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Abstract

This thesis presents a study of star formation at early stages in the filamentary era with a special
focus on massive star and cluster formation. We first investigate the importance of filamentary
structures in star formation and propose an observationally driven scenario for the evolution of
filamentary structures from large-scale molecular clouds to small-scale circumstellar envelopes. In
addition, as theories of star formation have gradually shifted from individual, isolated objects to
the formation of clusters over the decade, we study the environment in the protocluster IRAS
0534543157 to better understand the initial conditions for cluster formation. With CS(2-1) ob-
servations using the Combined Array for Research in Millimeter-wave Astronomy (CARMA) ob-
servatory, we have identified seven dense gas cores in this region and discussed the role of initial
turbulence. The gas cores require an external pressure of 102 K ecm™ to be bound to form possible
seeds for future protostars.

Furthermore, to understand massive star formation, we study the structure and kinematics of
nine starless cores in Orion. As two main models about massive star formation, the turbulent
core model and the competitive accretion model, predict different level of fragmentation in massive
starless cores, our results from high angular resolution observations with CS(2-1) using CARMA
show three to five fragments associated with each core, in a broad consistency with the models
involving turbulent fragmentation. The number of fragments suggest that magnetic fields may be
playing a role in suppressing the fragmentation. Also, the spectral data from the IRAM CS(2-1)
observations of several cores show consistency with a picture of converging flows along a filament
toward the core center; these flows may be important in massive and cluster formation. Our result
does not fully support either the turbulent core scenario or the competitive accretion scenario.

Finally, we present the first results from the CARMA Large Area Star Formation Survey

(CLASSy) toward Serpens Main, NGC 1333, and Barnard 1. The project provides an unique
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opportunity to study cold, dense gas structure at millimeter wavelengths from 1500 AU to a few
parsecs. The data reveal some exciting properties in morphological and kinematic structures for
the first time, and will be unveiling more underlying physics in the star formation process in the

future.
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Chapter 1

Introduction

Stars are ubiquitous and important in the Universe. Stellar radiation is the dominating source
in galaxies which determines the luminosity of galaxies. By turning interstellar gas and dust into
stellar material, the formation process of stars shapes the structures of the interstellar medium
and affects galaxy evolution. Also, through nuclear fusion, the necessary elements to form life and
habitable environments are produced in stars. Finally, stellar systems and their formation have
profound impacts on the formation of planetary systems.

As stars play such a key role in astronomical systems, understanding star formation is crucial.
A rough division in the studies of star formation contains two main conceptual categories: low mass
vs. massive stars and isolated vs. clusters. Low-mass stars have masses below ~ 3 M), and massive
stars have masses larger than 8 M. The formation of massive stars, however, has fundamental
differences from that of low-mass stars. For example, massive stars tend to be discovered in clusters
(Lada & Lada, 2003), in contrary to low-mass stars often found in isolation (Evans, 1999). One
of the classic examples for massive stars in clusters is the Orion Nebula Cluster (ONC), which
contains four OB stars in the Trapezium system and a total of 3600 stars (Hillenbrand, 1997).
Moreover, a standard scenario for low-mass star formation featuring Class 0/I/II/III phases has
been established over decades (see review by Evans, 1999), and whether massive star formation is a
scaled-up version of low-mass star formation or it involves other dynamical processes is still an issue
under debate. In particular, one of the major problems in massive star formation is the radiation
pressure in the accretion phase for stars with masses > 20 Mg, in which the stronger radiation from
accretion hinders further accretion process (Jijina & Adams, 1996; Yorke & Sonnhalter, 2002). The
solution to this problem includes large accretion rates (McKee & Tan, 2003) and/or accretion via
disks (Krumholz et al., 2005a).

This thesis mainly focuses on the formation of massive stars and clustered environments at very



early stages. Millimeter wavelengths are the best suited for such stages since it probes emission from
cold gas and dust. In particular, this thesis discusses the implications of filamentary structures on

star formation, as a changing paradigm in star formation from spherical to filamentary is forming.

1.1 Early Stages of Massive Star and Protocluster Formation

1.1.1 Observational Results

Massive stars play an important role in several astrophysical areas. By injecting enormous energy
into the ambient environment, massive outflows and stellar winds generated during their formation
shape galactic structures and provide stellar feedback into interstellar medium (e.g., Zinnecker
& Yorke, 2007). By exploding from core collapse, supernovae leave behind neutron stars or black
holes, key astronomical sources in cosmology and high-energy astrophysics. Moreover, heavy metals
produced in massive stars affect the metallicity in ISM and have further influences on galaxy
evolution and the stellar population.

Although massive stars are important, there have been two main difficulties in observing them.
One of them is that massive stars are rare. The standard stellar initial mass function (IMF) from
Kroupa (2001) shows a three-part power-law: dN,/dlnm, o« m~® with @ = 1.3 for 0.5 < m, /Mg <
50, a = 0.3 for 0.08 < m,/Mg < 0.5, and o = —0.7 for 0.01 < m, /Mg < 0.08. The IMF implies
that the number of low-mass stars is significantly larger than that of massive stars. Indeed, only
one massive star with 64-128 M would be found in a group of 975 stars with 0.5-2 My based on
the logarithmic relation. The other main difficulty is the that most of the massive star-forming
regions are distant (~ few kpc away). The large distances imply high extinction from dust which
make identification of massive star-forming regions challenging.

Despite these difficulties, observations toward massive star-forming regions have progressed us-
ing infrared and millimeter-wavelength instruments. A conceptual sequence proposed for the evo-
lution of massive stars (Beuther et al., 2007a) is: High-Mass Starless Cores (HMSCs) — High-Mass
Cores harboring/accreting Low /Intermediate-Mass Protostars — High-Mass Protostellar Objects
(HMPOs) — Final Stars. In the last decade, observations of massive star formation have been
extensively carried out toward High-Mass Protostellar Objects (HMPOs) including hypercompact

and ultracompact HII regions (e.g., Churchwell et al., 1990; Cesaroni et al., 1991; Henning et al.,



1992; Hunter et al., 1997; Hatchell et al., 1998; Beuther et al., 2002; Garay et al., 2003; Zhang
et al., 2005; Seale et al., 2009; Urquhart et al., 2011). These objects have re-processed the UV
radiation from central embedded sources and re-emitted from envelopes at infrared to far-infrared
wavelengths; therefore, many of the identifications toward HMPOs benefit from infrared observa-
tions such as the IRAS all sky survey. HMPOs are characterized to be small (sizes < 0.1 pc), dense
(> 10% cm™3), bright (> 10* Lg), and warm (> 100 K) (Cesaroni et al., 1994; Sridharan et al.,
2002; Molinari et al., 1998). Several protoclusters are identified also using infrared sources as the
lighthouse and following up with millimeter instruments (e.g., Hunter et al., 2004; Klein et al.,
2005; Wang et al., 2010).

Infrared Dark Clouds identified with Spitzer/GLIMPSE (Benjamin et al., 2003; Fazio et al.,
2004) provided the opportunity to probe the earliest stages toward massive clumps that contain
HMSCs prior to the formation of embedded heating sources. Simon et al. (2006) presented a catalog
of ~ 10000 IRDCs identified using 8.3 um images with the Midcourse Space Experiment satellite
in the 5 kpc galactic molecular ring. The IRDCs are seen in absorption against the background
emission at mid-IR. These sources are expected to consist of cold dust and gas emitting at (sub)mm
wavelengths and are IR-quiet as they have not heated the surrounding envelopes yet. Studies of
IRDCs at submillimeter and millimeter wavelengths showed that they are massive (a few 100 Mg, to
a few 1000 Mg,), cold (<25 K), dense (> 10° cm~3), and have high column densities (~ 10 — 10%
cm~2) and sizes < 0.5 pc (Carey et al., 1998, 2000; Garay et al., 2004; Schneider et al., 2010). The
IRDCs are suggested to be at the onset of massive star formation and the precursors of protoclusters
(e.g., Rathborne et al., 2006).

Recent high-angular resolution observations using interferometers toward IRDCs have been
carried out to study the structures in detail (Swift, 2009; Zhang et al., 2009; Bontemps et al., 2010;
Pillai et al., 2011; Wang et al., 2011; Palau et al., 2013). In particular, Bontemps et al. (2010)
observed six most massive, IR-quiet dense cores in Cygnus-X using PdBI and found a total of 23
fragments associated with these cores. Indeed, all of these observations with high angular resolution
suggested fragmentation inside massive clumps. No signs for the existence of HMSCs have been

observationally claimed.



1.1.2 Theory

Molecular clouds, especially giant molecular clouds (~ 20— 100 pc in size, 10*—10% M, in mass, 10 -
15 K in temperature), are the birth places of massive clumps and cores. With the low temperature
and high density, the masses are estimated to be an order of magnitude larger than the Jeans
mass if only thermal pressure counteracts gravity, and they should be collapsing and forming stars
efficiently, which is not the case. Mechanisms other than thermal pressure must exist to support
molecular clouds and regulate star formation. Magnetic fields (Mouschovias & Spitzer, 1976; Basu
& Mouschovias, 1995) and turbulence (see review by Mac Low & Klessen, 2004) are suggested to
play such a role, and are extensively observed in molecular clouds (Larson, 1981; Crutcher, 2012).

As star formation is a complicated interplay between magnetic fields, turbulence, and gravity,
two main theoretical views toward the formation and evolution of molecular clouds and that of
massive stars have been proposed: the quasi-static view and the dynamical view. In the quasi-
static view, molecular clouds are in quasi-static equilibrium and they evolve on several free-fall
timescales (Blitz & Shu, 1980). The formation of massive stars is also a process in quasi-static
equilibrium proposed in the “turbulent core model” (McKee & Tan, 2003), as the core is supported
by turbulence. High accretion rates are achieved in this model as a result of a high level of turbulent
support, and turbulence needs to be replenished frequently to maintain the equilibrium. The model
essentially describes the formation of massive stars as “monolithic collapse” which resembles low-
mass star formation. The model predicts the existence of massive starless cores with a low level of
fragmentation.

Alternatively, the dynamical view suggests that molecular clouds are quickly evolving entities;
they are transient features and they are less likely to reach an equilibrium state (Ballesteros-
Paredes et al., 1999; Elmegreen, 2000). At large scales, turbulent converging flows create filamentary
structures via shock dissipation (e.g., Padoan et al., 2001); at small scales, density fluctuations are
generated at the stagnation of flows due to turbulent fragmentation (Padoan & Nordlund, 2002).
These density fluctuations are further taken over by gravity and collapse into Jeans mass objects
(Jappsen et al., 2005). The formation of massive stars is approached by the “competitive accretion
model” (Bonnell et al., 2004; Bonnell & Bate, 2006) with the stars sitting in the center of the

potential well accreting more gas and becoming massive. The formation process is tightly linked



with the dynamics of the environment. The formation of clusters is also naturally explained by this
competitive accretion model. The model predicts a high level of fragmentation in massive cores

(e.g., Dobbs et al., 2005).

1.2 Star Formation in the Filamentary Era

Filamentary structures are ubiquitous and have been long observed in star-forming complexes (e.g.,
Hatchell et al., 2005; Gutermuth et al., 2008; Lombardi et al., 2006; Enoch et al., 2007; Myers, 2009).
For example, the Orion-A region is associated with the Integral-Shaped filament that spans a spatial
region of ~ 6 pc (e.g., Johnstone & Bally, 1999; Nutter & Ward-Thompson, 2007). Also, the
Taurus molecular cloud consists of several filamentary structures (e.g., Kenyon et al., 2008). With
the Herschel Space Telescope revealing striking filamentary structures in molecular clouds (André
et al., 2010; Arzoumanian et al., 2011; Hill et al., 2011), the importance of filamentary structures in
star formation is even more emphasized. Moreover, several recent observational studies identified
star-forming flows along filaments (Hacar & Tafalla, 2011; Kirk et al., 2013), demonstrating the
kinematic role of filamentary structures in star formation.

Indeed, a changing paradigm in star formation from spherical collapse to filamentary is forming.
Over the decades, sphericity has been assumed in the standard “inside-out collapse model” proposed
by Shu (1977) in star formation. However, Tobin et al. (2010) unveiled complex, filamentary
structures in the circumstellar envelopes of 22 Class 0 sources seen in the Spitzer 8 um absorption
images. These structures challenge the standard view of star formation that assumes sphericity.

Theoretically, the formation of large-scale filamentary structures in molecular clouds has been
extensively discussed and the main drive for such structures appear to be supersonic turbulence
(see review by Mac Low & Klessen, 2004; Hennebelle & Falgarone, 2012). However, the effects
of filamentary structures at < 0.1 pc scale in the collapsing phase are both theoretically and

observationally less understood (Smith et al., 2011, 2012).

1.3 Outline of the Thesis

In this thesis, I aim for addressing these main questions:



e What are the initial conditions for protocluster formation?

e What is the mechanism for massive star formation (the turbulent core model vs. competitive

accretion model)?

e What is the role of filamentary structures in the prestellar phase of massive star/protocluster

formation?

In Chapter 2, we propose an evolutionary sequence focusing on filamentary structures and
address the gap between large and small scale structures. In Chapter 3, we present the study toward
the intermediate to massive star-forming region 10534543157 to investigate initial conditions for
protocluster formation. In Chapter 4, we present the fragmentation and kinematics of nine starless
cores in Orion. The study of fragmentation provides insight to discern between the two main
theories for massive star formation, and the study of kinematics addresses the role of filamentary
structures in massive star/protocluster formation. In Chapter 5, we present the observations from
the CARMA Large Area Star-forming Survey. These data provides an unique opportunity to study

the star formation process from few thousand AUs to few parsecs.



Chapter 2

Filamentary Star Formation:
Observing the Evolution toward
Flattened Envelopes

This chapter is published in Lee et al. (2012)1.

2.1 Introduction

It is becoming clear that filamentary structures (few parsecs to 10 parsecs in length and typically 0.1
pc in width) in molecular clouds are common and need to be understood. One clear example is the
Integral-Shaped Filament region in the north of Orion-A, comprising OMC 1-4, where prestellar
cores and protostars are forming (e.g., Chini et al., 1997; Johnstone & Bally, 1999; Aso et al.,
2000; Nutter & Ward-Thompson, 2007; Tkeda et al., 2007; Takahashi et al., 2008). Taurus also
consists of several large filaments, each with ongoing star-forming activity (e.g., Mizuno et al.,
1995; Onishi et al., 1998; Kenyon et al., 2008). The large-scale filaments are even more evident in
recent observations from the Herschel Space Observatory (e.g., André et al., 2010; Men’shchikov
et al., 2010; Arzoumanian et al., 2011; Hill et al., 2011), and these observations further suggest
a tight connection between the formation of dense cores and gravitationally unstable filaments.
While the mechanisms for forming these filamentary structures are still under debate (e.g., Mac
Low & Klessen, 2004; Heitsch et al., 2008; Nakamura & Li, 2008; Myers, 2009, 2011; Pon et al.,
2011), an observationally derived process has been suggested: first, the filamentary structures at
large scales form, possibly as a result of magnetic-hydrodynamic (MHD) turbulence in the ISM, and
secondly, the prestellar cores form from the fragments of a subset of filaments through gravitational
instability.

As the role of large-scale filaments in molecular clouds has received significant attention, a

number of the latest observations have unveiled filamentary structure at smaller scales (~ few tenths

!This chapter is previously published in The Astrophysical Journal as “Filamentary Star Formation: Observing
the Evolution toward Flattened Envelopes”, Lee, Katherine, Looney, Leslie, Johnstone, Doug, Tobin, John, 2012,
ApJ, 761, 171 and is reproduced here with permission of the American Astronomical Society.
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of parsecs in length and 100ths of parsecs in width). For instance, Hacar & Tafalla (2011) have
observed four subsonic, velocity-coherent filaments in L1517 (~0.5 pc in length) that are possibly
condensed out from the more turbulent natal cloud and lead to the quasi-static fragmentation of
cores. In addition, Pineda et al. (2011) probed the Barnard-5 star-forming core with high angular
resolution and discovered filamentary structures with ~ 0.1 parsecs in length. The filaments in
Barnard-5 are possibly the result of fragmentation in a coherent region where subsonic motions
dominate, and are likely to form stars via future gravitational collapse.

In addition to the filamentary structures in molecular clouds at the early stage of star formation,
typical length of few parsecs and width of 0.1 pc, small-scale filamentary structures, typical length of
few thousand AU to 0.1 pc and width of few hundred to few thousand AU, have also been observed
in the envelopes around Class 0 protostars (Tobin et al., 2010). These filamentary structures in
the protostellar envelopes are mostly irregular and non-axisymmetric in morphology, suggesting
the initial non-equilibrium from the prestellar stage. The filamentary structure presented near the
Class 0 source is reminiscent of the large Herschel observed structures, although the size scales of
the two are distinct and the properties are presumably different.

The relationship between the large-scale filaments in molecular clouds and small filamentary
envelopes around young protostars still requires further investigation. Several numerical simulations
have shown that large-scale filaments in molecular clouds are prone to fragmentation leading to
prestellar cores (e.g., Inutsuka & Miyama, 1997; Hartmann, 2002), and filaments are possibly the
most favorable mode for fragmentation (Pon et al., 2011, 2012). Moreover, studies have also
demonstrated that filamentary geometries at large scales have a significant impact on the geometries
and symmetries of the subsequently collapsing cores (Smith et al., 2011).

These observations and numerical simulations deliver a clear message: filamentary structures
from large to small scales are clearly playing an important role to the star formation process. In
this paper, we suggest an observational evolution between filaments at the large scale and filaments
on the small scale. The proposed scenario suggests that the small-scale filamentary structure (few
thousand AU) in protostellar envelopes originate from the filamentary structure (0.1 pc) embedded
in the larger envelopes of starless cores instead of being produced by the protostellar collapse. We

will further show why the filamentary structures in starless cores have not been observed to date.



2.2 Evolution of Protostellar Structure

It has been well known that dust emission maps of Class 0 sources show very spherical emission
(e.g., Looney et al., 2000; Shirley et al., 2000; Motte & André, 2001). Although molecular surveys
of dense cores showed non-spherical structures (e.g., Myers et al., 1991), these non-symmetric
structures were often considered to be material not directly involved in the star formation process,
i.e. part of the larger-scale molecular cloud or clump, so these components were rarely used in the
observational modeling of these sources. Instead many authors assumed that the spherical dust
emission indicated spherical collapse (e.g., Shu, 1977; Terebey et al., 1984) and used this symmetry
to derive envelope properties and place constraints on any embedded disk components (e.g. Keene
& Masson, 1990; Looney et al., 2003a; Harvey et al., 2003; Jorgensen et al., 2009). However, recent

studies have shown the envelope structures to be more complex.

2.2.1 Changing the Paradigm for the Inner Envelope of Class 0 Protostars

The ability to use 8 pm absorption against PAH emission background allows the decoupling of the
dust density and temperature for the first time in Class 0 sources (e.g., Looney et al., 2007; Tobin
et al., 2010). With these measurements, it was realized that the dense portions of the envelope are
complex, filamentary, and often non-axisymmetric structures (~ 1000 AU to 0.1 pc). Figure 2.1
illustrates the diversity of structures seen in the Tobin sample. IRAS 16253-2429 is what one would
expect to see in a spherical envelope case. The 8 ym absorption is not a good tracer at the central
source or in the outflow cavity, since in both cases there is emission in addition to the background.
In stark contrast, L673 is a clear example of the main point of Tobin et al. (2010), which is that
flattened, filamentary, and non-axisymmetric envelopes are the typical envelope structure.

How does this result reconcile with interferometric dust emission observations which show spher-
ical emission in these sources (e.g., Looney et al., 2000)? It is important to remember that dust
emission depends on both dust density and temperature. With flattened or non-axisymmetric en-
velopes and/or outflow cavities in young sources, the heating will be inhomogeneous; the lower
density material near the central source is heated more, leading to temperature and density gra-
dients, and the dust emission will appear more spherical even if the dust distribution is not. A

good example, shown in Figure 2.2 from Chiang et al. (2010), is the source L1157. Although there



is a flattened and filamentary envelope detected in both NoH' and the 8 ym absorption (also
seen in Figure 2.6), the dust emission is very spherical and typical of a Class 0 protostar. Chiang
et al. (2012) constructed a model that has a flattened geometry similar to the NoH™ and 8 pm ab-
sorption features and yet still predicts the observed spherical dust continuum when non-spherical,
self-consistent temperature solutions are used.

However, with enough sensitivity the filamentary structures can still be seen in dust emission.
Figure 2.3 is the dust emission toward L1157 with the Submillimeter Array (SMA) at A = 1.3 mm
(Tobin et al. 2012, in prep). In this case, they detected the extension along the flattened envelope
and even an extension along the outflow (also see Stephens et al. 2012, in prep). The extension
along the outflow illustrates how the heating is facilitated by lower density material (in this case in
the outflow cavity). In other words, the heating in these sources are not uniform, which can lead
to a distortion in the structure suggested by only the dust continuum.

Indeed, when comparing the observations of L673 and L1157 with the traditional view of spher-
ical star formation, we need to change the cartoons of star formation. Figure 2.4 demonstrates our
suggestion of moving from spherical star formation structures to filamentary star formation struc-
tures in Class 0 protostars to be more consistent with observations. The left panel presents the
traditional model assuming sphericity that has impacted our theoretical understanding for decades.
In this model, protostellar collapse is axisymmetric and spherical based on a singular isothermal
sphere (Shu, 1977), With the inclusion of rotation (Terebey et al., 1984), the density structure is
slightly flattened and mostly remains spherical beyond the centrifugal radius. On the other hand,
the right panel in Figure 2.4 shows the axisymmetric and filamentary envelopes that are often seen
in our Class 0 observations (e.g., Tobin et al., 2010). The filamentary envelopes with higher density
are forming inside the ambient cloud at lower density.

The change from spherical view of star formation to filamentary view certainly has important
consequences, as several analysis techniques are based on the assumption of sphericity. For example,
for a single beam measurement of the region the spherical assumption will significantly underesti-
mate the mean density of the dense material. Alternatively, low sensitivity interferometric maps
will concentrate on the peak and likely miss the large structure and thus the shape. In addition,
blue-skewed spectra have been extensively observed with optically thick molecular lines in starless

cores. The interpretation of the blue asymmetry, together with optically thin lines peaking in the
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absorption dip, has been spherical collapse. Moreover, the modeling of spectral energy distributions
(SEDs) (e.g., Whitney et al., 2003; Robitaille et al., 2006) extensively used in Class 0 and Class I
sources is based on spherical/axisymmetric models. As non-spherical envelopes are more common,
spherical models may not provide accurate descriptions of protostellar properties, so extra caution

needs to be applied.

2.2.2 Observationally-Driven Scenario for Filamentary Collapse

Filamentary structures appear to be ubiquitous from large molecular clouds to small scale circum-
stellar envelopes. These filamentary structures are also observed to be tightly connected to the star
formation process, as prestellar cores and young protostars are located within these filaments. From
these observations, we propose an observationally derived scenario of filamentary collapse in star
formation that is summarized in Figure 2.5. As shown in the cartoon, there are approximately five
steps in our observational-based picture of the filamentary collapse process. Among the five steps,
Step I, II, IV and V are from observations, and Step III is a prediction of high-density filamentary
structures in starless cores, to connect Step II and IV.

In Step I, molecular clouds are formed as filaments with a few parsecs to 10 parsecs in length
and a characteristic width of 0.1 pc (Schneider & Elmegreen, 1979; Bally et al., 1987; Johnstone
& Bally, 1999; André et al., 2010). These large-scale filaments are probably turbulent and prone
to fragmentation, leading to subsequent velocity-coherent, higher density filaments (few tenths of
parsecs in length) that are considered as the birthplaces of prestellar cores (Inutsuka & Miyama,
1997; Hartmann, 2002; Pon et al., 2011). In Step II, the fragmented filaments collapse along the long
and short axis while feeding material along the filament (e.g., Hacar & Tafalla, 2011), enhancing
the mass in a location and forming a higher density oblate (or prolate) starless core as observed
with single-dish observations (Curry, 2002; Jones & Basu, 2002; Tassis, 2007; Tassis et al., 2009).
The core formation may be related to the flows from large-scale motions along the larger filaments
and is kinematically coupled with the parental cloud (Hacar & Tafalla, 2011). This would form a
higher density filamentary structure embedded inside of the starless core as seen in Step III. This
substructure is the kinematic descendant of the flow along the larger filament and the origin of the
filamentary envelopes seen in the Class 0 objects. As the collapse continues in Step IV, material

infalls along the smaller filament (Tobin et al., 2012b) and the oblate (or prolate) starless core
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continues to collapse into a centrally condensed envelope of a Class 0 protostar. A Class 0 source
is created (~ 5000 AU in size), while the large scale filamentary structure (~ 1000 AU to 0.1 pc)
remains behind containing an appreciable fraction of the total mass of the envelope plus source.
In Step V, the Class 0 source evolves to a Class I source with a protostellar disk and the larger
structure dissipates.

Although this scenario fits together, there is one serious problem with our proposed evolution
of filaments in star formation: no one has detected the substructure (e.g. filamentary structure)
predicted in Step III in starless cores to date. Unfortunately, there is some difficulty in detecting
these structures. One could use molecular line tracers such as NoH™ or NHs, which often correspond
to the 8 um absorption (e.g., Chiang et al., 2010; Tobin et al., 2011a). However in starless cores,
NoH™ could still have chemical effects such as depletion (e.g., Bergin et al., 2002), although several
studies showed Tafalla et al. (2002) less depletion for NoH' than other molecules. Since the
depletion usually ocurrs at the center of the core, the filament could appear fragmented in the
map depending on the size of the central depletion. In addition, the molecular distribution could
originate from chemistry and not well-trace the dense material. Thus, to confirm detection of
substructure, we must rely on dust continuum emission. Dust emission at millimeter wavelengths
presumably is more appropriate than 8 um extinction because of the low optical depth. 8 um
extinction shows detection in the outer regions only if the background signal to noise is high
enough.

In order to resolve the structures, we must have resolution of ~5 arcsec, which implies inter-
ferometers. For example, Schnee et al. (2010) performed dust continuum observations at 3 mm
toward 11 starless cores in Perseus with CARMA. Although two sources were detected, they were
later reclassified as protostellar objects (Enoch et al., 2010; Schnee et al., 2012), implying only
non-detections of sub-structure of starless cores, contrary to our suggested evolutionary sequence.
Our explanation is that the sub-structure was not detected due to a lack of sensitivity. In the fol-
lowing section, we investigate that possibility and place constraints on the underlying filamentary

structure based on Schnee et al. (2010) results.
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2.3 Synthetic Observations

To examine the likelihood of our proposed structures in starless cores, we make synthetic observa-
tions with CARMA, directly comparing to the observations of Schnee et al. (2010), and ALMA,
using the flattened envelope around L1157 as a model. The result will show that the expected
structures are below CARMA D array’s detection threshold at 3mm, but they should be detectable
with CARMA D and E array observations at 3mm, CARMA E array at Imm, and ALMA 1mm
observations. This implies that there is not yet a disagreement between our observational-based
proposed evolutionary scheme in Step III for low-mass star formation and current observations,

and an exciting observational future is suggested.

2.3.1 CARMA observations

We simulate CARMA imaging with parameters used by Schnee et al. (2010): heterogeneous array
(six 10-meter antennas and nine 6-meter antennas) imaging with the CARMA-D array configuration
at 3 mm continuum. We use the Miriad tasks uvgen, demos and uvmodel, based on Wright (2010)
without the 3.5-meter telescopes. To find the detection limit of such a structure, we also simulate
CARMA D+E array observations at 3 mm and CARMA E array at 1 mm. Baselines range from
3k to 38k for the D array at 3 mm, 2k to 19k for the E array at 3 mm, and 5k\ to 47k for
the E array at 1 mm. The observing rest frequency is centered at 90 GHz for 3 mm observations
and 230 GHz for 1 mm observations with a total bandwidth of 4 GHz for continuum observations.
The total observing time on the target is 6 hours for each synthetic observation (for the one with
CARMA D+E array, the observing time is three hours for the D array and three hours for the E
array). In the analysis (Sect 2.3.3), we perform a small mosaic (standard seven-pointings) around
the source to capture all the extended structure. Table 2.1 summarizes the synthesized beam sizes

and noise levels for the simulated CARMA observations.

2.3.2 ALMA observations

We used the task sim_observe and sim_analyze in the package casapy to perform the simulated
observations with ALMA. The angular resolution is requested to be 1.2” in the simulation to

observe detailed structures, and a small mosaic is applied to capture all possible structure. The
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observing time for each mosaic pointing is 100 s, and the total observing time is 2 hours. The
observing frequency is centered at 90 GHz with the bandwidth of 8 GHz for continuum observations.
Thermal noise is added with a typical precipitable water vapor of 2.8 mm. The clean threshold is

set to 1.5 times the noise rms, and the pixel size is set to 0.12 arcsecs.

2.3.3 Modeling and Results

As decribed in Step III and IV in Figure 2.5, the flattened protostellar envelopes around Class 0
sources are speculated to be highly connected to the filamentary structure at the previous stage,
the prestellar phase. Therefore, the envelopes around Class 0 sources best describe the morphology
of the high-density filamentary structures in Step III. To simulate the structure in Step III, we
modify the flattened envelope in the Class 0 source L1157 by the physical conditions expected at
the prestellar stage, in order to examine if CARMA and ALMA are able to detect filamentary
structure at the prestellar stage. Figure 2.6(a) shows the extinction map of L1157 from the Spitzer
8um observation (Looney et al., 2007). We chose L1157 to model as it has an obvious filamentary
envelope structure seen in the 8um absorption against the background emission, and the symmetric
structure can be approximated with a radial density power-law (Looney et al., 2007). The spatial
scale of the filamentary envelope is 0.1 pc, too large for a circumstellar disk or a pseudo disk
(e.g., Galli & Shu, 1993). The L1157 dark cloud is located ~ 250 parsecs? away with an edge-on
view concealing the Class 0 source embedded in the flattened envelope nearly perpendicular to
a large powerful outflow from the north to the south. The distance to L1157 is approximately
the same as Perseus (also at ~ 250 pc) and thus remains an excellent proxy for Perseus when
comparing with Schnee et al. (2010). If the proposed scenario of filamentary collapse is correct, the
flattened envelope is expected to be related to the filamentary structures on larger scales, and thus
this source is suitable for modeling the transient phase in the prestellar stages with appropriate
physical conditions.

To better concentrate on the filamentary envelope, we removed the emission from the outflow
and the scattered light from the central object. We then filled the inner regions with the averaged

value from the envelopes on the two sides, as shown in Figure 2.6(b). The total mass calculated from

2The L1157 cloud is estimated to have a similar galactic latitude as the absorbing clouds with 200 pc and 300
pc in Cepheus (Kun, 1998) and therefore we adopted a distance of 250 pc in this paper. In comparison, Kirk et al.
(2009) adopted a distance of 325 pc for the region around L1157.
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the extinction increased by about 10% by filling the inner region with this method. The extinction
map was compared toward background stars measured in the near-IR to an optical-depth image
generated with or without the zodiacal correction (Tobin et al., 2010).

We next generated the brightness map at millimeter wavelengths (at 3 mm in our model) by
assuming that L1157 is optically thin at 3 mm. We first calculated the mass contained in each

pixel from the extinction map,

_ 2 13, cm?2 T
M =dQ x D x(1.496><10 ><AU> K

where df) is the pixel solid angle (1.2”)%, D is the distance in parsecs (250 pc for L1157) and figum
is the dust plus gas opacity at 8um. The 3 mm flux in each pixel is then determined from the mass,

opacity, and temperature,

M x B,(T) X K3mm

F D2 )

where B, (T) is the Planck function and K3y, is the dust plus gas opacity at 3mm.

We used 0.00169 cm? gt for K3, by assuming 100 for the gas to dust ratio (e.g., Schnee et al.,
2010). The temperature was assumed to be a constant at 10 K for starless cores (e.g., Schnee et al.,
2009). After obtaining the brightness map at 3 mm, we simulated the CARMA D array observations
with our model. Since the opacity in the infrared is poorly constrained, we generated models with
varying values for kg, which also modifies the derived mass in the flattened envelope structure.
The equation above indicates that the observed millimeter brightness decreases with increasing
K8um, since less mass is required to produce the IR extinction. In the left panel of Figure 2.7, we
show that with an expected value of ~ 10.96 cm? g~! for kgum (Tobin et al., 2010; Butler & Tan,
2009) toward L1157, the CARMA-D array is not able to detect the filamentary structures at the
prestellar stage. For the structures to be clearly detcted (the right panel of Figure 2.7), the dust
opacity at 8 um would have to be an unphysically small value.

To fully explore CARMA’s capability, we performed the synthetic observation with CARMA
D+E array at 3 mm since the E array is more compact and sensitive to emission at larger scales
than the D array. The total observing time is six hours (three hours with the D array and three

hours with the E array). The value for xg,m, used is 10.96 cm? g~! to compare with the result from
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the D array only, since it produces the weakest emission (contains the least mass). As shown in
Figure 2.8, the filamentary structure is detected with a similar noise level (0.28 mJy/beam) as the
D array (0.3 mJy/beam), although only the structures with stronger emissions close to the center
could be seen and the structures are not in detail. The detection suggests that the non-detection
with the D array is due to a combination of spatial resolution and sensitivity. Furthermore, we

Lat 1 mm

shift the observation from 3 mm to 1 mm assuming that the dust opacity is 0.9 cm? g~
(Ossenkopf & Henning, 1994) and ks, is still 10.96 cm? g=!. Again, CARMA E array is able
to show detection on the structure as shown in Figure 2.9, as the brightness increases toward the
short wavelengths.

We further ran the synthetic observations with ALMA also for the case of kg, = 10.96 cm? g~ 1.
Figure 2.10 shows the result from the synthetic observation (the contours are plotted by percentages
of the peak flux instead of the noise levels due to the artificial effects from resolving-out large
structures). As can be clearly seen, ALMA is able to detect most of the structure in the flattened
envelope. Comparing the results from CARMA and ALMA for xgym, = 10.96 cm? g~', ALMA’s
unprecedented sensitivity greatly improves the appearance of filamentary structures and should
provide a powerful tool for uncovering any hidden filamentary profiles at the starless/prestellar

stage. Located in the southern hemisphere, ALMA is not able to look at L1157; these results are,

however, indicative of the ALMA observations with other starless cores.

2.4 Conclusion

In this paper, we posit an observationally derived scenario for filament-driven star formation that
incorporates the evolution of star-forming cores with filaments into filamentary envelopes from
large to small scales. Molecular clouds are formed as filaments (few parsecs to 10 parsecs) and then
fragment to smaller filaments (few tenths of parsecs), which eventually collapse to form triaxial
starless cores. As collapse continues the material infalls along the filament into a centrally condensed
filamentary envelope of a spherical Class 0 source, which keeps evolving to a Class I source with a
protoplanetary disk.

If such a scenario is correct, the filamentary structures at the prestellar stage should exist. The

only reason that they have not yet been detected is sensitivity to large-scale emission in the surveys.
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They are possible to detect with CARMA D+E array at 3 mm due to more appropriate resolution
and CARMA E array at 1 mm as a result from the higher brightness at 1 mm; however, ALMA
is even more capable of clearly detecting detailed structures of the filamentary envelopes. In fact,
the very high sensitivity of ALMA will allow for much shorter integrations (less than two hours
for L1157-like prestellar cores) and thus we will be able to conduct quick and efficient surveys
of the geometry of the envelopes around starless cores. The scenario proposed scenario can be

immediately tested by observations with the current instruments.
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Table 2.1: Synthesized beam sizes and noise levels for the synthetic observations

CARMA D array CARMA D+E array CARMA E array
3 mm 3 mm 1 mm

L1157 modeling (Sect 2.3.3) 5.14" x 4.76" 7.92" x 7.23" 4.21" x 3.65"
0.3 mJy beam™! 0.15 mJy beam™! 0.35 mJy beam ™!
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IRAS 16253-2429

Figure 2.1: Example of the envelopes detected with Spitzer 8 micron imaging from Tobin et al.
(2010). The images are from Spitzer 8.0 pum observations.

19



RA offset (arcsec)

40"
(a)Dust

I 20
30" F i

02'00" | s

50" -

680140" FUNME ‘.= = e
: . . / , : . - y T

40"

DEC (J2000)

30" |

(oesoup) j8syj0 030

680140 FRNNNEEE = 0
20"39™M12° 8° 43 39™M0° 56°
RA (J2000)

Figure 2.2: Example of dust and N2H+ differences from Chiang et al. (2010). However, both
emission was fit in a simple density model.
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Figure 2.3: With higher sensitivity, SMA observations detect the extension of the flattened envelope
and the increased heating along the outflow cavity. The blue and red arrows indicate the outflow
directions of the blue-shifted and red-shifted component, respectively. The beam size is in the
bottom-right corner. The contours are +2,+3,6,9,12, 22, 30, 500, where o = 2.16 mJy beam ™.
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Figure 2.4: Schematic view showing the changing view of star formation from spherical collapse
(left panel) to filamentary collapse (right panel). Note that the size scales are exaggerated to better
illustrate the structures.
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Figure 2.5: Illustration of filamentary collapse in five Steps. In Step I, molecular clouds are formed
with filamentary shapes (few parsecs in length and 0.1 pc in width) that are prone to fragmentation.
In Step II, the subsequently-fragmented filaments (few tenth of parsecs in length) collapse and form
prolate or oblate starless cores (0.1 pc in size). In Step III, embedded in the starless core is a
filamentary structure of higher density that arises from the flow along the the large-scale filament
axis. In Step IV, the starless core continues to infall into a centrally condensed envelope of a Class 0
protostar (~ 5000 AU). In Step V, the Class 0 source evolves to a Class I source with a protostellar
disk (few hundred AUs) and outflow (the arrows). The orientation of the protostellar disk depends
on the detailed kinematics of collapse and is not necessarily along the filament as shown in this
cartoon. Note in each step the structures with lower density are indicated with dashed lines.
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Figure 2.6: (a): the left panel. It is the extinction map of L1157 from the Spitzer 8 um observation.
A flattened envelope is seen in absorption against the background emission around the central Class
0 object with the outflow nearly perpendicular to it. (b): the right panel. The emission from the
outflow and the scattered light from the central object are removed. The central part is filled with
the average of the envelopes on the two sides. The color scale shows optical depth.
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Figure 2.7: Simulated observations with CARMA D array at 3 mm for six hours with different
values of kg,m. The center is positioned at 20"39™05.2° (RA) and 68°02'15.3” (Dec) (J2000). The
synthesized beam size is 5.14”by 4.76 ”shown on the bottom-right corner. The noise level o is 0.3
mJy/beam, and the contours are 43, +4.2, 46, +8.5, 412, +£17, 424, +£34 x o (in step of v/20). The
color scale shows flux in Jy/beam. With the reasonable value for g, (10.96 cm? g=1) in the left
panel, no structures are detected. For the structures to be clearly detected (the right panel), £g,m
needs to be an almost impossibly small value (2.0 cm? g~1).
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Figure 2.8: Simulated observations with CARMA D+E array at 3 mm for six hours in total (three
hours for the D array and three hours for the E array). The value for kg, is 10.96 cm? g=!. The
center is positioned at 20739™05.2° (RA) and 68°02'15.3” (Dec) (J2000). The synthesized beam
size is 7.92"by 7.23"shown on the bottom-right corner. The noise level o is 0.28 mJy/beam, and
the contours are +3,+4, £5,4+6, £7, £8,+9, £10 x . The color scale shows flux in Jy/beam.
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Figure 2.9: Simulated observations with CARMA E array at 1 mm for six hours in total. The value
for Kgyum is 10.96 cm? g=1. The center is positioned at 20739™05.2° (RA) and 68°02'15.3" (Dec)
(J2000). The synthesized beam size is 4.21”by 3.65”shown on the bottom-right corner. The noise
level o is 0.49 mJy/beam, and the contours are +3,+4, +5,+6,4+7, £8 +9,+10 x 0. The color
scale shows flux in Jy/beam.
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Figure 2.10: Simulated observations with ALMA for sgy, = 10.96 cm? g=1. The noise level o is
0.15 mJy beam™'. The contours indicate 410, £15, 420, +25, +£30, 40, +50, £60 x ¢ . The color
scale shows flux in Jy/beam. The synthesized beam size is 1.2” shown on the bottom-right corner.
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Chapter 3

Massive Star-formation around
IRAS 05345+4+3157: The Dense Gas

This chapter was published in Lee et al. (2011)*.

3.1 Introduction

Despite the well-known fact that most stars form in clusters (e.g., Lada & Lada, 2003), little is
known about the detailed formation process of massive stars or star clusters. In contrast to the
well-studied mechanisms for low mass star formation, the difficulty for massive star formation
is mainly due to a massive star’s high radiative power. The strong radiation hinders infalling
material in the envelope from further accreting onto the central source. Two major theories have
been proposed to solve the puzzle. Accretion can still be accomplished through a high accretion
rate generated by the turbulent environment (McKee & Tan, 2003) and also through disks (e.g.
Krumbholz et al., 2005a) with outflows that greatly reduce the radiative pressure (Krumholz et al.,
2005b). On the other hand, massive stars could also form from competitive accretion or stellar
mergers (Bonnell et al., 2001, 2004) in high stellar density regimes. The formation of star clusters
can be due to fragmentation of molecular clouds (e.g., Bate & Bonnell, 2005), although Krumholz
et al. (2007) concluded that the fragmentation of pre-stellar massive cores can be avoided through
heating, allowing the formation of a massive star from one massive core. Only through a detailed
investigation of the initial conditions in a protocluster system can we better address the problem
of massive star formation.

Massive protostars have strong interactions with their ambient environment. They disperse
their natal clouds through stellar winds and UV radiation (see the review by Zinnecker & Yorke,

2007). After such dynamical interactions, the ambient environment changes enormously and no

!This chapter is previously published in The Monthly Notices of the Royal Astronomical Society as “Massive star
formation around IRAS 05345+3157 - I. The dense gas”, Lee, Katherine, Leslie Looney W., Klein, Randolf, and
Wang, Shiya, 2011, MNRAS, 415, 2790 and is reproduced here with permission of the Oxford Journals.
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longer preserves the initial conditions from when massive protostars were first born. Therefore,
in order to examine the very early conditions of the onset of massive star formation, identifying
stellar objects at early evolutionary stages (e.g., Seale et al., 2009) in protoclusters appears to be
very essential. Beuther et al. (2007a) suggested that the early evolution has four stages starting
with High-Mass Starless Cores (HMSCs), which then accrete low and intermediate mass protostars,
leading to High-Mass Protostellar Objects (HMPOs) and finally the (still deeply embedded) final
star.

Here we report on the massive star-forming region around the FIR-bright IRAS source 0534543157,
hereafter 105345. The TRAS source is associated with an IR cluster surrounded by molecular gas at
a distance of 1.8 kpc (Henning et al., 1992). HCO™(2-1) emission east of 105345 presents complex
and clumpy structures, suggesting that the source is on the verge of collapse through the contrac-
tion of local density peaks (Molinari et al., 2002). A massive outflow has been observed in CO(2-1)
(Zhang et al., 2005; Fontani et al., 2009), a typical signature of young stellar objects. Klein et al.
(2005) shows a ring of dust emission around the cluster 105345 in 850 ym continuum data. Two
compact and massive dust clumps are located in the ring to the east of the cluster: 105345 #1
and #2, with the mass of 48 Mg and 38 My, respectively. Futhermore, Fontani et al. (2008) and
Fontani et al. (2009) concluded several objects at different evolutionary stages in this region with
SMA and PdBI observations, including prestellar core candidates, young intermediate to high mass
class 0 protostars, and an early-B ZAMS star. The same papers also revealed two condensations
in NoDT(2-1) and the nature of the deuterated cores have been studied in detail.

The previous observations showed the possibility of active star formation in 105345. The main
goal of this paper is to study star formation by investigating the dense gas in the 105345 envi-
ronment. Our strategy uses the CS(2 — 1) transition as a probe of gas cores to comprehensively
study gas properties. We use the D array configuration of the Combined Array for Research in
Millimeter-wave Astronomy (CARMA) to resolve-out large-scale structures and trace dense gas
fragments (~ 10° cm™3) inside the cloud. In this paper we present ~5” angular resolution data of
CS(2—1) and 2.7 mm continuum. In the companion paper by Klein et al. (2011) (hereafter paper
IT), we examine the infrared properties of the fragments. With the two papers, we obtain a general

picture of star formation in 105345.
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3.2 Observations

3.2.1 CARMA observations

Observations of the line transition CS J =2 — 1 (v = 97.981 GHz) toward the clumps 105345 #1
and #2 (Klein et al., 2005) were made with CARMA in 2008 June. The observations used CARMA
D array at A = 2.7 mm. The CS(2 — 1) transition was placed in a correlator window of 8 MHz

width and a velocity resolution of 0.37 km s.

Two 500 MHz bands were set up for continuum
observations. The phase center was chosen between 105345 #1 and #2 at RA = 05"37™52.6°
and DEC = +31°59'48.0" (J2000) using the local standard of rest velocity Visg of —18.6 kms™?
(Schreyer et al., 1996). 05554398 was used as the phase calibrator. 3C454.3 and Uranus were
used for the bandpass calibration and the flux calibration, respectively. The system temperature
ranged from 50 K to 300 K with 200 K (single sideband) being a representative value. The baselines
ranged from 11 meters to 150 meters. The channel maps were generated with natural weighting,
producing a synthesized beam of 5.7 x 4.2”. The primary beam size of the CARMA combined
array is 85”at 98 GHz. The data reduction was done using the MIRIAD package (Sault et al., 1995).

The amplitude calibration is estimated to be 10%, and the uncertainties discussed afterwards are

only statistical not systematic.

3.3 Results

3.3.1 CS Zeroth Moment Map and Spectra

Figure 3.1 shows the velocity-integrated intensity map of CS(2 — 1); the dashed circle is approxi-
mately the primary beam size of the 10-m antennas in CARMA (~ 69”) at A=2.7 mm. We identify
seven cores with peak intensities above 50 (1 o ~ 0.25 Jy beam™ km s7!) inside the primary beam of
the integrated CS map . Due to the interferometric effect that introduces the negative components
in the map, it is possible that the weak emission associated with core 2 is spurious. The boxes
shown in the right panel of Figure 3.1 are used for deriving the parameters of the cores (see the
paragraph below) and are drawn based on the 30 detection.

For this study, we only focus on the cores inside the primary beam size of the 10-m OVRO

dishes and neglect the emission outside the primary beam, which has a lower sensitivity and signal-
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to-noise ratio. Core 1 is isolated in the south. Cores 3 and 4 are spatially close and entangled.
In Table 3.1 the parameters of each core are specified, including the observed sizes (major axis
ap, minor axis by and position angle P.A.j), the deconvolved sizes (major axis a, minor axis b and
position angle P.A.) and the equivalent radius R:\/CE/ 2. The major and minor axes are derived by
fitting a circular or elliptical Gaussian profile in the velocity-integrated map of CS. At the distance
of 1.8 kpc, the sizes of these cores range from 0.05 pc to 0.08 pc (see Table 3.1), which is the typical
size of transition groups from Hot Molecular Cores (HMCs) to Ultracompact HII regions (UCHIISs)
(Beuther et al., 2007a) or of low-mass envelopes (e.g., Looney et al., 2000).

The spectra of the seven cores averaged over the boxes in Figure 3.1 are shown in Figure 3.2.
Most of the spectra show a strong single-peaked emission, while the spectra of core 2 and 3 are
double peaked. The spectra are fitted by Gaussian profiles as shown in Figure 3.2. Since the double
peaks in the spectra of core 2 and core 3 may result from self-absorption (Sect. 3.4.1), we fit the
profiles with one Gaussian emission and one Gaussian absorption line superimposed. Table 3.2 lists
the fitting parameters for each core (amplitude, peak position of velocity, FWHM). Note that the
spectrum of core 4 shows a red wing emission and that of clump 6 shows a blue wing emission

above the fitted line. The line wings may be due to the outflow driven by core 3 (see Sect. 3.4.2).

3.3.2 Millimeter Continuum Data

Figure 3.3 shows the contours of the CS intensity map overlaid on the 2.7 mm continuum data from
the same observation. There are three 2.7 mm continuum emission peaks in the map (MM1, MM2
and MM3). MM1 in the south is the brightest core (22.7 + 7.2 mJy). MM2, the faintest (6.0 + 1.4
mJy), is in the north accompanied by the brighter MM3 (13.8 4 3.6 mJy). These sources are all
unresolved.

Comparing the A=2.7 mm observation with CS cores, we see that core 1 is associated with MM1
although the two peaks are shifted by about 3”, smaller than the beam size. Core 3 coincides with
MM3, while MM2 shows no CS emission (see below). There are no other 2.7 mm emission features
associated with the rest of the CS cores.

MM3 and MM1 correspond to the clumps 105345 #1 and #2 for which Klein et al. (2005)
derived masses of 48 Mgy and 38 Mg, respectively. Cores 2, 3 and 4 are all associated with the

northern clump 105345 #1. In addition, the three cores C1, C2, and C3 in 225 GHz continuum
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observation by Fontani et al. (2008) coincide with MM3, MM2, and MM1, respectively.

The cores MM1 and MM3 have been consistently detected in the (sub-)millimeter continuum
and also in the FIR by Spitzer (see paper II for details). Figure 3.3 shows the Spitzer 24 ym image;
the bright northern source corresponds to our core 3 and the southern source corresponds to core
1. It is peculiar that at 2.7 mm the northern source is the weaker one of the two while at all other
wavelengths from 24 pm to 1.3 mm (the 225 GHz observation in Fontani et al. (2008)) the northern
source is the dominant source. We speculate that there is extended emission that contributed to
the single-dish observation by Klein et al. (2005), which is resolved out by the interferometer. Thus,
the fluxes seen by the interferometer are smaller than expected from the single-dish observations,
and one would expect that the effect is more pronounced for the larger core MMS3.

MM2 shows no counterpart at 850 pym or in the FIR, but it does have a counterpart at 3.6 cm
(Molinari et al., 2002); therefore, the continuum emission from core MM2 is likely dominated by

free-free emission from an Hil-region with only a fraction of the emission from warm dust.

3.3.3 Estimating the Core Mass

We present three approaches to roughly estimate the core masses. The first method is the LTE
mass calculated from the integrated flux of the CS(2 — 1) line transition. The second method is
calculating the virial mass from the line width of CS spectra. The third method is based on the

2.7 mm continuum assuming dust emission and a dust-to-gas ratio.

LTE Mass

Following the standard rotation temperature - column density analysis (e.g., Turner, 1991), CS(2 —
1) spectra can be used to derive the column density, and further the mass of the dense gas. Because
the transition CS(2 — 1) is not optically thin, a correction factor needs to be applied to the LTE
mass derived from the assumption of an optically thin line. For an optically thin molecular line,
by assuming all the transitions are excited by a single temperature Toy (LTE) and negligible
background continuum emission, the column density can be calculated from (e.g., Miao et al.,

1995; Mehringer, 1995)
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where 6, and 0, are the FWHM of the synthesized beam, Q is the partition function, E, is the
upper energy level of the transition, v is the line rest frequency, S is the line strength, and p? is
the dipole moment, g and g; are the usual K-level and reduced nuclear spin degeneracies. For our
observation, 6,=5.9", 6,=4.3", Q=0.86T¢x (Rohlfs & Wilson, 2000), E,=7.05 K, »=97.980968 GHz,
S=2, u=1.96 debye, and gr=gr=1. Here we assume an excitation temperature of 20 K for dense
cores forming massive stars (see review by Zinnecker & Yorke, 2007). We note that the assumption
of a single excitation temperature for Core 3 which shows a possible infall signature (Sect. 3.4.1)
may be inaccurate since a gradient in the excitation temperature in an infalling source is expected
(Evans, 1999). In the case of an optically thick molecular line, a correction factor C, should be

applied (e.g., Goldsmith & Langer, 1999):

Niotal = C7N and

-
Cl—e T

c,

where 7 is the optical depth and can be derived from

Typ
T(To) — J(273)

T7=—1In[l—

(Rohlfs & Wilson, 2000), where Typ is the main beam brightness temperature and

hu 1
J(T) - ?76}1#/]{:11 — 1
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Therefore, by assuming uniform densities, the LTE mass can be derived from
N
M = umH§(1.133abD2)

where p = 2.33 is the mean molecular weight, my is hydrogen mass, D is the distance (1.8 kpc
for 105345), X is the abundance ratio of CS to Hg, which is assumed to be 1072 here (Rohlfs &
Wilson, 2000), and a and b are the major axis and minor axis of a defined core. Furthermore, we
calculated the number density of molecular hydrogen for these cores by assuming ellipsoidal cores
and a, b and b for the three axes: ny, = Myrr/2My/(47/3(a/2)(b/2)?). The column density and
number density of Hy range from 2.7 x 10?2 to 11.6 x 10*2 cm™2, and from 0.6 x 10% to 1.7 x 106
cm 3, respectively. The LTE masses of the different cores range from ~ 2 Mg, to 15 Mg. Table 3
lists the integrated line intensity (I; = [ Idv), the derived optical depth 7, the column density of
CS (N¢s), the number density of Hy and the results of LTE mass.

The smallest core mass that our observations are sensitive to is ~ 1Mg. This is the result of
the same calculation as above assuming a flux equivalent to 3¢ in integrated flux map. Fontani
et al. (2009) observed their condensations N and S in NoD* and NoH™ and expected them to be
low-mass cores (< 1 Mg) according to the observed deuterium fraction. Thus, it is not surprising
that we don’t detect their condensations N and S.

In the calculation of the LTE masses, a value of 107 for the CS(2-1) molecular abundance is
assumed and the abundance is also assumed to be a constant. However, due to C-bearing molecules
frozen onto dust grains at early stages of star formation, a central depletion of CS(2-1) is usually seen
in prestellar cores (e.g. Tafalla et al., 2002; Stahler & Yen, 2010), and therefore the assumption of a
constant abundance may lead to larger uncertainties in the calculation. Also, according to different
models or calculations, the derived values for CS(2-1) abundance are various (e.g. Belloche et al.,
2002; Pirogov et al., 2007). In most literatures, the abundance profile is described by a central
depletion and a nearly constant value between 10~2 and 10~® follows at outer parts of cores. Since
the radii where the abundance drops is usually very close to the center of prestellar cores, we
simplify the LTE mass estimation by only adopting the plateau part of the molecular abundance.
The choice of 107 sets the upper limit for the calculation and the derived LTE masses could vary

by about one order of magnitude depending on the chosen values for the abundance.
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Virial Mass

By assuming the cores are in virial equilibrium, we can derive the virial mass using the line width

of CS. We assume a standard isothermal density profile for the cores from Shu (1977), p = por—2

(cf. Looney et al., 2003b). In this case, the virial mass can be derived from

_sRAV?
YT G 8In2’

where AV is the FWHM of the observed molecular line (see Table 2). The derived virial mass for
each core is listed in Table 3. For core 2 and 3 with the double-peak spectrum, we use the line

width of the emission line to derive the virial masses.

Total Mass Estimation from Continuum Emission

Here we adopt the standard technique to estimate the total mass from the continuum emission, in
our case the 2.7 mm continuum data for core 1 and 3 (remember that core 2 could have considerable
free-free emission; Sect. 3.3.2). This method assumes that the continuum emission is from dust and
a dust-to-gas ratio. By assuming optically thin emission and a single temperature (isothermal), the

total mass (dust + gas) is
F,D*R

M=——
B, (Tdust)KV

where F, is the flux density, D is the distance to the source, R is the gas-to-dust ratio, B, (Tyyst)
is the Planck function at dust temperature Tg,s:, and k, is the dust opacity. The flux density of
core 1 is 22.7+ 7.2 mJy and that of core 3 is 13.8 & 3.6 mJy. For the dust opacity, assuming a gas

density ~ 10% ¢cm™, we adopt the extrapolated value of 0.29 cm? g~}

at A=2.7 mm for prestellar
core dust with thin ice mantles from Ossenkopf & Henning (1994). The extrapolation was done
with a power law (x oc A™%) and a value of 3 = 1.77, obtained by fitting the respective k-values in
the FIR (A > 300um). Therefore, with the assumption of 20 K for the dust temperature and 100
for the gas-to-dust ratio, we derive the mass of 18 £ 6 M, for core 1 and 11 + 3 Mg for core 3. The
derived masses depend much on the assumed values for the dust temperature, the opacity, and the

dust-to-gas ratio. The error of the mass estimates given above only reflects the uncertainty in the

flux measurement. Taking the uncertainties of the assumptions into account the estimate is good

36



within one order of magnitude. For example, if we would assume a rather high temperature of 47K
(Paper II) for core 3 the core mass would only be 7 Mg . If we would use the opacity for dust grains
without ice mantels the mass would also drop to 7 M.

The calculation shows that the total mass from the LTE method and continuum emission of
core 1 and core 3 are (54+1 Mg, 1846 Mg) and (15+7 Mg, 1143 My), respectively. Both methods
have uncertainties. For example, the results depend on the assumptions of physical conditions and
quantities, such as the excitation and dust temperature, wavelength dependence of the dust opacity
etc. In CS(2-1) emission, core 3 is brighter than core 1, while it is opposite in the 2.7 mm continuum
emission (see section 3.3.1 and 3.3.2). This result causes the larger LTE mass of core 3 and larger
mass by assuming a dust-to-gas ratio of core 1. Other mid-infrared to FIR observations (see paper
IT) show a brighter core 3 than core 1, consistent with our CS(2-1) observation. Therefore, in the
following discussion, we use the LTE mass to compare it with the virial mass, a method consistent

with Saito et al. (2006).

3.4 Discussion

3.4.1 A Collapsing Core

Figure 3.4 shows two CS(2 — 1) integrated intensity maps integrated over velocities of the blue and
red components of the self-absorption spectrum of core 3. The boxes drawn in these two maps are
the same box as in Fig 3.1. Both of the integrated intensities from the blue and red peak are in
the same box.

Arguably, this result suggests that the double-peak structure comes from the same core at the
limit of our resolution (5”), although we cannot eliminate the possibility of two cores along the line
of sight. However, the Gaussian fits in Table 3.2 (emission + absorption) describe the line feature of
core 3 considerably well and provide an explanation to the double-peaked spectrum as coming from
one core and showing self-absorption. Moreover, the absorption is close to the systemic velocity
(Fontani et al., 2009) strengthening the evidence for self-absorption. However, it is important
to note that the negative components in the map are not causing the self-absorption dip as the
negative components seen in Fig 3.1 are not relevant in the box of core 3. To be more specific,

we carefully examined the channel maps and there are only few negative contours in the channel
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where the deepest dip occurs (in the velocity of ~ -17 km/s). Also, we mapped with short-spacing
data removed and only very few negative contours remained, and the deep dip is still seen. As a
result, the negative contours cannot be the main cause of the dip.

The double-peaked spectrum of core 3 shows one of the typical characteristics of gas infall
motions: an optically thick transition (CS(2— 1) in our case) produces a blue-shifted, asymmetrical
profile and central dip, with the blue-shifted line brighter than the red-shifted line (e.g., Zhou et al.,
1993; Choi et al., 1995). This double-peaked feature is due to a temperature gradient and velocity
gradient between each layer in a collapsing core (e.g., v(r) ~ =% for the inside-out model) with
a static envelope producing the central self-absorption dip. The blue-shifted line comes from the
back side of the core and the red-shifted line from the front of the core. The lines with higher
critical density and higher excitation temperature near the center will be obscured by the nearby
lines with lower critical density and excitation temperature in the red peak, resulting in a stronger
blue peak than red peak (Evans, 1999). In this case of 105345, optically thin lines peak in the dip of
the self-absorbed lines. The absorption peaks approximately at the systemic velocity, also verified
by optically thin tracers measured by Fontani et al. (2009).

Similar double-peaked profiles have been observed in CS(2 — 1) for different objects (e.g., Choi
et al., 1995; Tafalla et al., 1998; Belloche et al., 2002). However, the separation between the blue
peak and the red peak in our observation is significantly larger (~ 3 km/s) than the separation
in these studies (< 1 km/s). This broad separation may arise from the larger infall velocity for
intermediate mass to massive protostars (e.g. Xue & Wu, 2008). The absorption feature in the
envelope may also affect the separation of the two peaks. In addition, similar double-peaked profiles
can be produced by a rotating core (Pavlyuchenkov et al., 2008). Detailed fitting with radiative
transfer models is necessary to better understand other dynamics effects (turbulence, rotation etc.)
in double-peaked profiles (Belloche et al., 2002).

Although core 2 also shows two peaks in the spectrum, the nature of core 2 is less understood.
The asymmetry in the spectrum of the two peaks is not significant, indicating that the gas is less
likely to be infalling. The dip is close to the systemic velocity, suggesting that the double-peaked
feature may be caused by the self-absorption, while the fidelity of core 2 may be affected by the

interferometric effect.
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3.4.2 Dynamics of Cores

Compared with the line widths for cores in other low-mass star forming regions (e.g., Onishi et al.,
2002), we observe relatively large line widths from 1.5 km/s to 3.9 km/s for these seven cores. The
isothermal sound speed for a region with a temperature 20 K is ~ 0.27 km/s, much smaller than
the observed line widths. Therefore, other non-thermal motions play a large role in the observed
broad line widths. There are two possibilities for this non-thermal line-broadening (Saito et al.,
2006). One possibility is that these cores formed from rather turbulent gas and still are turbulent.
The other explanation is that the lines are broadened by interactions with the outflow or stellar
wind from central protostars.

If initial large internal motions played a role in forming cores, higher density is necessary for
a core to bind the system with gravitational energy. Saito et al. (2006) suggested such a possible
correlation between line widths and the average Hy density: the larger the line width, the higher the
average density. Here we did not take the overall line widths of core 2 and 3 into consideration since
their line widths may be affected and broadened by infall motions as discussed above. We see a weak
trend (density vs. line widths) between core 1, 6 and 7. The line widths and average Hy density of
core 1, 6 and 7 are 2.6340.01, 0.85+0.05, 1.58+£0.01 km//s and (1.2840.47) x 10%, (0.6140.70) x 10,
(1.04 £ 0.26) x 105 cm™3, respectively. However, considering the large uncertainties in the data,
the positive trend is less obvious and it is not clear about the role of the initial turbulence to the
formation of the cores in this region from our data.

Core 4 and 5 do not follow the relation between the averaged density and line widths. Fontani
et al. (2009) detected an outflow oriented in the west-east direction possibly driven by the 226 GHz
continuum source C1-b or Cl-a, which corresponds to our core 3. The same paper also indicated that
this outflow is probably interacting with the southern portion of the highly deuterated condensation
N, which corresponds to our core 4, and causes the observed broad lines. Therefore, the line width
of core 4 is more possibly influenced by the interaction with the outflow. The red-wing emission of
core 4 and the blue-wing emission of core 6 may result from the red and blue lobes of the outflow.
Nevertheless, it is less clear about the mechanism for core 5 to produce the observed spectrum.

However, it seems that the gravitational energy is not enough to bind the systems. The derived

virial masses are noticeably larger than the LTE masses except for core 6 (see Table 3.3). Wang
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et al. (2008) studied low to intermediate mass cores around MWC 1080 with CS(2-1) and obtained
similar LTE masses (calculated from the same method as described in Section 3.3.1) and virial
masses. Saito et al. (2006) also concluded that non-turbulent cores have a similar virial mass to
LTE mass but that the virial masses are usually larger than the LTE masses for turbulent cores.
The line width of core 6 is similar to that of non-turbulent cores (~ 0.90 km/s average) and the
similarity between its virial and LTE mass indicates that this core is bound by gravitational energy.
On the other hand, for cores with a larger virial mass than LTE mass, external pressure must be
applied to maintain a bound core. The virial equilibrium with an external pressure (by neglecting

magnetic fields and rotation) can be expressed as:

0=2U+Q—47R*P,, ,

where U:%M 02 (o: velocity dispersion) is the kinetic energy and Q = —%GTMZ is the gravitational
energy. The results of P, is listed in Table 3.3. Except core 6, which is already gravitationally
bound, other cores need an external pressure P, /k ~ 108 K cm™3 to help maintain the structure of
the cores. With the choice of higher molecular abundance by one order of magnitude, the external
pressure needed to maintain the cores would decrease to ~ 107 K cm™3. Observations have shown
that such pressure is observed in several massive star-forming regions (e.g., McKee & Tan, 2003,
and references therein). Therefore, we suggest that these turbulent cores with larger kinetic energy

may still be bound by the external pressure. In the case of 105345, the high external pressure may

result from the nearby infrared cluster (Klein et al., 2005) which heats up the surrounding medium.

3.4.3 Implication for Massive Star Formation

We suggest that core 3 and core 1 are young stellar objects. They show many indicators of high-
mass star formation. Since young stellar objects are surrounded by dust and gas, they are not able
to be revealed by optical observations (and shorter wavelength observations) due to dust extinction.
Consequently, YSOs are often identified by their IR emission excess. The detection in the Spitzer
24 pm band is often an indicator of YSOs (e.g., Caulet et al., 2008). We observed an infrared
counterpart of core 3 and 1 in the Spitzer image (Paper II), implying that both cores contain warm

dust, suggestive of a YSO candidate. In addition, the CS spectrum of core 3 shows the typical
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signature of infalling gas motion — a double-peak feature with the stronger blue-shifted emission
than the red-shifted emission. The wide separation of the two peaks (~ 3km/s) is probably due to
the higher masses.

Gas infall is also suggested by fitting the core’s SED with a radiative-transfer model in the
companion paper (Paper II). The radiative-transfer modeling indicates that cores 3 and 1 could be
an accreting stellar source with the central stellar mass of ~ 5 M, surrounded by an envelope with
a mass of order of 10 M, (mass estimates in this paper for core 3: 11 M (dust mass), 17 Mg (LTE
mass) and core 1: 4 Mg (LTE mass), 18 Mg (dust mass)).

Although, the virial masses (20 and 50 M, for core 1 and 3, respectively) are large compared to
the LTE masses (4 and 20 Mg ), indicating that the cores may be gravitationally unbound, the cores
can still be bound through the support of the external pressure. Therefore, core 3 and 1 are possibly
accreting the envelope to form a star and potentially becoming a massive star (M, > 8 My).

According to the classification of evolutionary stages of individual high-mass stars in Beuther
et al. (2007a), the formation of massive stars start with High-Mass Starless Cores (HMSCs) and
then form High-Mass Protostellar Objects (HMPOs) via harboring or accreting low /intermediate-
mass protostars. HMPOs are accreting high-mass protostars with masses larger than 8 Mg, and
consist of Hot Molecular Core (HMC), Hypercompact HII regions (HCHIIs, size < 0.01 pc) and
Ultracompact HII regions (UCHII regions, size < 0.1 pc) at their early phases. Given the sizes of
core 1 and core 3 (0.06 pc ~ 0.08 pc) and the fact that the spectra of core 1 and 3 still peak in the
far-infrared and have not approached near-infrared regimes, we suggest that these two cores are
possibly on their way to become HMPOs.

Also, our cores are consistent with the massive star formation model proposed by McKee & Tan
(2003). The theory states that turbulent cores in massive star-forming regions with pressure P,
~ 10% ~ 10° K cm™ can be gravitationally bound and form stars with high accretion rates (1073
Mg yr—1) in a short time scale (several times the free-fall time). Our cores appear to be turbulent
and non-thermal with line widths ranging from 1.5 km/s to 3.9 km/s. However, while the positive
correlation between the line widths and average Ho density implies that the initial turbulence may
also influence the formation of these cores, such correlation is not obvious in our data considering
the uncertainties. For core 3 and 4, the broad line widths may be also contributed by the outflow

driven by core 3. With the exception of core 6, the cores have a larger virial mass than LTE mass.

41



With the help of external pressure in the parent cloud, these turbulent cores can be bound and

have the potential to become seeds for collapse in the future.

3.5 Summary

Identifying protocluster members and understanding their dynamics are the first step to study the
initial conditions preserved in the parental clouds and further unveil the process of star formation.
In this paper, we present observations of the intermediate/high mass star forming region IRAS
05345+3157. The observations have been performed in the line transition CS(2 —1) with CARMA
D array. At this line frequency, we also observed the continuum emission at A\ = 2.7 mm. With

our observation, our main conclusions are as follows.

1. There are seven CS cores identified in the CS moment map. Both core 1 and core 3 have

counterparts in the 2.7 mm continuum data (MM1 and MM3).

2. The LTE mass of all the cores are calculated based on the CS(2-1) data. The LTE masses
range from ~ 2 Mg to ~ 15 Mg for all the cores. The LTE mass for core 1 is 5+1 My and
that for core 3 is 15+7 Mg,. In addition, dust masses are estimated from the continuum data:

core 1 has the dust mass of 18 £ 6 M, and core 3 has the dust mass of 11 +3 M.

3. Most of the spectra of the seven cores show a single peak. Core 3 shows a double-peaked
spectrum with the blue emission stronger than the red emission, suggesting infall motion of

gas.
4. Core 1 and 3 are suggested to be intermediate- to high-mass protostellar candidates.

5. The linewidths for the cores are larger than the thermal linewidth at 20 K. The broad linewidth
of core 3 and 4 are probably contributed by the outflow driven by core 3 (Fontani et al., 2009).
However, the role of the initial turbulence to the formation of the cores is not clear by exam-

ining the correlation between the linewidths and average Ho density with the uncertainties.

6. These cores require an external pressure of ~ 10°® K ¢cm™ to keep them bound. Such
high pressure is common among massive-star forming regions (e.g., McKee & Tan, 2003),

suggesting that these cores are possible seeds for future star formation.
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Table 3.1: Parameters of the identified cores

Label R.A. Dec. ag bo P.Ag a b P.A. R
(J2000.0) (J2000.0) (arcsec) (arcsec) (deg) (arcsec) (arcsec)  (deg) (1072 pc)
Core 1  05:37:53.03  31:59:34.9 12.0£16 6.9+0.6 +83.5£5.3 109+18 49408 78.8 32+04
Core 2 05:37:51.67  31:59:53.0 8.8+£2.2 75+17 —254+55.6 72+24 55+23 -3.7 2.7+0.7
Core 3  05:37:52.19  32:00:05.4 12.3£3.9 89%+15 +63.9+273 114+42 7.0£19 58.8 3.94+0.9
Core 4  05:37:52.58  32:00:06.5 11.8+£4.0 74+£12 —-836+149 105+£45 59+15 -88.3 34409
Core 5 05:37:55.14  31:59:57.0 123+26 81+1.0 +482+172 11.5+£28 59+14 45.6 3.6£0.6
Core 6 05:37:50.39  32:00:01.0 11.8£+£79 68+13 —-14.24+20.7 10.7x87 46=£1.9 -9.3 31+14
Core 7 05:37:50.64  32:00:06.3 11.1£0.9 7.7+£04 +372+£7.7 10.3+1.0 5.1+£0.6 36.0 3.2+£0.2

ap, bo and P.A.g are the observed major axis, minor axis and position angle of the cores. a, b and P.A. are the deconvolved
major axis, minor axis and position angle. R is the equivalent radius, Vab/2.
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Table 3.2: Fitting Parameters For Cores

Label Amplitude Peak Position FWHM
Jy/beam km/s km/s

Core1l 0.704£0.002 —16.592+0.004 2.626 £ 0.009
Core 2 2.008 £0.380 —18.065+0.004 1.987 £ 0.053

—2.040 £0.379 —18.071+£0.004 1.480 =+ 0.045
Core 3 1.749£0.032 —17.659+£0.005 3.237+£0.018

—1.524 +£0.031 —17.441+0.003 1.735=+0.016
Core 4  0.699 £0.003 —19.894 +£0.006 2.983 £0.015
Core 5 0.337£0.002 —19.172£0.012 3.940 %+ 0.029
Core 6 0.922+0.047 —17.832+£0.021 0.849 £ 0.049
Core 7 0.921 £0.003  —17.600 £ 0.003 1.584 £ 0.007

44



Table 3.3: Physical Properties of CS Cores

Label It T NC’S NH, EHQ MLTE MUiT Pex/k
(Jy/beamkm/s) (x1013cm=2)  (x10%cm—3) (gcm™—2) (Mg) Mg) (Kem™3)

Core 1 1.94+0.01 0.24 6.12 £ 0.03 1.2840.47 0.20 £+ 0.00 53+1.2 26.8+3.4 2.28x10°%
Core 2 1.02 £ 1.00 0.21 3.17+3.11 0.59£0.53 0.11 +0.10 2.0+2.3 13.24+34 0.84x108
Core 3 3.30 £0.13 0.46 11.55 + 0.46 1.69+1.11 0.39+£0.02 148468 4984115 4.97x108
Core 4 2.19+0.01 0.27 7.01 £0.03 1.2240.81 0.23 £+ 0.00 7.0+£3.5 37.1+£9.7 3.24x108
Core 5 1.39 £0.01 0.20 4.29 +0.03 0.7440.40 0.14 +0.00 47+16 67.9+11.4 3.46x108
Core 6 0.82 4 0.06 0.36 2.73£0.20 0.61+£0.70 0.09 £+ 0.01 22+20 2.7+£1.3 0.06x108
Core 7 1.53 +£0.01 0.38 5.15 £ 0.03 1.0440.26 0.17 £+ 0.00 4.4£0.7 9.6+0.6 0.56x108
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Figure 3.1: Contour map of CS J = 2 — 1 integrated intensity with the FWHM beam size shown
in the lower right corner. The dashed circle is the size of the primary beam of the 10-meter dishes.
The synthesized beam size, shown in the right-bottom corner, is 4.3”x5.9”with P.A.=-57.5°. The
noise is 0.25 Jy beam ™! km s~!, and the contours are 50, 60, 70, 80, 90, 100, 120, 140, positive
and negative. The boxes are drawn based on the 30 detections and are used to define cores.
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Figure 3.2: Spectra of identified CS cores. Vgg is -18.6 km/s. The dashed lines are the best fit
Gaussians.
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Figure 3.3: Left panel: CS(2 — 1) emission overlaid on the gray-scale 2.7 mm continuum data. The
contours represent the CS integrated intensity with the same contour levels with Fig. 1. Right
panel: CS(2 — 1) emission overlaid on the gray-scale Spitzer 24 pm data. The contours are the
same as in the left panel.
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Figure 3.4: Maps of CS (2 — 1) integrated intensity of the blue and red part of the self-absorbed
line of core 3. Left panel: The map of the blue emission peak. The integrated velocities range from
-21.6 km s~ ! to -17.5 km s~!. The contour levels start from 50 (¢ = 0.12 Jy beam™!) and end
at 28.30 with a logarithmic step of log(v/20). Right panel: The map of the right emission peak.
The integrated velocities range from -17.1 km s~! to -14.9 km s~!. The contour levels also start
from 50 (0=0.18 Jy beam™!) and end at 28.3 o with a logarithmic step of log(v/20). The negative

contours are not shown for simplicity.
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Chapter 4

Earliest Stages of Protocluster
Formation: Substructure and
Kinematics of Starless Cores in Orion

4.1 Introduction

Star formation involves a complicated interplay between turbulence, magnetic fields, and gravity.
While the understanding of low-mass star formation has advanced over decades (e.g., McKee &
Ostriker, 2007), that of massive star formation has progressed more slowly. One difficulty is that
massive protostars generate a much stronger radiation pressure that can strongly modify the gas
accretion in the formation process (see Zinnecker & Yorke, 2007). Another is that massive stars
appear to form in crowded environments of clusters (Lada & Lada, 2003). This study aims to
understand the conditions for massive star formation and their clustered environment at early
stages.

There are two main competing scenarios in massive star formation. One of them is the “tur-
bulent core model” proposed by McKee & Tan (2003). In this model, the core is supported by su-
personic turbulence and evolves on several free-fall timescale. The turbulent core is in quasi-static
equilibrium and the formation of massive stars is a scaled-up version of low-mass star formation.
The final mass of a massive star is determined by the mass of its natal core and the stellar environ-
ment is unimportant. The high pressure caused by supersonic turbulence results in high accretion
rate (> 1073 My yr~!), overcoming the radiation pressure and continuing accretion process. In
this model, the collapse is envisioned to be more or less monolithic, with a relatively low level of
fragmentation.

Alternatively, Bonnell et al. (2004) and Bonnell & Bate (2006) proposed that massive star
formation is a dynamical process that involves competitive accretion. In a core that is dominated
by supersonic turbulent motions, significant density fluctuations are generated due to turbulent

support, with gravity taking over in the densest regions. Stellar seeds are created through this
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“turbulent fragmentation” and eventually lead to clusters. Massive stars form from the seeds
located near the center of the cluster where the gravitational potential is deepest; these seeds win
the competition for the reservoir of gas to grow to the highest masses. In this scenario, the final
mass of a massive star is strongly influenced by their environment and has little correlation with
the initial mass of the natal core.

A major difference of the two scenarios, which can be tested observationally, is the level of
fragmentation. The turbulent core scenario envisions the existence of one massive starless core,
while the competitive accretion scenario requires a higher level of fragmentation in massive starless
cores. Therefore, our goal is to study the fragmentation in starless cores, the earliest stage of star
formation where the initial conditions for massive star formation are still kept, and to provide
insight to the formation of massive stars.

Due to angular resolution limitations, only recently has the study of fragmentation in star-
less/prestellar cores made significant progress. Lately, a number of studies toward massive star-
forming regions with high angular resolutions using interferometers have begun to reveal frag-
mentation in massive starless cores on 0.1 pc scale (Bontemps et al., 2010; Palau et al., 2013).
These studies mostly focus on the massive star-forming sites associated with Infrared Dark Clouds
(IRDCs), which are typically at a distance of few kilo-parsecs. We chose Orion as our target region.
At a distance of 414 pc (Menten et al., 2007), Orion is the closest active star-forming region that
contains massive stars (e.g., Hillenbrand, 1997; Hillenbrand & Hartmann, 1998; Johnstone & Bally,
1999) as well as massive starless cores (e.g., Nutter & Ward-Thompson, 2007; Di Francesco et al.,
2008; Sadavoy et al., 2010). It provides an excellent opportunity to study the initial conditions for

massive star formation.

4.2 Observations and Data Reduction

To fully investigate the substructure and kinematics of starless cores, we carried out both single-
dish and interferometric observations with the molecular line CS(2-1), an extensively used tracer
for high-density gas. Although previous studies indicated that C-bearing species may be depleted
during the prestellar phase (e.g., Taylor et al., 1998), several studies have also suggested that

associated C-bearing molecules have not been frozen out at the very early stage of star formation.

o1



The single-dish observations were performed with the IRAM 30 m telescope, and the interferometric
observations were carried out with the Combined Array for Research in Millimeter-wavelength

(CARMA).

4.2.1 The sample

Our sample of starless cores were chosen from Nutter & Ward-Thompson (2007). They conducted
a large survey in Orion at 850 um dust continuum with the Submillimetre Common User Bolometer
Array (SCUBA). By comparing the survey with the Spitzer IRAC catalog, the study provided a
complete catalog of prestellar cores and protostellar cores down to the lower completeness limit at
~ 0.3 Mg in the Orion A North, A South, Orion B North and B South regions. We randomly

! ranging from 1 Mg

chose sixteen prestellar cores from the catalog with the dust-derived masses
and 50 Mg to be observed with the IRAM 30 m telescope. The reason to include a few cores with
low dust-derived masses was to compare them with massive cores; nevertheless, some cores with
low dust-derived masses turn out to be massive from our observations (see Sect. 4.3.1). Figure
4.1 shows the positions of the detected cores with the IRAM 30m telescope. Table 4.1 lists the
coordinates of the sources, and the masses calculated from the 850 pm observations. The CARMA
observations were performed toward eight of the nine starless cores that had been detected with
the IRAM observations.

The cores are mostly located in the filamentary structures around the periphery of the central
Orion Molecular Cloud 1 (OMC-1). Core 1 and Core 3 are in the Orion Bar photon-dominated
(PDR) region (e.g., Lis & Schilke, 2003). Core 2 and Core 4 are associated with the “radiating
filaments” (Johnstone & Bally, 1999) from OMC-1 of which the formation mechanisms are still
unclear (Myers, 2009). In particular, Core 4 is close to the Orion BN /KL region which is observed
with powerful outflows and “Hs fingers” (Zapata et al., 2009; Peng et al., 2012); however, the
location of Core 4 is in a larger spatial scale and not associated with the HH bullets or Hy fingers

(Buckle et al., 2012). Core 7 and Core 9 are associated with a filament north-east to OMC-1 which

is suggested as a region associated with PDR (Shimajiri et al. 2013, in prep).

!The term “dust-derived mass” used in this paper refers to a total mass from dust and gas derived from dust
emission by assuming a gas-to-dust ratio (typically 100).
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4.2.2 TIRAM 30-m observations

The observations were performed in August 2010 toward sixteen starless cores in Orion chosen from
the catalog in Nutter & Ward-Thompson (2007). The hetrodyne receiver EMIR was used. The
bands E090, E150 and E230 in combination captured various lines. The bands E090 and E150
were used to perform the molecular line observations with CS(2-1) at 97.980968 GHz, C34S(2-1) at
96.41298 GHz and CS(3-2) at 146.96905 GHz. We used VESPA as the spectral back-end with a
spectral resolution of 40 kHz (~ 0.06 km s~! at 3 mm) and a total bandwidth of 80 MHz. On-the-fly
mapping was performed with both horizontal and vertical scanning to span an area of about 2’ by
2’ for each source. The observations were performed in position-switching mode with off-position at
05"36™15.0%, —05 deg 02'34” (Ikeda et al., 2007). Calibration scans were taken about every fifteen
minutes. The pointing was checked every two hours. The beam size (full-width half-power) is
~25.5"at the frequency of CS(2-1) and C3*S(2-1), and 17" at the frequency of CS(3-2). The beam
efficiency? (Beff) is 81% for CS(2-1) and C3%S(2-1), and 74% for CS(3-2).

The data reduction was done with the CLASS package from the GILDAS? software. All the
data are re-gridded to have at least three pixels in one beam size. All sixteen sources were observed
with CS(2-1) and 2CO(2-1); only nine of which showed detections. Table 4.2 lists the molecular

lines observed towards these nine cores.

4.2.3 CARMA observations

CARMA is a heterogeneous array combining three types of antenna: six 10-meter antennas, nine
6-meter antennas and eight 3.5-meter antennas. The data presented in this paper used the cross-
correlated data from the 10-meter antennas and the 6-meter antennas. The CARMA observations
were performed toward eight starless cores out of the nine sources detected by the IRAM 30-
m telescope between May 2010 and November 2011. Only one source (core 8) out of the eight
observed sources was observed with both the D and E array configuration, and the remaining seven
cores were observed with only the D array. The data presented in this paper focus on CS(2-1) at
97.98096 GHz, with one band for the continuum observation. The projected baselines of the D array

range from 11 m to 150 m, providing sensitivity to spatial scales up to ~ 28” and a synthesized

2See http://www.iram.es/TRAMES /mainWiki/Tram30mEfficiencies
3See http://www.iram.fr/TRAMFR/GILDAS/
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beam of ~ 5” at 3 mm. The E array has projected baselines ranging from 8 m to 66 m, providing
sensitivity to spatial scales up to ~ 40” and a synthesized beam of ~ 7" at 3 mm. The spectral
resolutions are 0.15 km s~! for core 1, 2, 4, 5 and 0.06 km s~* for core 3, 6, 7, 8. The amplitude
calibration is estimated to be 10%, and the uncertainties discussed afterwards are only statistical,

not systematic. All the data reduction were done with the MIRIAD software (Sault et al., 1995).

4.2.4 Herschel and JCMT archival data

We also present the 500 pm image of the Orion A-North region from the Herschel archival data
as well as the 850 pym image from the JCMT archival data. The Herschel 500 pm image is
downloaded from the Herschel Science Archive! (HSA). The data were taken in September, 2009
with the Spectral and Photometric Imaging Receiver (SPIRE). The observation identifier number
is 1342184386, and the data presented in this paper is calibrated to level 2. The 850 pum image
from JCMT is downloaded from the site of public processed data in the JCMT science archive®The

project number is M09BI121 and the data were taken in Feb, 2010.

4.3 Results and Data Analysis I: Morphology and Properties

4.3.1 IRAM maps
CS(2-1), CS(3-2) and C*'S

As described in Sect. 4.2.1, we chose sixteen cores from the SCUBA survey to perform observations
with the IRAM 30-m telescope, and only nine cores out of the sixteen cores were detected. We
examined the Spitzer 8.0 pm maps and the IRAM CO data (*2CO(2-1), ¥¥CO(2-1)) to confirm that
these are indeed starless cores that lack infrared counterparts and outflows.

Table 4.2 shows that H!3CO%(1-0) and NyD¥(2-1) are not detected towards any core. A
classification between “early-time” and “late-time” molecules have been suggested by several studies
based on the time at which these molecules reached their peak abundance (e.g., Taylor et al., 1998;
Morata et al., 2003). CS(2-1) is in general classified as an “early-time” tracer while H'3CO*(1-0)

and nitrogen-bearing species are “late-time” tracers (e.g., Morata et al., 2005). Therefore, the

“See http://herschel.esac.esa.int/Science_Archive.shtml
®See http://www.cadc.hia.nrc.ge.ca/jemt /search/product/
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detection of CS(2-1) and the non-detections of H'3CO*(1-0) and NoD*(2-1) in core 1, 2, 3, 5
suggest that the cores are in the very early stage of the evolution and are chemically young, before
the depletion of CS(2-1) becomes significant (e.g., Tafalla et al., 2002). However, the detail of the
chemistry depends on various models (e.g., Vasyunina et al., 2012).

Figure 4.2 shows the 0* moment maps from the IRAM CS(2-1) observations for the nine cores
and compares the CS(2-1) emission with the deconvolved core sizes derived from the 850 pm dust
emission from the SCUBA survey (Nutter & Ward-Thompson, 2007). The color scale and contours
show the CS(2-1) data from IRAM, and the green dashed lines indicate the definitions of cores from
the 850 pm survey. The 850 pum dust-derived masses reported in Table 4.1 are calculated based
on the 850 integrated flux density within the green ellipses (Nutter & Ward-Thompson, 2007). As
shown in the figure, the CS(2-1) emission is detected near the positions of the cores defined by
the 850 pum observations. However, several of the 850 pum cores mismatch the morphologies traced
by CS(2-1) (core 1, 4, 5, 7), and several show discrepancies in the areas of emission (core 2, 8).
The inconsistency suggests that dust and gas traced by CS(2-1) are not well correlated in the early
stage of star formation (Morata et al., 2012).

Figure 4.2 shows that the IRAM CS(2-1) sources are mostly single-peaked emission, and are
usually associated with non-spherical, elongated structures. The non-spherical morphologies agree
with previous studies of dense cores, which showed that the majority of dense cores are tri-axial

0" moment maps from the

including prolate or oblate (e.g., Tassis, 2007). Figure 4.3 shows the
IRAM CS(3-2) and C*S(2-1) data compared with the CS(2-1) data for the five cores which are
detected. CS(3-2) and C34S(2-1) are in general optically thinner than CS(2-1). These three lines
show consistent morphologies, and the CS(3-2) peaks coincide well with the CS(2-1) peaks. There
are a few differences; for example, the C34S(2-1) emission shows more than one peak for core 2,

but shows only one peak for core 8. Both CS(3-2) and C3*S show more spherical shape of the core

than the CS(2-1) emission.
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CS(2-1) column densities

We estimate the optical depths and peak column densities of CS(2-1) based on the CS(2-1) and

C345(2-1) emission. We first estimate the optical depths of CS(2-1) and C34S(2-1) by

Typ(C3*S) 1 —exp(—7)
Tug(CS) 1 —exp(—1f)’ (4.1)

where Tj/p is the main beam temperature of the molecular line, and f is the CS to C34S ratio.
T is calculated from the observed antenna temperature divided by the main beam efficiency (0.8
as reported in Sect. 4.2.2). Tx;5(CS) and Tj;5(C**S) are measured from the flux within the beam
size centered at the CS(2-1) peak emission. The measured values for Tp;5(CS) and Ty p(C31S) are
listed in Table 4.3. We use 22.5 for the the CS to C3*S ratio, assumed to be the terrestrial value

(e.g., Kameya et al., 1986). We further estimate the excitation temperature from the radiative

Tey = hw [ln ( T hw/k + 1)
k 1_MB +Jy(Tbg)

e—T

transfer equation
-1

hv/k

where J’U (T) = W

, v is the frequency of the molecular transition, and Ty, is the background

temperature assumed to be 2.73 K. With the assumption of LTE, the column density then can be

N Qrot SIKI -1
=1.67 x 10" 2™
[sz] 8 grgr | erg cm? statC—2 cm—2

X [ﬁ}_2 Eu/Tez[ v ]_1 T Jo(Tex)

calculated from

e

D GHz v(Tex) — JU(Tbg)
% T fTMBdU
1—e 7 |Kkms |’

The parameters and their values used in the equation are listed in Table 4.4 (Rohlfs & Wilson,
2000). We assume an abundance ratio between CS(2-1) and Ha at the center of a core to be
2 x 10719 (the result from modeling in a later section) in converting the CS column densities to
Hs column densities. Using a constant abundance ratio instead of a profile with central depletion
is justified since the cores are chemically less evolved (see Sect. 4.3.1). Frau et al. (2010) reported
similar CS-to-Hy abundance ratio (few times 107'%) in the chemically young starless cores in the
Pipe Nebula.

We further estimate the masses and number densities within the beam size (25”) for the cores
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assuming sphericity:

My, = pmgD? / Ny, d<Q,

43 /3’

nH,

where my is the hydrogen mass, D is the distance to Orion (414 pc from Menten et al. (2007)),
and r is the radius of the beam. The derived values for the optical depths, excitation temperatures,
column densities, and LTE masses at the peak positions are listed in Table 4.3.

The results show that the optical depths of CS(2-1) are between 2 to 5; similar optical depths
for CS(2-1) are reported in other star-forming cores (Frau et al., 2010; Morata et al., 2003). The
excitation temperatures range from 6.5 K to 19 K with the average temperature of 11.3 K, in
agreement with the kinetic temperature of 10 K (to 15 K) for starless cores (e.g., Schnee et al.,
2009). This suggests that the cores are thermalized; the thermalization is also suggested by the
high number density (several times 105 cm~3) compared to the critical density for CS (~ 10% cm™3;
see Evans (1999)). The LTE masses indicate that these cores are massive star-forming regions.
The LTE masses are not consistent with the dust-derived masses from the 850 pym observations,
possibly due to the higher temperature (20 K) used in the dust-derived masses calculation, the
assumed dust opacity, the imperfect coupling between dust and gas, and optical depth effects.

The derived column densities (> 10 ¢cm~2) are comparable to several massive star-forming
regions (e.g., Beuther et al., 2007b) and are slightly higher than some intermediate mass-star
forming regions (e.g., Lee et al., 2011). The number densities range from 4.7 x 10° to 3.7 x 107
cm~3. The simulation performed by Keto & Field (2005) which includes hydrodynamics, radiative
cooling, variable molecular abundance, and radiative transfer concludes that starless cores with

3

central densities larger than a few times 10° cm ™ are dynamically unstable and may proceed to

gravitational collapse, suggesting that our cores are gravitationally bound.
4.3.2 CARMA maps
CARMA CS(2-1) maps

Figure 4.4 shows the CARMA observations of CS(2-1) (red contours) overlaid on the CS(2-1)

observations from the IRAM 30-m telescope (grey scale in the left panel), JCMT 850 pm dust
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emission (grey scale in the middle panel), and the Herschel 500 um dust emission (grey scale in the
right panel). As seen in the figure, most of the cores (except core 5) show multiple intensity peaks in
the CARMA CS(2-1) emission within the IRAM cores with single peaks, suggesting fragmentation.
These fragments are not in spherical morphologies and are spatially connected to each other. The
number of fragments range from three to five in each core. Core 5 is associated with one single
object in spherical shape and does not show signs for fragmentation.

The CARMA CS(2-1) emission well traces the small-scale filamentary structures probed by the
JCMT 850 pm observations and Herschel 500 pm observations. For example, core 1 is associated
with the filamentary structure in the North-East and South-West direction as clearly seen in the
850 pm and 500 pm images. The tight connection between the structures probed by CS(2-1) and
dust emission is reminiscent of the star formation activities along filamentary structures at large
scales (see Lee et al., 2012), suggesting the importance of filamentary structures to star formation
at small scales.

Figure 4.5 shows the comparison between the CS(2-1) fluxes from the IRAM observations and
CARMA observations for the eight cores. The black lines indicate the IRAM fluxes and the red
lines present the CARMA fluxes. To do this comparison, the CARMA maps are convolved with
the beam size of the IRAM 30-m telescope (25”). For both IRAM and CARMA fluxes, the spectra
are then extracted from the averaged flux within the lowest contour level for each core shown in
Figure 4.3. Some of the cores (Core 1, 2, 4, 7 and 8) show that the CARMA fluxes are largely
resolved out while the other cores (Core 3, 5 and 6) show comparable CARMA and IRAM fluxes.
The largely resolved out fluxes with Core 1, 2, 4, and 8 may be associated with converging flows

at larger scales (see Sect. 4.4.1).

CARMA Ny;H"(1-0) maps

NoH™'(1-0) is detected only in core 4 and core 8 with CARMA while the other cores show no
detections. Figure 4.6 shows the comparison between CARMA CS(2-1) and NoH™(1-0) for these
two cores. The red contours are the NoHT(1-0) 0 moment maps and the cyan contours are the
CS(2-1) 0" moment maps. The blue dashed lines indicate the IRAM CS(2-1) emission. For core 4,
NoH™(1-0) shows multiple peaks with the strongest emission outside the IRAM contour. For core

8, NoH™(1-0) also shows two major peaks. Although the positions of NoH'(1-0) peaks do not well
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coincide with the CS(2-1) peaks for both cores, NoH™(1-0) still shows the clumpy nature for these
cores, suggesting that the fragmentation detected by optically thicker tracer CS(2-1) is not due to

the chemical effect from depletion.

CARMA continuum maps at 3 mm

CARMA continuum observations at 3 mm showed no detections. The non-detection is reminiscent
of the lack of 3 mm continuum emission in CARMA D array maps towards 9 starless cores in the
Perseus molecular cloud Schnee et al. (2010). Lee et al. (2012) suggested that the non-detections
are probably due to CARMA’s sensitivity. Future observations with better sensitivity are required
for further characterization on dust properties at millimeter-wavelengths. We calculated the mass

sensitivity from the 30 upper limit using the equation:

d2 S 3mm

M= - Zomm
Bu (TD)HZ’)mm

(4.2)

where d is distance to Orion, S3,, is three times the noise level, B, is the Planck function as a
function of dust temperature Tp, and Ksmm is the dust opacity. We use a typical dust temperature
of 10 K for starless cores and 0.00169 cm? g=! for K3, (an extrapolated value from (Ossenkopf &
Henning, 1994)) by assuming a gas-to-dust ratio of 100 and 8 = 2. The noise levels for the cores
and the mass upper limits corresponding to 30 are presented in Table 4.5. These mass limits are

only for substructures and the large-scale emission is not detected.

4.4 Results and Data Analysis 1I: Kinematics

4.4.1 Large-scale Kinematics with IRAM
Velocity Gradients Fitting

Figure 4.7 shows the first moment maps from the IRAM CS(2-1) data for the nine cores. The maps
are masked based on the CS(2-1) contours. As shown in the figure, velocity gradients are observed
in several cores (core 1, 2, 4, 7, 8 and 9). To derive the magnitudes of the velocity gradients,
we assume that the gradients are linear in both right ascension and declination direction. Using

the first-moment maps, the velocity gradients are computed based on the method described in
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Goodman et al. (1993), but with the MPFIT function (Markwardt, 2009) implemented in IDL

performing the least-square fitting:
VLSR = Vo + ala + bAJ, (43)

where v is the systematic velocity, a and b are the velocity gradients along the right ascension and
declination, and A« and A§ are the position offsets in the right ascension and declination direction.

The total velocity gradients are defined as

where D is the distance (414 pc for Orion). The direction of the velocity gradients is then defined
as 0, = tan"1(2).
The fitting results of the velocity gradients for all the nine cores are listed in Table 4.6. The

1 1

total velocity gradients range from 1.4 to 12.1 km s~! pc™!, with the average value of 6.2 km s~
pc—t. Most of the velocity gradients are large compared to dense cores including starless cores and
protostars (0.3 to 4 km s~ pc™! from Goodman et al. (1993) and 0.5 to 6 km s~! pc™! in Caselli
et al. (2002)). Recent observations with higher resolutions have found larger velocity gradients.
For example, Curtis & Richer (2011) found the velocity gradients of ~ 5.5 km s~! pc~! for starless

L pct for protostars in Perseus. Also, Tobin et al. (2011b) found a median

cores and ~ 6 km s~
velocity gradient of 10.7 km s~! pc™! with several Class 0 objects from interferometric data.
These velocity gradients are often interpreted as rotation. However, the common interpretation
of rotation needs to be treated with caution since an inflowing filament can also produce the velocity
patterns that mimic rotation (Tobin et al., 2012a). Infall and rotation in spherical objects are easy
to distinguish since spherical infall exhibits blue-skewed spectra with optically thick lines across
the object (e.g., Lee et al., 1999; Pavlyuchenkov et al., 2008). However, infall and rotation in

filaments are more difficult to disentangle as both generate velocity gradients. The spectral maps

and position-velocity diagrams need to be examined carefully to correctly interpret the kinematics.
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Spectral Maps

Figure 4.8 shows the IRAM 30-m spectral maps overlaid on the first-moment maps for core 1, core
2, core 4 and core 8. We chose these four cores to present because they have the most prominent
velocity gradients. The separation between each spectral panel is 10”. Shifts in the velocity peaks
across the maps from blue-shifted to red-shifted velocity components are observed for each core.
Figure 4.9 shows the spectral maps along the white lines shown in Figure 4.8 and present the shift
more clearly. The white lines are determined by connecting the minimum and maximum velocities
in the maps. The white star indicates the central position in the white lines.

In Figure 4.9, we notice two main features of the spectra across the cores. First, a gradual
shift from blue to red in the peak velocities is observed across the cores as mentioned above. The
separations between the blue-shifted and red-shifted peak velocities are ~ 0.8 km s~! (core 1), 2.5
km s~! (core 2), 1.6 km s~! (core 4), and 1.7 km s=! (core 8). The blue peaks and red peaks do
not vary significantly across the cores, suggesting that the gas flows at a nearly constant speed.
Second, the blue components have stronger intensities than the red components. These two features
are observed for all four cores. To explain these two features, we performed a radiative transfer

modeling with one of the cores, core 2.

Radiative Transfer Modeling

We compare the CS(2-1) spectra from core 2 with radiative transfer calculations performed with the
code LIME (Line Modeling Engine; Brinch & Hogerheijde (2010)). The code calculates the emer-
gent spectra by solving the molecular line excitation with 3D Delaunay grids for photon transport
and accelerated Lambda Iteration for population calculations. The inputs to the code, which are
based on 3D structures, are the density, temperature, chemical abundance, velocity, and linewidth
profiles. Users also control parameters such as molecular lines, inclination angles, dust properties,
and image resolutions.

To be consistent with the flattened morphologies of the cores observed with IRAM, we consider
a cylindrically symmetric filament that contains inflowing!gas from the two sides to the center with
an inclination angle. The model is illustrated in Figure 4.10. The density is considered to vary with

the cylindrical R and Z to describe a flattened, filamentary structure. The density profile has the
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form of n(R,Z) = ng/[1 + (P%)O‘}/[l + (Z%)a], where ng, Ry and Zj are constant. The power-law
index « is taken to be 2.5 in the modeling, consistent with other starless cores (Tafalla et al., 2002,
2004). We varied ng with 3.0 x 105, 4.0 x 105, and 5.0 x 10° cm™3; Ry and Zy were varied with
four sets of numbers respectively: (4180 AU, 17333 AU), (5513 AU, 30000 AU), (6180 AU, 35066
AU), and (10000 AU, 43333 AU).

The temperature is assumed to be a typical temperature of 10 K for starless cores (e.g., Schnee
et al., 2009). For the CS(2-1) abundance, we have considered constant abundance ratios ([CS]/[Hz]
=107Y 3 x 10719 2 x 107!%) and a centrally depleted profile that has the abundance ratio of
10~ in the center and 10~ in the outer envelope. For the velocity field, we have considered two
profiles in both the velocity fields that are along the Z-axis only. First, we considered constant
velocities including 1.3 km s~! and 1.5 km s~!. Second, we considered a profile that has the form
of Keplerian rotation: v(Z) = vo(Z/Z.)~%5, where Z, is a constant to modulate the profile. vy was
varied with 2.0 km s~ !, 3.0 km s~!, and 4.0 km s~!; Z. was varied with 500 AU and 2000 AU.
The line dispersion was considered with 0.5 km s~! and 0.8 km s~!. The inclination angles were
tested with 18 degree, 45 degree, and 60 degree.

The best-fit gives a density profile of n(R, Z) = 3.0 x 105/[1 + (tgoaca0)>"1/[1 + (imzzar ) >
a constant temperature of 10 K, a constant [CS]/[Hz] abundance ratio of 2.0 x 10719, a constant
linewidth of 0.8 km s~!, a constant inflow velocity of 1.5 km s~!, and an inclination angle of 45
degree. The total reduced x? is calculated to be 1.58. The red line in the spectra of Core 2 in
Figure 4.11 shows the best-fit from the radiative transfer modeling. The top figure shows the result
from the inflow model. The model has been convolved with the same beam size as the observational
data.

The model successfully explains the two features we observed in the spectral maps. With an
inclination angle, the gas flow further from observers becomes blue-shifted and the side closer to
observers becomes red-shifted. Therefore, shifts of peak velocities between blue components to red
components are observed. For an optically thick line such as CS(2-1), the emission produced in the
blue-shifted side is closer to the symmetrical center (P1 in Figure 4.10) than the emission produced
in the red-shifted side due to the projection (P2 in Figure 4.10). The spectral intensity is higher
closer to the symmetric center since the excitation temperature is higher due to the density profile.

As as result, we see the intensities in the blue-shifted side always larger than the red-shifted side.

62



The reason for this asymmetry is similar to the blue-skewed spectra for spherical infall (e.g., Evans,
1999). However, we stress that the central dip seen in the model shown at the center of the core is
not caused by self-absorption. Instead, the dip is due to the overlapping between the two Gaussian
velocity components. Self-absorption would occur at the inflow velocity for each of the velocity
component; however, although CS(2-1) is optically thick (7 ~ 3) for our cores, we do not observe
self-absorptions.

As mentioned above, it is considerably challenging to distinguish between 2D inflow or rotation
on a filament from observations (Tobin et al., 2012a). To examine the differences between the
two compared with our data, we also performed the radiative transfer modeling on a cylindrically
symmetric filament with rotation on the R- axis. All the profiles and parameters are the same as the
best-fit model for filamentary inflow except for the velocity field. The velocity field we adopted is
a constant velocity field along the line-of-sight since the two peaks of the red and blue components
nearly stay constant and the best-fit for the inflow model gives a constant velocity. Therefore, the
velocity field shows a profile of differential rotation where w(z) o %

Figure 4.11 shows the spectra from the rotation model. The black lines are from the data of
Core 2 and the red lines indicate the radiative transfer model. As shown in the figure, the model

fails to describe not only the broad linewidth in the central position but also the *

‘wing” features
in the off-center positions. The x? for the model is 1.8, larger than the inflow model.

In addition, we compare the position-velocity diagrams (PV diagrams) between the observa-
tional data, inflow model, and rotation model as shown in Figure 4.12. With the same angular
resolution, the inflow model better demonstrates the observed discontinuity between the two ve-
locity components. The data shows an encounter of two velocity components at the position of
zero offset. Such a feature is clearly seen in the inflow model but not in the rotation model at all.

In summary, we suggest that the inflow model describes the data much better than the rotation

model as the dominating mechanism for the kinematics.

4.4.2 Small-scale Kinematics with CARMA

Figure 4.13 shows the first moment-maps with the CARMA CS(2-1) data. The maps are masked

based on the 50 contours in the zeroth moment maps (100 for core 6 and core 8 to avoid too

'To distinguish from 1D spherical infall, we use the term “inflow” to describe gas infall on a 2D filament.
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extended structures). The magenta contours indicate the IRAM CS(2-1) cores. Most of the cores,
including core 1, 2, 3, 4, and 8, show similar behavior in the velocity patterns as the IRAM CS(2-1)
results. For example, the global velocity gradients in core 1, 2, 4, and 8 are also observed in the
CARMA data. However, the CARMA data show more complex structure in the velocity fields as
CARMA is more sensitive to smaller scales. For some cores (Core 1, 3, 6, 7, and 8), the fragments
are more obviously identified in the channel maps and have their own velocity components. In
comparison, the fragments associated with Core 2 and 4 are more blended with each other in the

channel maps.

4.5 Discussion

4.5.1 Hierarchical Fragmentation

Hierarchical fragmentation from large-scale molecular clouds (few parsecs) to star-forming cores
(0.1 pc) have been observed by previous observations. At parsec-scales, molecular clouds have been
extensively observed to fragment into clumps of sub-parsecs (e.g., Onishi et al., 1998; Tkeda et al.,
2007; André et al., 2010; Schneider et al., 2010; Hill et al., 2011; Liu et al., 2012). Several studies on
the earliest stage of massive to intermediate star formation with high angular resolution (PdBI and
SMA) have revealed fragmentation inside sub-parsec clumps to 0.1 pc cores (e.g., Peretto et al.,
2006; Zhang et al., 2009; Pillai et al., 2011) at millimeter wavelengths. These studies have important
implications to massive star and cluster formation.

Limited by angular resolution and large distance to massive star-forming sites, the study of
fragmentation inside 0.1 pc cores did not progress much until recently. With the angular resolution
of 5" provided by CARMA and the relatively small distance to Orion (414 pc) in this study, the
CARMA observations reach a spatial resolution of ~ 2000 AU. Our observations revealed that
multiple fragments are associated with each massive starless core of 0.1 pc (Sect. 4.3.2), suggesting
that hierarchical fragmentation continues to occur at 0.1 pc scales and 0.1 pc cores fragment to
even smaller condensations. Recent observations with comparable angular resolutions have reported
similar results of fragmentation inside 0.1 pc massive cores at millimeter wavelengths. For example,
Bontemps et al. (2010) observed a total of 23 fragments inside 5 massive dense cores in Cygnus

X. Wang et al. (2011) revealed 3 condensations of 0.01 pc inside two of the 0.1 pc cores in IRDC
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G28.34-P1. Among the 18 massive dense cores (~ 0.1 pc) that Palau et al. (2013) studied, >50%
showed > 4 fragments and 30% showed no signs for fragmentation. Furthermore, using an even
higher angular resolution of few hundred AUs and targeting nearby star-forming region Ophiuchus,
Nakamura et al. (2012) and Bourke et al. (2012) unveiled the fragmentation inside low-mass 0.1 pc
prestellar cores, suggesting a scenario beyond single collapse even for low-mass stars. Some of these
condensations are prestellar in nature (Bontemps et al., 2010; Nakamura et al., 2012), and some of

them are protostellar evidenced by outflows (Wang et al., 2011; Naranjo-Romero et al., 2012).

4.5.2 Mechanism for Fragmentation: Turbulence + Magnetic Fields

The results from the radiative transfer modeling (Sect. 4.4.1) suggest a highly supersonic linewidth
(0.8 km s~1) for Core 2, implying that the environment is highly turbulent and turbulence is playing
an important role in fragmentation. Our modeling also showed that signs for fragmentation occur
at the colliding point of the convergent flows. This is broadly consistent with the “turbulent
fragmentation” scenario (e.g., Klessen et al., 2005; Padoan & Nordlund, 2002), in which density
fluctuations are generated at small-scales (0.1 pc) when large-scale shocks dissipate, which lead to
star-forming cores.

Our results suggest the number of fragments associated with each massive starless core to
be ~ 3 - 5. This level of fragmentation is consistent with the recent studies of fragmentation
inside massive dense cores in Cygnus-X (Bontemps et al., 2010) and the two prestellar cores in
p-Ophiuchus (Nakamura et al., 2012). However, this number of fragments is not quite consistent
with the prediction from several turbulent fragmentation models (e.g., Bonnell et al., 2004; Dobbs
et al., 2005; Jappsen et al., 2005) since these models predict a much higher number of fragments.
For example, Dobbs et al. (2005) performed purely hydrodynamical numerical simulations of a
turbulent core of density structure p o< r~1> with a initial mass of 30 M (comparable to that of
our Core 2) and a radius of 0.06 pc. The study found that the core fragments into ~ 20 objects.

The number of fragments can in principle be reduced by radiation feedback (Krumholz et al.,
2007) or magnetic fields (Hennebelle et al., 2011). The combination of the two effects work more
efficiently in suppressing fragmentation (Commergon et al., 2011; Myers et al., 2012), with the
radiation feedback effectively suppressing the fragmentation in high-density regions (the center of

the core) and magnetic fields effectively suppressing the fragmentation in low-density regions (the
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outer part of the core). However, since the cores we studied are starless, the radiation feedback
is expected to be weak. On the other hand, large-scale magnetic fields are observed in the main
region of OMC-1 that is close to our cores (e.g., Houde et al., 2004), supporting the argument that
magnetic fields may play a role in the fragmentation process. Measurements of magnetic fields on
small-scales at the position of the starless cores are needed to further determine the precise role of

magnetic fields.

4.5.3 Role of Supersonic Converging Flows

We obtained a dynamical velocity pattern in the supersonic converging flows (Sect. 4.4.1) associated
with Core 2 from the radiative transfer modeling. Other cores including Core 1, 4 and 8 all showed
similar spectral features as Core 2 (see Sect 4.4.1) which can be explained by converging flows. Only
a few studies have detected the sign for such supersonic convergent flows at 0.1 pc scale (Csengeri
et al., 2011a,b). The origin of the supersonic flows is difficult to identify; however, it is natural to
speculate the origin being the large-scale flows at few parsecs scale since the prominent large-scale
filamentary structures may be due to large-scale turbulent flows (e.g., Mac Low & Klessen, 2004).

Is the converging flow dynamically important in the star formation process? We calculated the
flow crossing time as: teross = R(0.05pc) /vins(1.5km/s) = 3.0 x 10% yr, where v,s is the inflow
velocity derived from the radiative transfer modeling. The free-fall time is ¢ = 3375;) =1.5x10%
yr, where we use the derived central density for p in the calculation and therefore the derived
free-fall time is an upper limit. The flow-crossing time is the timescale that the flows at 0.1 pc
scale bring material down to the center, and the free-fall time is the timescale for the material to
collapse gravitationally. The flow crossing time is comparable to the free-fall time, suggesting that
the flow is dynamically important in forming the density condensations. However, the crossing
time is slightly larger than the free-fall time, suggesting that gravity takes over at small-scale in
driving the dynamical process of star formation. All together, we suggest that large-scale flows
initiate the density condensations, and gravity becomes dominant at small-scales which enhances
the converging flows.

We also estimated the mass inflow rate along an filament: Mmf =2x WR?%’Z X Numean X [ X

1

m X vy = 2.35 X 1073 Mg, yr~!, where Ry = 0.025 pc is the radius of the cylinder (estimated

from the model; see Fig. 4.10), npmeqn is the mean number density of the cylinder, p is the mean
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molecular weight, and m is the mass of hydrogen. The LTE mass of Core 2 is estimated to be
36.6 My (Sect. 4.3), and therefore the formation timescale for Core 2 is ~ 1.5 x 10* yrs. The
inflow velocity and mass inflow rate appear to be large compared to low-mass stars which typically
have infall velocities ~ 0.1 km s™! (e.g., Lee et al., 2004). However, higher inflow velocities and
mass inflow rates are not surprising for massive star-forming regions. For example, several high
infrared extinction clouds with massive star formation in Rygl et al. (2013) have the spherical infall
velocities in the order of 0.3 - 7 km s~! and mass infall rates on the order of 1.4 - 22.0x1073 Mg,
yr~L. Peretto et al. (2006) reported a similar mass inflow rate in a protocluster NGC 2264-C with
intermediate- to high- mass star formation. The study found a mass inflow velocity of 1.3 km s~
along a cylinder-like, filamentary structure on a spatial scale of 0.5 pc. We are probably seeing the

continuation of the 0.5 pc - scale flow down to the scale of 0.1 pc. However, the underlying physical

reason for such highly supersonic velocities is still unclear.

4.5.4 Implications for Massive Star and Cluster Formation

Our result does not fully support either the turbulent core scenario or the competitive accretion
scenario. The discovery of fragments in our study makes it harder to form massive stars in these
cores via the turbulent core model proposed by McKee & Tan (2003), since the core mass will
eventually go to a number of objects rather than a single star. McKee & Tan (2003) suggests
a minimum mass accretion rate of 1073 My yr~—! to overcome the radiation pressure and form
a massive star. By this criterion, our Core 2 has a high enough inflow rate to form massive
stars; however, the inflow may not feed just one single object since the core contains multiple
fragments. Krumholz & McKee (2008) suggests that a minimum column density of 1 g cm™?2
can avoid fragmentation through radiative feedback. We suggest that this is a necessary but not
sufficient condition for massive star formation: all cores in this study have column densities larger
than that threshold (see Table 4.3), and yet they have already fragmented before the radiative
feedback kicks in.

Our result is broadly consistent with a scenario of turbulent fragmentation, with the number of
fragments perhaps reduced by magnetic fields. However, while it is possible that the fragmentation

continues to occur during the later stages of evolution and/or future massive stars could form via

competitive accretion (Bonnell et al., 2004; Bonnell & Bate, 2006), our observations highlighted a
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feature that is not present in the standard competitive accretion scenario: rapid converging flows
along dense filaments that feed matter into the central region. This feature is similar in spirit to
the model proposed by Wang et al. (2010) where the mass accretion rate onto a massive star is set
mainly by the large-scale converging or collapsing flow, rather than the gravitational pull of the
star itself.

As each fragment has the potential to collapse individually and form protostars, it is suggestive
that we are witnessing the formation of clusters at the very early stages and multiplicity occurs
already in the prestellar phase. Given a 30% core formation efficiency (Bontemps et al., 2010) for a
30 Mg core (Sect. 4.3), each individual fragment inside a core will be forming low- to intermediate-
mass stars. Therefore, we suggest that these cores are in the dynamical state of forming low- to
intermediate- mass protoclusters (e.g., Lee et al., 2011).

Although our study is unique in observing massive starless cores at a distance < 500 pc with
high spatial resolution, the number of observed fragments may increase with higher resolution
and more sensitivity. Follow-up studies of dust continuum with higher resolution are necessary to
compliment this study and accurately constrain the properties of these cores, including the masses

and the dynamical states of these cores.

4.6 Conclusion

We observed nine starless cores in the Orion-A North region with the IRAM 30-m telescope and
eight cores out of the nine cores with the CARMA D-array using CS(2-1). Our main conclusions

are as follows:

1. The IRAM 30-m observations showed no detection of NoDT(2-1) for all the nine cores, and
the CARMA observations showed NoH™(1-0) for only two cores (Core 4 and Core 8). As
CS(2-1) is regarded as an “early-time tracer” and N-bearing species (NoD1(2-1), NoH™ (1-0))
as “late-time tracers”, this result suggests that most of our cores are at the very early stage

of star formation.

2. The CS(2-1) observations with the IRAM 30-m telescope showed that majority of the starless

cores are single-peaked, and the morphologies traced by CS(2-1), C34S(2-1) and CS(3-2) are
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mostly consistent with each other. The column densities estimated from CS(2-1) range from

7 — 42 x 10?2 em~2 and the LTE masses range from 20 Mg to 154 M.

. The comparison between the CARMA CS(2-1) data, the IRAM CS(2-1) data, JCMT 850
pm dust continuum, Herschel 500 pum data shows that gas structures probed by CS(2-1) are
forming along small-scale filamentary structures traced by dust continuum, suggesting the

importance of filamentary structures to star formation even at small scales.

. The CARMA CS(2-1) observations show fragmentation inside all the cores except for Core

5. The number of fragments associated with each core ranges from 3 to 5.

. Five cores showed obvious velocity gradients across the cores in the IRAM CS(2-1) data.
We performed a two-dimensional fitting to the velocity gradients by assuming the velocity
gradients are linear. The fitting results showed that the velocity gradients range from 1.7 -

14.3 km s~! pcL.

. Four cores (Core 1, Core 2, Core 4, Core 8) showed two common features in their spectra along
the direction of the velocity gradients. First, the velocity peak changes from blue-shifted to
red-shifted across the cores. Second, the intensity of the blue peak is always stronger than

the red peak.

. We propose a model of a cylindrically symmetric filament with converging inflows from the
two sides toward the center to explain the two spectral features. We modeled Core 2 with
this proposed kinematic model with the radiative transfer code LIME (Brinch & Hogerheijde,
2010), and verified that the kinematic model successfully explains the two features. The
best-fit gives a constant supersonic speed of 1.5 km s~! for the flow velocity and a supersonic
linewidth of 0.8 km s~!. A mass inflow rate of 2.35 x 1073 Mg, yr~! is inferred from the inflow

velocity.

. The supersonic linewidth from the modeling suggests that the core environment is highly
turbulent and the fragmentation revealed by the CARMA observations may be due to turbu-
lent fragmentation. However, the number of fragments is much less than the predictions from
turbulent fragmentation models (e.g., Dobbs et al., 2005), indicating that magnetic fields may

be playing an important role in reducing the level of fragmentation (Hennebelle et al., 2011).
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9.

10.

The small-scale converging flow is dynamically important to the formation of the cores and
their substructures. We suggest that large-scale flows initiate the density condensations, and
gravity becomes dominant at small-scales which enhances the converging flows. Due to the
high mass inflow rate, each fragment is likely to collapse individually and form seeds for future
protoclusters. Given a core formation efficiency of 30%, we suggest that these cores are in

the dynamical state of forming low- to intermediate- mass protoclusters.

The fragmentation observed in our cores makes massive star formation via the turbulent core
model proposed by McKee & Tan (2003) more difficult. Our result does not fully support the
standard competitive accretion model either, since it does not account for our inferred rapid

inflow along filaments, which may be an important way of feeding massive protostars.
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Table 4.1: Coordinates of the detected sources

Source R.A.(2000) Dec.(2000) 850 pum dust mass®
Core 1 05:35:22.2 -05:25:10 47.4 Mg
Core 2 05:35:02.2 -05:24:53 1.4 Mg
Core 3 05:35:25.4  -05:24:33 54.6 Mg
Core 4 05:35:05.6  -05:22:53 8.5 Mg
Core 5 05:35:31.9  -05:22:33 5.3 Mg
Core 6 05:35:25.6  -05:20:15 14.0 Mg
Core 7 05:35:37.6  -05:18:22 5.8 Mg
Core 8 05:35:20.0  -05:18:10 12.5 Mg
Core 9  05:35:38.5 -05:17:18 3.0 Mg

“The 850 pm dust masses were calculated assuming a tem-

perature of 20 K, a mass opacity of 0.01 cm? g~

1

, and a distance

of 414 pc to Orion. See Nutter & Ward-Thompson (2007) for

more details.
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Table 4.2: Molecular Line Observations with the IRAM 30-m Telescope

Line transition  Frequency

Signal-to-Noise Ratio (from the peak intensity)

(GHz) Corel Core2 Core3 Cored Coreb Core6 Core7 Core8 Core9
H3COT(1-0)  86.754330 0 0 a0 a - - . .
C343(2-1) 96.412982 8.0 5.3 13.4 e 4.7 e 0 10.6 a
CS(2-1) 97.980968 28.0 13.1 43.3 96.2 37.0 5.6 70.2 1379 28.7
18C0O(1-0) 109.782182 7.7 6.5 10.9 - - . - 18.5 _
CS(3-2) 146.969049 20.0 8.0 36.0 12.3 . 7.1 20.8 a
NoD+H(2-1) 154.217206 0 0 0 0 - - e
18CO(2-1) 219.560319 5.7 3.3 9.8 - .. .- . 6.8 -
12C0(2-1) 230.537990 13.7 0 11.5 20.8 4.7 52.3 55.6 92.8 50.0

O means no detection (below the 30 level) with the molecular line.
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Table 4.3: Properties of CS Cores

Source Transition TA T ITAdU Tex,CS(Qfl) NH2 EHz MH2 N,
(K) (K km s~ 1) (K) (x10%% cm~2) (g cm™2 (Mg)  (x10% cm™—3)

Core I  CS(2-1) 6.81 224 12.46 12.76 7.28 1.81 26.60 5.44
C343(2-1) 072 0.10

Core 2 (CS(2-1) 3.90  2.69 15.74 8.38 10.02 2.48 36.60 7.47
C348(2-1) 047  0.12

Core 3  (CS(2-1) 5.32  3.66 10.67 10.02 8.85 2.19 32.34 6.61
C348(2-1) 0.82 0.16

Core 5 CS(2-1) 2.64 4.78 4.63 6.42 5.32 1.32 19.40 3.97
C348(2-1) 051 0.21

Core 8  (CS(2-1) 1247 4.69 31.88 19.01 42.14 10.45 154.00 31.46
C318(2-1) 237 0.21
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Table 4.4: CS(2-1) Properties

Parameter Description Value
Qrot rotational partition function 0.86T,;

g7, Sk degeneration of the quantum number gr=1, gr=1
Sp? S: line strength, p?: dipole moment 7.71 debye
E. energy in the upper state 70K

v frequency of the molecular line 97.980968 GHz
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Table 4.5: Noise Level for 3 mm continuum observations and Mass Sensitivity

Source Noise Mass®

(mJy beam™!)  (Mg)
Core 1 4.7 < 2.85
Core 2 1.3 < 0.79
Core 3 7.7 < 4.67
Core 4 1.9 < 1.15
Core 5 2.2 < 1.33
Core 6 2.4 < 1.42
Core 7 15.0 < 9.09
Core 8 1.9 < 1.15

“The mass corresponds to the 30 upper
limit for detection.
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Table 4.6: 2D fitting of velocity gradients

Source vy a b g 04
(km s~1) (km s~ ! pc7!) (kms7!pc!) (kms7!pcT!)  (degree)
Core 1 10.4940.20 3.43£0.35 1.17+0.43 4.284+0.42 71.9£5.7
Core 2 9.9140.16 -9.96+0.51 -6.911+0.76 14.314+0.71 55.2£2.8
Core 3 10.2540.20 0.8740.45 -1.11£0.41 1.66+0.51 321.7+17.3
Core 4 7.98+0.19 -8.8740.52 -1.76£0.92 10.6740.64 78.794+3.4
Core 5 7.284+0.19 -4.31+0.84 -8.07£1.40 10.81£1.52 28.10+8.1
Core 6 7.07£0.12 -0.43£0.45 -1.36£0.58 1.69+0.61 17.42422.9
Core 7 9.77£0.20 2.67+0.46 6.73+0.48 8.54+0.55 21.63£3.8
Core 8 9.45+0.10 -6.014+0.34 0.18+0.31 7.09+0.40 271.843.2
Core 9 9.29+0.28 3.68+0.80 3.77+£0.58 6.22+0.83 44.3£7.6
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Figure 4.1: The 850 ym dust continuum image of Orion A-North from the JCMT SCUBA archive.
The positions of the nine cores observed with the IRAM 30-meter telescope are plotted with red
circles.
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Figure 4.2: The 0** moment maps from the IRAM CS(2-1) observations toward the nine starless cores.
The blue circle in each panel indicates the beam size (25”) of the IRAM 30-m telescope. The green dashed
ellipses are the definitions of 850 pm dust cores from Nutter & Ward-Thompson (2007). Most of the cores
show single peaks and are associated with elongated structures. The 0** moment maps are generated from
these velocity ranges: Core 1: (11.91, 9.16) km s~1; Core 2: (13.23, 6.77) km s~1; Core 3: (11.73, 8.57) km
s~1; Core 4: (12.03, 5.58) km s~1; Core 5: (8.57, 4.38) km s~!; Core 6: (8.39, 5.04) km s~1; Core 7: (15.74,
3.79) km s~1; Core 8: (11.91, 7.49) km s~*; Core 9: (12.15, 7.37) km s~!. The contour levels (o, starting
level, interval) are as following. Core 1: 0=0.6 K km s~!, 150, 1.50. Core 2: ¢=0.38 K km s~!, 300, 20.
Core 3: 0=0.26 K km s7!, 250, 40. Core 4: 0=0.62 K km s~ !, 620, 20. Core 5: 0=0.26 K km s~!, 100,
20. Core 6: 0=0.23 K km s™!, 200, 3. Core 7: ¢=0.2 K km s~!, 150, 20. Core 8: 6=0.26 K km s~ !, 900,
50. Core 9: ¢=0.2 K km s~ !, 100, 1.50.
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Figure 4.3: 0" moment maps from the IRAM CS(3-2) and C3*S(2-1) observations for the five
starless cores. The black contours in the left panels show CS(3-2) and the black contours in the
right panels show C34S(2-1). The red contours are the IRAM CS(2-1) emission (lowest contours in
Fig. 4.2) and the red stars are where the CS(2-1) emission peak. The contour levels (o, starting
level, interval) for CS(3-2) are: Core 1: o = 0.38 K km s7!, 250, 50; Core 2: 0 = 0.56 K km s~}
190, 1o; Core 3: ¢ = 0.33 K km s~ !, 350, 100; Core 5: ¢ = 0.23 K km s™', 150, 50; Core 8:
o = 0.52 K km s, 350, 100. The contour levels (o, starting level, interval) for C3*S(2-1) are:
Core 1: ¢ = 0.07 K km s7 !, 80, 20; Core 2: 0 = 0.29 K km s™!, 50, 0.50; Core 3: ¢ = 0.1 K km
s71, 100, 20; Core 5: ¢ = 0.06 K km s™!, 50, 20; Core 8: ¢ = 0.16 K km s™!, 150, 50.
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Figure 4.3: continued.
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Figure 4.4: The 0" moment maps from the CARMA CS(2-1) observations (red contours) overlaid
on the IRAM CS(2-1) observations (first column), JCMT 850 pm dust continuum (second column),
and the Herschel 500 pm dust continuum (third column). The contour levels (o, starting level,
interval) are: Core 1: ¢ = 0.32 Jy beam~! km s™!, £50, xv/20; Core 2: ¢ = 0.32 Jy beam™! km
s~ 450, £20; Core 3: 0 = 0.45 Jy beam™! km s~!, +50, +50; Core 4: ¢ = 0.4 Jy beam~! km
s~!, +50, +30; Core 5: ¢ = 0.18 Jy beam™! km s™!, +50, +50; Core 6: ¢ = 0.16 Jy beam ™' km
s~!, £100, +100; Core 7: 0 = 0.2 Jy beam™! km s~!, +50, +20; Core 8: ¢ = 0.6 Jy beam ™! km
s~ +100, +30.
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Figure 4.4: Continued.

82




10

Core 1 1 L Core 2| @ - Core 3

Core 4 A

10
Velocity (km/s)
——

Core 5 [ Core 6 - Core 7

Tus (K)

5 10 5 10 5 10 15
Velocity (km/s)

Figure 4.5: Comparison between the IRAM CS(2-1) flux density (black lines) and the CARMA
CS(2-1) flux (red lines). The rms noises for the IRAM data are: 0.24 K (Core 1), 0.15 K (Core 2),
0.1 K (Core 3), 0.085 K (Core 4), 0.1 K (Core 5), 0.09 K (Core 6), 0.075 K (Core 7), and 0.075 K
(Core 8). The rms noises for the convolved CARMA data are: 0.096 K (Core 1), 0.17 K (Core 2),

0.17 (Core 3), 0.094 K (Core 4), 0.087 K (Core 5), 0.093 (Core 6), 0.116 K (Core 7), 0.122 K (Core
8).
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Figure 4.6: The 0" moment maps from the CARMA NyH*(1-0) observation (red contours and
grey scale) in comparison with the 0* moment maps from the CARMA CS(2-1) observations (cyan
contours). The blue dashed lines are the JCMT 850 pm definition. The contour levels for the

NoH™(1-0) emission are 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of the peak
intensities (in Jy beam ™! km s71).
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Figure 4.8: Spectral maps overlaid on the first moment maps (from Fig. 4.7) from the IRAM CS(2-
1) observations. Upper left: Core 1. Upper right: Core 2. Bottom left: Core 4. Bottom right:
Core 8.
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Figure 4.10: The model for the radiative transfer modeling.
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Figure 4.11: The inflow model (top) and the rotation model (bottom). The black lines are from
the data of Core 2 and the red lines indicate the radiative transfer model.
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90



Y offset (")

20 0 -20 —40 40 20 0 -20 —40 20 0
X offset (")

7 7.5 8

Figure 4.13: First moment maps from the CARMA CS(2-1) data. The magneta lines are the IRAM
CS(2-1) cores. The color indicates velocity in km s~

91



Chapter 5

CARMA Large Area Star Formation
Survey: First Look at Serpens Main,
NGC1333 SVS-13, and Barnard 1

The work presented in this chapter is done by a large collaboration from several institutes and has
been presented in the 221st AAS meeting, 2013 by Looney et al. (2013), Mundy et al. (2013), and

Storm et al. (2013). All the figures are used with the permission of the authors.

5.1 Introduction

The star formation process spans a wide range of spatial scales from molecular clouds at parsecs to
young stellar objects at few thousand AUs. Low-density gas (~ 10? em™2) in the ISM forms denser
structures in molecular clouds (~ 103 cm~3) which evolve to higher density structures at small
scales to the formation of stars and clusters. This general picture presents a broad consensus in the
study of star formation; however, a comprehensive understanding toward star formation involving
turbulence, magnetic fields, and gravity at all spatial scales is not yet achieved. While several
theoretical scenarios have been proposed to address this question (Mouschovias & Spitzer, 1976;
Basu & Mouschovias, 1995; Mac Low & Klessen, 2004; McKee & Ostriker, 2007), observational tests
have been insufficient to directly probe the conditions for star formation from 1000 AU to parsecs.
Previous surveys of the nearby star forming regions have been carried out with the Herschel Goult
Belt Survey (e.g., André et al., 2010), Spitzer Legacy c2d project (e.g., Evans et al., 2003; Harvey
et al., 2006), and the JCMT Legacy Survey (e.g., Buckle et al., 2010). These surveys have provided
important views into star formation; nevertheless, we have lack the perspective from observations at
millimeter wavelengths covering 1000 AU to parsecs scales with required sensitivity and resolution.

The CARMA Large Area Star-forming Survey (CLASSy), a large survey toward star-forming
regions in the nearby Goult Belt, addresses this gap. By combining the cross-correlation and auto-

correlation data with the full CARMA 23 antennas, the CLASSy project aims to reconstruct the
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emission over a broad range of spatial scales (from few parsecs to few thousand AUs) to study
star formation. The goals of this on-going project are (1) to characterize the internal structure
and dynamics of star-forming cores, (2) to investigate the relation between dense cores and their
natal molecular clouds, and (3) to test existing star formation theories. The target regions are
NGC1333 SVS-13, Barnard 1 (B1) and L1451 in Perseus, the Serpens Main, and Serpens South
clouds, presenting a wide level of star formation activities from relatively quiescent regions to
massive star-forming clusters. The observations for 1.L1451 and Serpens South are currently being
performed. In this chapter, I will present the first results of the project from Serpens Main, NGC
1333 SVS-13, and B1.

5.2 Observations

The CLASSy project observes three molecular lines, NoH*(1-0) at 93.173505 GHz, HCO™(1-0)
at 89.188518 GHz, and HCN(1-0) at 88.63185 GHz, with the CARMA D and E array. All the
observations are performed with 23 elements including six 10-m dishes, nine 8-m dishes, and eight
3.5-m dishes. The single-dish mode and interferometric mode are both used in every region, and
the final maps we present in this chapter are the combined data from these two modes.

The observations of Serpens Main were carried out in March, April, July, and August, 2012.
The observations of Serpens Main span a total area of 12’ by 17" with 531 mosaic pointings and a
total observing time of 100 hours. The synthesized beam is 7.0” by 7.7”; the spectral resolution is
0.16 km s~! with the 8 MHz bandwidth. The sensitivity per channel for line observations is ~ 200
mJy beam™!, and the sensitivity for continuum observations is 1.6 mJy beam™!.

For NGC 1333 SVS-13, the data were taken in January, February, and March, 2011. The total
observing area is 8 by 13’ with 527 pointings for mosaic. The synthesized beam is 8.1” by 6.3";
the spectral resolution is 0.62 km s~! with the 32 MHz bandwidth. The sensitivity per channel for
line observations is ~ 85 mJy beam™!, and the sensitivity for continuum observations is 1.5 mJy
beam ™.

The observations of B1 were performed in April, May, July, September, and October, 2012.

The observing area covers 8 by 18 with 743 pointings for mosaic and a total observing time of

150 hours. The synthesized beam is 6.5” by 7.5"; the spectral resolution is 0.16 km s~! with the 8
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MHz bandwidth. The sensitivity per channel for line observations is ~ 100 mJy beam™!, and the

sensitivity for continuum observations is 1.5 mJy beam~!.

5.3 Results and Discussions

5.3.1 Serpens Main

The Serpens Main region is an active star-forming site for low-mass stars. Located at a distance
of 415 pc (Loinard et al., 2011) (previously measured to be ~ 260 pc; see Eiroa et al. (2008) and
references therein), Serpens Main consists of two main sub-clusters in NW and SE. The Spitzer c2d
survey has detected numerous YSOs at different Class 0/I/II stages (Harvey et al., 2006, 2007).
Davis et al. (1999) mapped 11 continuum sources with SCUBA bolometer observations at 850 pm
(SMM1 to SMM11); four of the continuum sources are in the NW sub-cluster and six are in the
SE sub-cluster. SMM2, 3, and 4 have been observed associated with infall motions (Gregersen
et al., 1997), indicating that these submillimeter cores are undergoing star formation activities.
Various outflows have also been detected in these two sub-clusters (Davis et al., 1999; Graves et al.,
2010). The core mass functions in Serpens Main measured at millimeter wavelengths (at 3mm and
1.1mm) have been derived and compared with the stellar initial mass function (Testi & Sargent,
1998; Enoch et al., 2007).

The left panel in Figure 5.1 shows the integrated intensity map from the CARMA NyH™(1-0)
observations. The CARMA image shows two main features. First, prominent filamentary structures
are observed in the region, especially in the SE sub-cluster. In particular, two thin filaments in the
south are resolved for the first time. The filaments associated with the SE cub-cluster “radiate-out”
from the central cluster, as one clear example of “hub-filament” systems proposed by Myers (2009).
Second, dense gas (> 10° em~3) traced by NoH™ (1-0) show peaks that are well coincided with the
SCUBA SMM cores (white triangles in the right panel, Fig. 5.1). The right panel in Figure 5.1
shows the NoH™ (1-0) emission overlaid on the Herschel 350 ym image. These two emissions are in
good agreement with each other. Figure 5.2 shows the integrated intensity maps from HCO™ (1-0)
and HCN(1-0). These two molecular lines are extensively used in tracing outflow activities, and
the maps from the two lines resemble with each other. Filamentary structures from these two lines

are not as bright as traced by NoH™T.
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Figure 5.3 shows the velocity centroids and velocity dispersions fitted with the strongest NoH™
line. As seen in the left panel, the velocity fields in the two sub-clusters are distinct. The NW
cluster presents relatively uniform velocity fields, while the SE cluster is associated with more
complicated velocity fields. There appears to be a global velocity gradient from the NW cluster to
the SE cluster; however, the southern filaments disrupt this global gradient feature and display a
discontinuity in velocity from the center of the SE cluster. While the mechanism to the formation of
the filaments and the velocity fields is not yet clear, Duarte-Cabral et al. (2011) suggests a scenario
of cloud-cloud collision that triggers the star formation activities and produces the observed velocity
fields in the SE cluster. The velocity dispersion map (right panel in Figure 5.3) shows that most
of the filamentary structures are quiescent. Positions associated with SMM cores appear to have

larger linewidths possibly due to local turbulence generated by outflows.

5.3.2 NGC 1333 SVS-13

Located in Perseus at ~ 250 pc (see Enoch et al., 2006, and references therein), NGC 1333 is
one of the two main clusters (the other one is IC 348) in Perseus which is often cited as a low-
to-intermediate star-forming region between massive star-forming Orion and low-mass, quiescent
Taurus (Ladd et al., 1993, 1994). NGC 1333 is a very young cluster with an age less than 1 Myr
(Lada et al., 1996; Wilking et al., 2004). Nearly 100 YSOs have been identified from the Spitzer
c2d survey (Jorgensen et al., 2006) and ~ 30 submillimeter cores are revealed by JCMT SCUBA
observations (Hatchell et al., 2005). Outflows have been identified with associated submillimeter
cores and the estimated energy from outflows is greater than the estimated turbulent energy (Curtis
et al., 2010). Our mapping area includes IRAS 4, IRAS 2, and SVS-13 (right panel, Fig. 5.4), and
contains ~ 75 YSOs as well as ~ 20 submillimeter cores.

The left panel in Figure 5.4 and Figure 5.5 show the integrated intensity maps from the CARMA
NoH*(1-0), HCO™(1-0), and HCN(1-0) observations. The emissions from these three molecular
lines show complementary views in tracing filamentary and clumpy structures. NoH™(1-0) favors
dense gas and the peaks are matched well with the bright sources at Herschel 100 um observations,
while HCO' and HCN trace more extended, lower density gas. Figure 5.6 presents the fitted
velocity centroid map from NoH™(1-0). The most noticeable feature is the velocity gradient (~

0.8 km s71) at the bottom third of the map in the SE direction (the blue-green-yellow transition).
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This sharp ridge of velocity shift is revealed for the first time. This ridge contains several bright
YSOs including IRAS 4. Core formation regulated by supersonic turbulent flows provides a possible

explanation for the correlation between the velocity field and dense cores (Gong & Ostriker, 2011).

5.3.3 Bl

B1 is located 3.5 pc east of NGC 1333. Compared to NGC 1333, Bl is a smaller group with ~ 10
YSOs (Jorgensen et al., 2006) and 11 submillimeter cores (Hatchell et al., 2005). The distribution of
these cores follows a gradient from Class 0/1 sources at the main core in the north, to mostly starless
cores in the filament SW to the main core, and to the more diffuse gas in the south. The main core
is associated with outflow and shock activities (Hiramatsu et al., 2010; Walawender et al., 2005).
The main core is observed with a relatively strong magnetic fields of 27 uG (Goodman et al., 1989)
and organized grain alignment (Matthews & Wilson, 2002), which are suggested to have influences
on the star formation in the region.

The upper panel in Figure 5.7 shows the integrated intensity maps from the CARMA NoH™(1-
0) observations. Dense, cool gas is present in the whole region, and the main core has the strongest
emission. There are about five YSOs and six submillimeter cores in the B1 main core; however,
the correlation between the locations of YSOs and dense gas peaks is weak, except for the Class
0 source Bl-c. The bottom panel in Figure 5.7 shows the NoH™ emission overlaid on the Herschel
350 pum image from Storm et al. (2013). The cool dust and dense gas coincide well in the main core.
Figure 5.8 shows the integrated intensity maps from the HCO™(1-0) and HCN(1-0) observations.
HCO™(1-0) and HCN(1-0) appear to trace more diffuse gas and outflows, a similar result as seen
in NGC 1333 and Serpens Main.

Figure 5.9 shows the fitted velocity centroid map from NoH™ (Storm et al., 2013). The main
Bl-core can be approximately divided into two clumps in the north (containing Bl-c) and south
(containing Bl-a, B1-b, and B1-d) according to the kinematics. Both the north and south clumps

! with the directions of gradients nearly perpendicular to

have velocity gradient of ~ 6 km s~ pc™
each other. The filament in the southwest of the main core appears to be coherent in velocity, and

a shift in velocity occurs toward the southest region.
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5.4 Summary and Future Work

This chapter presents the first results of Serpens Main, NGC 1333, and Barnard 1 from the CARMA
Large Area Star-forming Survey (CLASSy). Observations of three molecular lines (NoH™(1-0),
HCO™(1-0), HCN(1-0)) have been carried out using the full 23 elements in D and E array with
the combination of the single-dish and interferometric mode. These first results show the global
properties in these regions, including the distribution of dense gas revealed by NoH™(1-0), outflow
activities traced by HCO™(1-0) and HCN(1-0), and the kinematic structures from velocity centroid
maps. Comparison with the Spitzer c2d survey, JCMT SCUBA survey, and Herschel results have
been discussed. As the CLASSy project is unique in probing star formation on scales from 1 pc
to 1500 AU, these data will provide the unprecedented opportunity to study star formation in
many ways, including the role of magnetic fields and turbulence in star formation, the relation
between dense cores and ambient clouds, and the formation mechanisms for these star-forming
regions. In particular, in the future I plan to study the gas kinematics in these regions at all
spatial scales. Studying large-scale kinemaitcs will allow us to test the role of turbulence since non-
isotropic turbulence/velocity fields are expected in filamentary structures with dynamical patterns
due to supersonic converging flows (Mac Low & Klessen, 2004). Studying small-scale kinematics
will provide insight into core formation by identifying signatures of the external convergent motion

and core-forming flows (Hacar & Tafalla, 2011; Tobin et al., 2012a).

97



" N2H+(1-0)

DEC (J2000)

01°08" M
18"30™08°  04°

| 1 | | | |
30™M00° 56° 52°
RA (J2000)

Jy/beam—km/sec

6 (J2000)

01°08’

18"30™10° 5%

| Herschel 350 micron

,
1

Q

Vi 00

)

Qs

30m0° 55°
a (J2000)

50° 45°

Figure 5.1: Left panel: The integrated intensity map of NoH™(1-0) in Serpens Main. The image
is mapped using the strongest hyperfine line with a velocity range 10.83 km s~! to 5.52 km s~ 1.
Right panel: NoHT(1-0) integrated intensity map overlaid on the Herschel 350 pym image. The
contour levels are 3, 8, 13, 18, 23, 28, 33, 38 times the o level (¢ = 0.224 Jy beam™! km s 1).
White triangles: SCUBA 850 pm cores (Davis et al., 1999). Green circles: SCUBA 850 m cores
(Di Francesco et al., 2008). Red crosses: Spitzer c2d YSOs candidates (Evans et al., 2009).
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Figure 5.2: The integrated intensity maps of HCO™(1-0) (left panel) and HCN(1-0) (right panel)
in Serpens Main. The maps are generated in a velocity range of 12.87 km s~! to 2.51 km s~! for
HCO™(1-0) and 13.19 km s~! to 2.98 km s~! for HCN(1-0).
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Figure 5.3: The velocity centroid map (left panel) and velocity dispersion map (right panel) in
Serpens Main. The maps are obtained from the fitting to the strongest NoH™(1-0) line.
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mapped using the strongest hyperfine line with a velocity range of 9.23 km s~! to 2.95 km s~ 1.
Right panel: The 1.5 Jy beam™! km s~! emission from the NoH'(1-0) emission overlaid on the
Herschel 100 pm image. The image is from Mundy et al. (2013).
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Figure 5.5: The integrated intensity maps of HCO™(1-0) (left panel) and HCN(1-0) (right panel)
in NGC 1333. The maps are generated in a velocity range of 13.63 km s~! to -0.20 km s—! for
HCO™(1-0) and 10.49 km s~! to 4.20 km s~! for HCN(1-0).
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Figure 5.6: The velocity centroid map in NGC 1333 (Mundy et al., 2013). The maps are obtained
from the fitting to the strongest NoH™(1-0) line.
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panel) in B1. The maps are generated in a velocity range of 7.76 km s~! to 5.56 km s~! for both
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Chapter 6

Conclusions

In this thesis, the studies of filamentary structures in the prestellar phase, the protocluster IRAS
0534543157, nine starless cores in Orion, and the CARMA Large Area Star-formation Survey have
been presented.

Filamentary structures are ubiquitous from large-scale molecular clouds (few parsecs) to small-
scale circumstellar envelopes around Class 0 sources (~1000 AU to ~0.1 pc). In particular, recent
observations with the Herschel Space Observatory emphasize the importance of large-scale filaments
(few parsecs) and star formation. The small-scale flattened envelopes around Class 0 sources are
reminiscent of the large-scale filaments. In Chapter 2, we propose an observationally derived
scenario for filamentary star formation that describes the evolution of filaments as part of the
process for formation of cores and circumstellar envelopes. If such a scenario is correct, small-
scale filamentary structures (0.1 pc in length) with higher densities embedded in starless cores
should exist, although to date almost all the interferometers have failed to observe such structures.
We perform synthetic observations of filaments at the prestellar stage by modeling the known
Class 0 flattened envelope in L1157 using both the Combined Array for Research in Millimeter-
wave Astronomy (CARMA) and the Atacama Large Millimeter /Submillimeter Array (ALMA). We
show that with reasonable estimates for the column density through the flattened envelope, the
CARMA D-array at 3mm wavelengths is not able to detect such filamentary structure, so previous
studies would not have detected them. However, the substructures may be detected with CARMA
D+E array at 3 mm and CARMA E array at 1 mm as a result of more appropriate resolution
and sensitivity. ALMA is also capable of detecting the substructures and showing the structures
in detail compared to the CARMA results with its unprecedented sensitivity. Such detection will
confirm the new proposed paradigm of non-spherical star formation.

In Chapter 3, we present observations of the intermediate to massive star-forming region
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10534543157 using the molecular line tracer CS(2 — 1) with CARMA to reveal the properties
of the dense gas cores. Seven gas cores are identified in the integrated intensity map of CS(2 — 1).
Among these, core 1 and core 3 have counterparts in the A = 2.7 mm continuum data. We suggest
that core 1 and core 3 are star-forming cores that may already or will very soon harbor young
massive protostars. The total masses of core 1 estimated from the LTE method and dust emission
by assuming a gas-to-dust ratio are b1 My and 18+6 Mg, and that of core 3 are 15+7 My and
1143 My. The spectrum of core 3 shows blue-skewed self-absorption, which suggests gas infall
— a collapsing core. The observed broad linewidths of the seven gas cores indicate non-thermal
motions. These non-thermal motions can be interactions with nearby outflows or due to the initial
turbulence; the former is observed, while the role of initial turbulence is less certain. Finally, the
virial masses of the gas cores are larger than the LTE masses, which for a bound core implies a

requirement on the external pressure of ~ 108 K cm™3.

The cores have the potential to further
form massive stars.

In Chapter 4, we study the structure and kinematics of nine 0.1 pc-scale cores in Orion with
the IRAM 30-m telescope and the CARMA D-array using CS(2-1) as the main tracer. The single-
dish moment zero maps of the starless cores show single structures, with central column densities
ranging from 7 to 42 x 10?3 cm~2 and LTE masses from 20 M, to 154 M. However, at the higher
CARMA resolution (5”), all of the cores except one fragment into 3 - 5 components. The number
of fragments is small compared to that found in some turbulent fragmentation models, although
inclusion of magnetic fields may reduce the predicted fragment number and improve the model
agreement. This result demonstrates that hierarchical fragmentation from parsec-scale molecular
clouds to sub-parsec cores continues to take place inside the starless cores. The starless cores and
their fragments are embedded in larger filamentary structures, which likely played a role in the core
formation and fragmentation. Most cores show clear velocity gradients, with magnitudes ranging
from 1.7 to 14.3 km s~! pc™'. We modeled one of them in detail, and found that its spectra
are best explained by a converging flow along a filament toward the core center; the gradients in
other cores may be modelled similarly. We infer a mass inflow rate of ~ 2 x 1073 M, yr—!, which
is in principle high enough to overcome radiation pressure and allow for massive star formation.
However, the core contains multiple fragments, and it is unclear whether the inflow would feed the

growth of primarily a single massive star or a cluster of lower mass objects. We conclude that fast,
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supersonic converging flow along filaments may play an important role in massive star and cluster
formation.

In Chapter 5, the first results in Serpens Main, NGC 1333, and B1 from the CARMA Large
Area Star-formation Survey (CLASSy) have been presented. These data open an exciting era to
study star formation from 1500 AU to 1 pc at millimeter wavelengths. In the future, I plan to
continue to work with the CLASSy project, with a specific focus on kinematics from large to small

scales to test star formation theories and core formation mechanisms.
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