread infall motion, together with the fragmentation studies in this
thesis suggests a picture of massive star formation in a cluster forming environment
(Fig.6.1): Collapse of 10° Mg, molecular clumps as a result of losing internal turbu-
lent support leads to the formation of dense molecular cores. Among the cores, those
leading to the birth of massive stars are more massive than the thermal Jeans mass.
How these clumps fragment to super Jeans masses is not certain, but turbulence in
these cores appears to be sufficient to provide the support. During the early evolu-
tion, cores continue to draw material from the molecular clump while the protostar
embedded undergoes accretion. This picture is somewhat similar to the competi-
tive accretion by Bonnell et al. (2004). However, it differs in two important aspects:
Firstly, dense cores harboring massive stars are more massive than the thermal Jeans
mass; and secondly, accretion is likely dominated by gas accretion in response to
gravity as suggested in Wang et al. (2010), rather than Bondi-Hoyle accretion. This
empirical picture is derived from limited observations. ALMA will deliver orders of
magnitude improvement in continuum and spectral line sensitivity as compared to
current (sub) mm interferometers. More importantly, large number of antennas will
improve the dynamic range, and allow detection of lower mass cores in the vicinity
of bright objects. It is hopeful that more sensitive studies of cold and massive mole-
cular clumps in the future will lead to a clearer and more complete picture of cluster
formation.
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6.4 Future: Importance of Filaments

Elongated clumps, ridges, or filaments, are commonly seen IRDCs. In particular, all
clustered star formation sites in the three IRDCs studied in this thesis are resulted
from cylindrical collapse and subsequent fragmentation of dense filaments within
the clouds. This indicates the importance of filaments in star formation. Since more
than three decades ago, filamentary structure has been recognized as the dominant
morphology of the ISM (Schneider and Elmegreen 1979). In recent years, sensitive
Spitzer and Herschel surveys revealed tremendous filamentary structures widely
distributed throughout the Milky Way (e.g., Devine and GLIMPSE 2004; Molinari
et al. 2010). The prevalence of dense molecular filaments in the Galaxy opens a new
door to understand how high-mass stars form in the context of filamentary clouds,
and have triggered a renewed, increasing interest from the community.

The structure of the interstellar medium (ISM) is highly hierarchical and fila-
mentary at all spatial scales. Its molecular content, although occupying a small vol-
ume fraction, determines its “stellar fate”, i.e., to form stars. Giant molecular clouds
(GMCs) are often organized in complex filamentary networks, and star-forming cores
are preferentially found along the filaments due to over-density therein. After core
formation, filaments then provide a preferential dimension for mass flows to feed the
star forming cores (Liu et al. 2012; Peretto et al. 2014).

Recent Herschel observations of the nearest low-mass molecular clouds have
revealed a “new paradigm” of star formation, whereby pre-existing filaments col-
lapse due to self-gravity to give rise of star forming cores (André et al. 2013, and
references therein). In the upcoming years, this new paradigm has to be tested in

G11-Snake
APEX C180(2-1)
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Fig. 6.2 Left 2D dendrogram of the Snake filament IRDC G11.11-0.12, performed on JCMT
850 um image. Three major branches are color coded the same way as in the image and in the
tree plot. The smallest identified structures (clumps) are denoted with red filled ellipses. Right
3D position-position-velocity view of the Snake, revealing a Helix-like structure [Credit Ke Wang

(ESO)]
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distant, high-mass star forming clouds. One example of such distant clouds is the
IRDC G11.11-0.12. In this thesis we have resolved the 2D structure from 1 to 0.01
pc, but the entire Snake nebula has a rich structure up to 30 pc both in 2D and 3D
(Fig. 6.2). Coherent filamentary structures are found up to Galactic scales on and off
spiral arms (Jackson et al. 2010; Beuther et al. 2011; Battersby and Bally 2012; Li
et al. 2013; Goodman et al. 2014; Ragan et al. 2014). Characterizing the kinematic
connection (e.g., Hacar et al. 2013; Henshaw et al. 2014) of the multi-scale structures,
from local star formation sites up to Galactic scales, will be the key to eventually
reveal a full picture of Galactic star formation. This will be enabled by the synergy
of (a) detailed studies of selected regions (e.g., this thesis), (b) large scale surveys'
and (c) theoretical works (e.g. Dobbs and Pringle 2013; Smith et al. 2014; Moeckel
and Burkert 2014).
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