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Star formation processes originating from dense molecular clouds leave us a molecular
universe. How molecules probe the physical conditions at different star-forming stages and
how the physical environments control the formation of the chemical inventory becomes a key
question to pursue. In the past, the understanding of this problem is impeded by instrumental
limitations. With instruments advanced in sensitivity and spatial/spectral resolution, this thesis
investigates the molecular environment of different star-forming regions.

Half of this thesis (Chapter 2 and Appendix A) focuses on mapping cold dense molecular
gas in an external galaxy, IC 342, at 3 Mpc. The distribution of molecular gas was efficiently
mapped with a set of density-sensitive tracers with Argus. Argus is the first array receiver
functioning at 3 mm on the 100 m Green Bank Telescope (GBT) and provides a resolution of 6" -
10”. As this study was conducted in the early era of Argus’ deployment, valuable information on

the instrument’s behavior is learned. The resolved molecular maps characterize the fundamental



physical properties of the clouds including the volume density and the excitation conditions.
Comparisons with results from radiative transfer modeling with RADEX help to decrypt this
information. The high spatial resolution of Argus also provides an opportunity in inspecting a
scale-scatter breakdown of the gas density-star formation correlation in nearby galaxies and in
investigating the influence of a finer spatial resolution on the correlation.

The other half of the thesis (Chapters 3 and 4) studies the hot core, an embedded phase
during massive star formation, of a proto-binary system W3 IRS 5 at 2.2 kpc. Rovibrational
transitions of gaseous H,0O, CO, and isotopologues of CO were detected with mid-IR absorption
spectroscopy. The high spectral resolution (R 50,000-80,000) not only separates each transi-
tion individually but also decomposes different kinematic components residing in the system
with a velocity resolution of a few km s~1. Physical substructures such as the foreground cloud,
high-speed “bullet”, and hot clumps in the disk surface are identified. Characterization of the
physical substructures is conducted via the rotation diagram analysis and curve-of-growth anal-
yses. The curve-of-growth analyses, under either a foreground slab model or a disk model, take
account of the optical depth effects and correct the derived column densities by up to two orders
of magnitude. The disk model specifically suggests a disk scenario with vertically-decreasing
temperature from mid-plane, which is intrinsically different from externally illuminated disks
in the low-mass protostellar systems that have hot surfaces. Connections between physical
substructures and chemical substructures were also established. Investigations on chemical

abundances along the line of sight reveal the elemental carbon and oxygen depletion problem.
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Preface

‘e research presented in this thesis has been either previously published or at advanced
stages for submission.

Chapter 2 is presented with minimal changes and is going to be submi<ed to the Astro-
physical Journal (ApJ) as \Argus/GBT Observations of Molecular Gas in the Inner Regions of
IC 342". ‘e authors are Jialu Li, Andrew |. Harris, Erik Rosolowsky, Amanda A. Kepley, David
Frayer, Alberto D. Bola<o, Adam K. Leroy, Jennifer Donovan Meyer, Sarah Church, Joshua O«
Gundersen, Kieran Cleary, and other DEGAS team members.

Chapter 3 is presented with minimal changes since publication in ApJ as \High-Resolution
M-band Spectroscopy of CO towards the Massive Young Stellar Binary W3 IRS5" (Li et al., 2022).
‘e authors are Jialu Li, Adwin Boogert, Andrew G. Barr, and Alexander G. G. M. Tielens.

Chapter 4 is presented with minimal changes and has been submited to ApJ as \High-
resolution SOFIA/EXES Spectroscopy of Water Absorption Lines in the Massive Young Binary
W3 IRS 5". ‘e authors are Jialu Li, Adwin Boogert, Andrew G. Barr, Curtis DeWi<, Maisie
Rashman, David Neufeld, Nick Indriolo, Yvonne Pendleton, Edward Montiel, Ma< Richter, J. E.

Chiar, and Alexander G. G. M. Tielens.
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Chapter 1: Introduction

Simple elements, including C, N, O, and H, come together to form life on the Earth. In

the prebiotic era, these elements were locked up in volatiles such 43, NH;, CH,;, CO, CQ,

H,CO, and CHOH. ‘ese species were delivered to the Earth in molecular form via a variety

of physical processes, including the assemblage of rocky planets from asteroidal bodies (Jo-
hansen et al., 2014; Raymond et al., 2014), accretion of pebbles dri%.ing in from the outer solar
system (Lambrechts & Johansen, 2012; Ormel & Klahr, 2010), and delivery by comets during
the late heavy bombardment (Chyba et al., 1990). ‘erefore, the organic inventory of the Earth
refects the chemical heritage from a wide range of conditions in the solar system.

Such a chemical heritage can be further traced back to star formation processes originat-
ing from dense molecular clouds (Figure 1.1), although as far as we know, not all star-forming
systems are fortunate enough to end up with an Earth. As physical and chemical evolutions pro-
ceed hand in hand during star formation, understanding the interplay between these evoltions
becomes a key question of astrophysics and astrochemistry: How do the molecules probe the
physical conditions at di,erent star-forming stages and help to understand the temporal evo-
lutionary scenario, and how do the physical environments control the formation of the organic
inventory?

Progress in answering the question above is driven by new observational data. On the



Figure 1.1: Lifecycle of gas and dust in interstellar space. Characteristic molecules at each of
the star- and planet formation and stellar death stages are indicated. Figure adapted from van
Dishoeck (2018). Image by Bill Saxton (NRAO/AUI/NSF) and molecule pictures from the As-
trochymist.

one hand, although Sir Arthur Eddington pointed out some 100 years ago that \it is diecult

to admit the existence of molecules in interstellar space because when once a molecule be-
comes dissociated there seems no chance of the atoms joining up again” (Eddington, 1926), as
of late May 2022, about 270 moleculégnoring the isotopologues) have been identi€ed in

the interstellar medium (ISM). On the other hand, our view has also expanded to a variety of
physical scales with a deeper understanding. On galactic scales, the distribution of molecular
gas was extensively observed through measurements of thelGQ{0 transition, with which

debates on the large-scale distribution of th the Galaxy and molecular cloud lifetimes are

Ih«ps:/icdms.astro.uni-koeln.de/classic/molecules



resolved (Heyer & Dame, 2015). Of the large-scale molecular gas, the closer and denser cold
dark clouds are characterized as €lamentary supersonic structures (tens to hundreds of parsec)
and starless subsonic cores@.1 pc) by millimeter/submillimeter lines from species such as CO,
CS, and NH* (Bergin & Tafalla, 2007). As the scale decreases to the size of a singular forming
star, nowadays, the Atacama Large Millimeter/submillimeter Array (ALMA) is able to resolve
substructures of protoplanetary disks in the CD=2{1 transition with a spatial resolution as

small as 5 au (e.g. the DSHARP survey, Andrews et al., 2018).

‘is thesis focuses on characterizing molecular clouds from galactic (kpc) scales down to
proto-stellar (thousands of au) scales. Speci€cally, we study in Chapter 2 cold, dense molecular
clouds that are resolved to hundreds of parsec in an external galaxy. ‘e breakdown of degen-
erated physical conditions of dense molecular clouds at high spatial resolution is explored. We
use high-spectral resolution spectroscopy to investigate in Chapters 3 and 4 the hot cores of
several thousands of au dimensions in a massive protostellar system. Highly embedded cloud
structures are decomposed with a velocity resolution of a few km.sMultiple physical sub-
structures, such as foreground shells, outf ows, and the disks therein, were identi€ed, and their
connections with di,erent chemical substructures were established.

‘e aim of this introductory chapter is to frame the current knowledge of star formation
processes and the basics of molecular spectroscopy for the re8det Gndg 1.2). Readers who
feel familiar with the contexts may directly refer t§ 1.1.3 and 1.2.3, as these sections address
the main scienti€c questions asked by this thesis and emphasize speci€c concerns in analyzing
these questions§ 1.3 introduces the main observational instruments used in this thesis, and

8 1.4 lists, with details, the contents of the remaining chapters.



1.1 Star Formation

1.1.1 Physical Scenario

‘e birth of a star, or, more speci€cally, the mass of a star at its birth, determines much
of how the star lives through its life. Low-mass stasl(. M ) are much more numerous,
lock up most of the stellar mass in the Galaxy, and live long and rather peacefully. High-mass
(M > 8M ) stars, while only making up less tharfd of the stellar population in the Milky
Way, consume fuel quickly, and strongly reshape the surrounding environment through their
intense ultraviolet (UV) radiation, energetic stellar winds, and violent explosions in the end.
‘e cumulative e,ects of this feedback regulate the immediate interstellar medium (ISM), and

ultimately govern the evolution of the host galaxies of the massive stars (Kennicug, 2005).

1.1.1.1 Star-Forming Environment: Molecular Clouds

For either low- or high-mass stars, it is generally accepted that their formation starts
from the gravitational collapse of gas (Shu, 1977) inside cold, dense molecular clouds (Bergin
& Tafalla, 2007; Heyer & Dame, 2015), which are presented uSgérels view in Figure 1.2.
Molecular clouds are cold (10{30 K), self-gravitating objects in which molecular materjal H
is the dominant constituent. Molecular clouds show complex, €lamentary structures that are
partly hierarchical, and the gravity of molecular clouds is counterbalanced by thermal pressure,
magnetic €elds, and turbulence. ‘e cloud size spans across 2{20 pc, the mean densityof H
is from 1{10% cm 2, and the mass ranges from2@0° M (Bergin & Tafalla, 2007; Klessen,

2011).



Figure 1.2: ‘is series of images show three evolutionary phases of massive star formation, as
pictured in infrared images from NASA's Spitzer Space Telescope. ‘e stars start out in thick
cocoons of dust (le%o), evolve into ho<er features dubbed \yellowballs" (center), and €nally blow
out cavities in the surrounding dust and gas, resulting in green-rimmed bubbles with red centers
(right). In this image, infrared light of 3.6 microns is blue; 8-micron light is green; and 24-micron
light is red. Credits: NASA/JPL-Caltech.

Stars form by the gravitational collapse of dense molecular gas under the density fuctu-
ation generated by supersonic turbulence. As gas clumps become gravitationally unstable, the
central density of the cloud clumps increases signi€cantly and gives birth to a protostar (McKee
& Ostriker, 2007). Because the cloud always has some initial angular momentum, the infalling
gas ends up in a rotating disk through which mass continues to be transported to the central
object, the protostar. Bipolar jets and outfows are usually associated with disks, and push an
opening space and generate shocks through the surrounding environment and remove excess

angular momentum from the disk. When the central temperature and pressure are suscient to



Figure 1.3: Evolutionary sequence for high-mass and low-mass stars. Credits: Cormac Purcell.
‘e original €gure is adapted from the personal website of Adam Ginsberg.

start fusion at the star's core, the star reaches the Zero Age Main Sequence (McKee & Ostriker,
2007).

High-mass stars ignite hydrogen fusion before the collapse has ceased, and low-mass
stars ignite a%oer the collapse has ceased. For massive protostellar objects, the Kelvin-Helmholtz
timescale, which represents the timescale on which a quasi-hydrostatic core contracts toward
hydrogen-burning densities and temperatures, is much shorter than the timescale of accre-
tion (McKee & Ostriker, 2007). ‘e strong radiative forces that massive stars exert on gas and
dust may dramatically infuence the accretion rate and the follow-up evolutionary stages (Fig-
ure 1.3). ‘e formation process of massive stars is therefore not a simply scaled-up version of

low-mass star formation (Beuther et al., 2007; McKee & Tan, 2003).



1.1.1.2 Low-Mass Star Formation

‘e formation process of low-mass stars is quite well established both observationally
and theoretically (see Luhman, 2012; McKee & Ostriker, 2007; Shu et al., 1987, and references
therein). As illustrated by Figure 1.3, three major phases are involved (Shu, 1977; Shu et al.,
1987). Inthere-stellar phase 5 1 yr), the core contracts quasi-statically and isothermally.
Energy is released in the form of radiation. Magnetic €elds and turbulence provide important
support against the gravitational collapse process. As the collapse proceeds, the central object
contracts adiabatically, and eventually heats up. In thistostellar phase 10° yr), a young
protostar, which is referred to as & Tauri objectbegins to form, and the disk structure devel-
ops. As the star continues to gravitationally contract at ttpse-main sequenstage, the core
continues to heat up. Accretion stops well before hydrogen burning starts. At the same time,
a Keplerian disk encircling the protostar is visible, because much of the macer is blown away.
‘Iis disk lasts for 1P 7 yr, and is also referred to as@roto-planetary diskboecause it is the
future formation site of planets (Williams & Cieza, 2011). ‘is nascent system will continue to

evolve for  10° yr under collisions between the planetesimals and planets.

1.1.1.3 High-Mass Star Formation

Understanding the formation processes of massive stars faces obstacles from the perspec-
tive of observation. Massive stars are rare, and those at their early formation stages are even
rarer, so these stars are usually distant from the observers. In their early stages, massive stars are
deeply embedded, and therefore are invisible at optical and near-infrared wavelengths. Massive

stars are seldom found to form in isolation (see Figure 1.3), so the highly clustered environment



only obscures their formation and evolution processes further.

‘ere also exist theoretical dieculties for high-mass star formation. Massive stars arrive
on the ZAMS before the accretion ends, so the outward directed force associated with radiation
pressure has to be less than the gravitational force pulling material in (Wol€re & Cassinelli,

1987); viz.,

L GM M L !
< ;or < it =130
4t 2C r2 ot 10M 1000

cég L (1.1)

in which is the opacity,L is the star luminosity,r is the radius, andM is the stellar mass.
For a massive starof M and 10L , i 10cn?g 1. ‘isis much smaller than the typical
opacity value of dusty ISM ( 100cn¥?g 1), and is referred to as theadiation pressure problem

Several approaches have been established to reconcile the radiation problem. ‘e gener-
ation of radiatively driven bubbles and disc-mediated accretion (Krumholz et al., 2009; Rosen &
Krumholz, 2020) irmonolithic collapse moddlsrumholz et al., 2005; McKee & Tan, 2003) have
been developed as a way to overcome the radiation pressure balss.coalescence scenario
(Bally & Zinnecker, 2005; Bonnell et al., 1998) in high-stellar-density environments avoids the
radiation-pressure issue§Ee competitive accretion mo@Bbnnell et al., 2004; Bonnell & Bate,
2006) suggests that the forming stars accrete material that is not gravitationally bound to the
stellar seed. Each of these di,erent scenarios has implications for cluster formation and binary
formation involving disks.

For high-mass, star-forming cores, the current proposed theoretical evolutionary sequence
is high-mass, starless cores (HMSCshigh-mass cores harboring accreting low/intermediate-

mass protostar(s) destined to become a high-mass star(sijgh-mass protostellar objects (HM-



POs) €nal stars (Beuther et al., 2007). Observationally, the embedded phases of massive pro-
tostellar objects are subdivided into infrared dark clouds (IRDC; starless core), hot molecular
cores (HMCs; proto-stellar object), hypercompact- and ultracompact-Hll regions (HCHIIs and
UCHIIs), and compact and classical HIl regions (Beuther et al., 2007). In the last two stages, €-
nal stars have already been formed. As the formation and evolution proceed, the central object
warms and ionizes the environment, and drives a rich chemistry. Complex physical activities
are involved in the evolution as well, such as accretion disks, outfows, shocks, disk winds,
and these can leave their imprint on the chemical inventory (Cesaroni et al., 2007; Zinnecker &

Yorke, 2007).

1.1.2 Chemical Scenario

Although the stellar atmosphere produces and expels molecules and dust particles, most of
the unshielded molecules other than the largest are decomposed to atoms by harsh UV radiation
within 100 years (van Dishoeck, 1988). ‘e existence of molecules thus indicates that the
chemistry that forms the molecules is local in nature (Herbst & van Dishoeck, 2009).

‘e increasing chemical complexity of molecules proceeds with the formation process
(see Figure 1.4) of either low- or high-mass stars (see Caselli & Ceccarelli, 2012; Herbst & van

Dishoeck, 2009; J rgensen et al., 2020, and references therein):

Pre-stellar phase In this cold ( 10 K) and dense>(10° cm 3) environment, gas-phase chem-
istry { dominated by ion-neutral reactions { and grain-surface chemistry occurring on the sur-
face of dust grains take the leading role. ‘e gas-phase atoms and molecules freeze out onto the

dust grains and form thick icy mantles. ‘e mobile H atoms on the grain surface hydrogenate



atoms and CO to form hydrogenated molecules such as wate®(tformaldehyde (KICO), and
methanol (CHOH) (Caselli & Ceccarelli, 2012). ‘e other process in this phase is the photolysis

of icy mantles, which produces radicals.

Protostellar phase In this phase, the inner envelope of the protostellar and ice mantles are
warmed. Radicals produced in the previous stage may di,use (Herbst & van Dishoeck, 2009).
Sublimation of ice mantles also starts when the temperature is high enough { only 20 K for
volatile species such as CO, bufL00 K for more strongly bonded ice species such ag®His

stage with ice sublimation is generally be<er known d®t coreor hot corino{ one named

for high-mass systems, and the other for low-mass systems. Rich gas-phase ion{molecule
chemistry ensues a%oer sublimation. For example, molecules formed on the dust surface in
the last period, such as methanol (gBIH), sublime and form more complex species, such as
HCOOCH (Charnley & Rodgers, 2005). Shocks are another source of rich chemical reactions.
As accretion goes on, outfows interact with the surrounding environments and create shocks at
the interface. In the shocks, dust grains are spu<ered and vaporized. Neutral{neutral gas-phase
reactions take over, and produce complex molecules (Caselli & Ceccarelli, 2012).

Hot cores and hot corinos ac<ract a<ention because they are among the richest molec-
ular environments, including the complex organic molecules (COMS), in space (Herbst & van
Dishoeck, 2009). Hot cores were €rst found in the massive protostellar system in the Orion
molecular clouds (OMC-1, Blake et al., 1987) based on the jump in molecular abundances. It
was some 15 years later that similar structures were con€rmed to exist in low-mass protostellar
systems (Cazaux et al., 2003) under mechanisms that rich COMs form under gas-phase reactions

a%oer the evaporation of ice. However, COMs in hot corinos and hot cores di,er in the chem-
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Figure 1.4: ‘e evolution of material from the prestellar core stage through the collapsing en-
velope (size 0.05 pc or 1DAU) into a protoplanetary disk. ‘e formation of zeroth- and €rst-
generation organic molecules in the ices is indicated with 0 and 1, and the second-generation
molecules in the hot-core/corino region when the envelope temperature reaches 100 K, and
even strongly bound ices start to evaporate, are designated 2. ‘e grains are typically @lin
diameter and are not drawn to scale. ‘e temperature and density scale refer to the envelope,
not to the disk. All ices evaporate inside the (species-dependent) sublimation radius. Figure and
descriptions are adapted from Herbst & van Dishoeck (2009).

ical composition. When normalized to methanol or formaldehyde, hot corinos have typically
one order of magnitude more abundant COMs (such as HCOQ@HCH;OCH;) than do hot

cores (e.g., Bo«dnelliet al., 200@perg et al., 2011). ‘e temperature, cosmic-ray ionization rate,
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radiation €eld, the timescale of evolution, and the past pre-stellar history may all infuence the
rates at which molecules are created or destroyed (Caselli & Ceccarelli, 2012).

A%oer the protostellar stage, protoplanetary disks in low-mass systems are formed when
dust grains coagulate to planetesimals to form future planets, comets, and asteroids. For mas-
sive stars, the ultracompact Hll regions ionize the surrounding gas and reduce the chemical

complexity (Caselli & Ceccarelli, 2012).

1.1.3 Main eestions the ‘esis Focuses On

‘e above summary might read as if the star formation processes in molecular clouds are
quite well understood. However, this is by far not the case. Many degeneracy problems exist due
to the instrumental limitation from sensitivity and spatial/spectral resolution, and instruments
are designed and advanced accordingly to be<er understand those problems. ‘is thesis tries

to address a few of these questions.

1.1.3.1 Dense Molecular Gas in External Galaxies

One question is about the role molecular gas density played in star formation in galax-
ies. Modern theories (e.g., Federrath & Klessen, 2013; Krumholz & McKee, 2005), as well as
observations of local molecular clouds, support the ability of gas to form stars from density
variations (e.g., Lada et al., 2010, 2012). However, the quantitative link between gas density and
star formation is not established yet in galaxies, as compared to in local molecular clouds in the
Milky Way. Dense, star-forming structures are too small to directly image in other galaxies, and

molecular tracers in these dense regions, such as HCN and H@& too faint to observe. For
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Figure 1.5: ‘e global Lir  Lucn correlation in 65 galaxies (adapted from Figure 2a, Gao &
Solomon, 2004b). ‘is tight linear correlation in the log-log space is valid over 3 orders of mag-
nitude, has a correlation coescienR=0.94, and an almost constant average ratig=Lycn =

90L (K km s pc?) 1. ‘e direct consequence of the linear IR-HCN correlation is that the
global star formation rate is linearly proportional to the mass of dense molecular gas in normal
spiral galaxies, LIRGs, and ULIRGs.

external galaxies, past work was limited to single-point observations on the external galactic
centers with a large beam (e.g., Gao & Solomon, 2004a,enéxDonaire et al., 2017, 2019).
From the unresolved measurements of the dense gas tracer HCN, it was concluded by Gao &
Solomon (2004a,b) that the global star formation rate is linearly proportional to the mass of
dense molecular gas in normal spiral galaxies, LIRGs, and ULIRGs, and the global star forma-
tion esciency depends on the fraction of the molecular gas in a dense phase (Figure 1.5).
Spatially resolved maps of dense molecular rotational lines are necessary for testing the

conclusions above. First, the interpretation of the observed molecular lines results in the degen-
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eracy of some basic physical properties, including even the volume densityg($&23). Second,

on a galactic scale, a scale-dependent sca<er has been observed for CO, which is a proxy for less
dense molecular gas, in the relation between the molecular gas surface density and the SFR on a
galactic scale (e.qg., Kruijssen & Longmore, 2014; Schruba et al., 2010). Such a relationship breaks
down at some scale due to incomplete sampling of star-forming regions, and such a scenario is
naturally suspected for the HCN-IR relationship. With the new multi-pixel receiveguson

the GBT £1.3.1), itis now feasible to study dense molecular gas in external galaxies with spa-
tially resolved molecular line maps of a set of density tracers. ‘is thesis (Chapter 2) studies the
properties of dense molecular gas in detail, and inspects the scale-scacer breakdown between

HCN-IR in one of the closet HCN-bright galaxies, IC 342.

1.1.3.2 Decomposing Substructures in a Massive Protostellar System

‘e other question arises from the embedded nature of massive protostellar systems at the
hot core stage. As hot cores are among the richest molecular environments in space, it requires
taking an \infrared shot" (not an X-ray one!) with a high spectral resolution to unravel and char-
acterize the complex physical and chemical substructures. Decomposing physical substructures
and establishing their links with chemical evolution will contribute to a clearer understanding of
the massive star formation process in this obscured phase, in contrast to the be<er-understood
low-mass protostellar phase. ‘is question in particular drives the work in Chapters 3 and 4 of
this thesis.

A speci€c question of interest to the massive protostellar system is whether there exists

an accretion disk similar to those in low-mass star formation systems. In recent years, a disk-
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mediated accretion scenario has been gradually established both theoretically (e.g., Bonnell &
Bate, 2006; McKee & Tan, 2003) and observationally with sub-mm/mm observations (e.g., llee
et al., 2016; Johnston et al., 2015, 2020), although the role and properties of an accretion disk
remain uncertain. Although disk structures have not yet been imaged directly in W3 IRS 5, the
massive protostellar (more speci€cally, a proto-binary) system studied in this thesis, the disk(s)
is one of the possible origins of the mid-IR dust continuum against which the absorption lines
lay. ‘is would be an interesting scenario if disks do exist: In contrast to the scenario that
emission linesriginating from the disks associated with the lower mass systems, T-Tauri or
Herbig AeBe stars, which are considered to be externally illuminated and have a ho<er surface
layer, theabsorption lineg hot cores of massive stars indicate disks with an inversion of the
temperature structure on height. If disks in massive protostellar systems are ho<er in the mid-
plane than on the surface, what mechanisms regulate such an energy balance? And what is the
implication of the di,erent evolutionary scenarios of low-mass and massive systems? How do
such disks infuence the follow-up organic chemical inventory? Although this thesis does not
answer all of the questions above, we present in Chapters 3 and 4 how a disk model is feasible
in interpreting the observational data. ‘e outlook part in Chapter 5 briefy describes how the

guestions above may be further addressed.

1.2 Molecular Spectroscopy

Molecules in space interact with the electromagnetic radiation €eld through absorption,
emission, and scacering. ‘e absorption or emission of a molecular species as a function of the

wavelength leaves unique spectroscopic signatures whose strength depends on the local phys-
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