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ABSTRACT

Up to now, more than 250 individual molecular species have been detected toward
both interstellar and circumstellar mediums with astronomical facilities. This dis-
sertation presented two cases of investigations focusing on the chemical composition
as well as the molecular spatial distributions of complex astronomical molecules in
interstellar clouds, the chemistry in which sets the initial conditions of the chemical
processes in the late stages of star formation.

We leveraged the GOTHAM high-sensitivity and high-spectral-resolution survey
as well as cutting edge spectral line stacking and match filtering techniques to conduct
molecular census towards the Taurus molecular cloud-1 (TMC-1). TMC-1 is a proto-
typical object of study in the quest for an understanding of dark cloud chemistry. The
large observational program GOTHAM (Green Bank Telescope Observations of TMC-
1: Hunting for Aromatic Molecules) is undertaking a radio survey with a combined
observation time of ~850 hours directed toward TMC-1. The GOTHAM project has
provided extremely sensitive data at a sensitivity of 2 mK and a spectral resolution of
0.05 km s_l, which is essential for searching complex interstellar molecules. Our work
has led to the first astronomical detections of numerous new complex molecules and

greatly expanded the molecular inventory in the interstellar medium. Of the newly



v

detected species, this dissertation specifically presents the discoveries of two unsat-
urated carbon-chain molecules, isocyanodiacetylene (HC,NC) and thiopropadienone
(HyC3S) in space. These studies provided new mechanistic insights into CN-vs-NC
chemistry as well as the sulfur evolution under dark-cloud conditions.

An innovation of this dissertation is the development of a quantitative data-
filtering method for molecular line identification and multiple-transition imaging to
represent the intrinsic spatial distribution of a molecule. Guided by these methods,
the morphological investigations of terrestrial-type molecules were composed of three
projects directed toward two massive molecular clouds, namely Sagittarius (Sgr) B2
and NGC 63341. Sgr B2(N) is the richest known source for molecular detections and
has contributed to 69 new interstellar molecules, (27%) of the interstellar molecular
census. The first project revealed the spatial differentiation of the C,H,O5 isomers to-
wards Sgr B2(N), which demonstrated the distinct morphology can help to constrain
the formation mechanisms and the chemical relations of the isomeric molecules. The
second project, focusing on precisely locating the emission region of acetic acid with
a wide range of excitation energy toward NGC 63341, uncovered the dependence of
the molecular emission peak positions on the excitation levels and brought to light
the potential unresolved sub-structures of the source. In synergies with VLA obser-
vations, the last project performed a multi-wavelength investigation for the origin,

distribution, relationships of molecular masers toward Sgr B2(N).
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CHAPTER 1

INTRODUCTION

Up to now, more than 250 individual molecular species have been detected toward
both interstellar and circumstellar medium (ISM and CSM) with astronomical fa-
cilities (McGuire, 2021, and The Astrochymistl), for which single-dish telescopes
working at radio wavelength have contributed to ~80% of the discoveries. In the
past, searches for interstellar molecules were targeted toward narrow astronomical
regions around certain laboratory-measured transitions of specific molecules (Ziurys
et al., 1984; Millar et al., 1987; Combes & Wiklind, 1995). In addition to the ob-
servations of individual spectral lines, the improvements in receiver technology have
enabled us to efficiently perform wide-band and high-sensitive molecular line surveys.
The first spectral survey was targeted at the most chemically-rich molecular cloud,
Sagittarius B2 (Sgr B2), at the Galactic center with a bandwidth of 72 GHz but
took 600 hours over 5 years to complete (Cummins et al., 1986). As a comparison,
modern facilities require less than five minutes to reach the same sensitivity with
the same bandwidth. Until recently, molecular line surveys have been expanded to

various astronomical sources ranging from dark clouds (Kaifu et al., 2004; McGuire

1http ://astrochymist.org/astrochymist_ism.html


http://astrochymist.org/astrochymist_ism.html

et al., 2020), star-forming regions (Neill et al., 2012; Belloche et al., 2019), young stel-
lar objects (Jorgensen et al., 2016; Bianchi et al., 2020), stellar envelopes of evolved
stars (Kawaguchi et al., 1995; Tenenbaum et al., 2010; Cernicharo et al., 2019), to
proto-planetary nebulae (Fontani et al., 2017).

The diverse astronomical environment serves as unique laboratories for inves-
tigating molecular behaviors and chemical evolution under extreme extraterritorial
conditions. Leveraging with astronomical observations constraining molecular abun-
dances, theoretical and experimental approaches are employed to examine the forma-
tion mechanisms of interstellar molecules. We concentrate in the following on two
types of the richest sources for molecular detections: prestellar dark clouds as well as
protostellar hot cores. Dark clouds prior to star formation represent a dense and cold
environment with typical temperatures of 10 K and densities of 10" = 10° cm ™ (van
Dishoeck, 2018). The chemical signatures of dark clouds include gas-phase dominated
chemistry and abundant unsaturated carbon-chain molecules with up to 11 carbon
atoms (HCy;N, Loomis et al., 2021). For ~80% of the detected molecules in dark
clouds, gas-phase astrochemical models utilizing rate equations in combination with
appropriate reaction networks (e.g. Wakelam et al., 2012; McElroy et al., 2013) demon-
strated an order of magnitude agreement or better with the observations (Hincelin
et al., 2011; Loison et al., 2014b; Ruaud et al., 2016; Burkhardt et al., 2018). In con-
trast, protostar-forming hot cores have typical temperatures of 100 — 300 K and den-
sities of >10" cm™® (Williams & Viti, 2014) and exhibit astonishingly dense gas-phase
molecular spectra at millimeter (Blake et al., 1987; Lee et al., 2001; Belloche et al.,
2013). Unlike the unsaturated molecules found in dark clouds, saturated terrestrial-
type molecules prevail in hot cores while reaching thermal equilibrium (Herbst & van
Dishoeck, 2009).

Astrochemical observations not only discover new molecular species and reveal



the diverse chemistry in astronomical environments, but they also provide probes
to characterize the physical properties of the gas and dust where molecules reside.
The advent of interferometer technologies drives the field of astrochemistry further
forward. With the improved capabilities of resolving the molecular emission regions,
high-resolution interferometric line images provides crucial spatial information to pin-
point the physical conditions, such as kinetic motions and temperatures, of such
regions. For example, HCO" is a molecular tracer of infall motions caused by grav-
itational collapse (Morata et al., 2005; Contreras et al., 2018) whereas H,S and SiO
trace bipolar out-flows (Hatchell et al., 2001; Gibb et al., 2004; Feng et al., 2016;
Lu et al., 2021). In addition, NH3 and HCN-to-HNC ratios are sensitive to kinetic
temperatures, making them good chemical thermometers (Friesen et al., 2009; Hacar

et al., 2020).

1.1 MOLECULAR ASSIGNMENT

The assignment of an interstellar molecule is facilitated by the availability of
spectroscopic databases for molecular rotational transitions. The databases still be-
ing maintained include the Cologne Database for Molecular Spectroscopy (CDMS,
http://www.astro.uni-koeln.de/site/vorhersagen/), the Jet Propulsion Labo-
ratory (JPL) molecular spectroscopy catalog (https://spec.jpl.nasa.gov), and
the Splatalogue database (https://splatalogue.online/index.php). In addition
to inheriting data from the JPL and CDMS catalogs, the Splatalogue database also
contains data from the Spectral Line Atlas of Interstellar Molecules (SLAIM), a com-
pilation of spectroscopic analysis of detected molecules performed by F. J. Lovas 2,
Despite the great contribution from those databases, they still tend to be incom-

plete in terms of limited frequency coverages, hyperfine structures, and vibrational

2https ://www.nist.gov/people/francis-j-lovas
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excited states. Individually reported laboratory measurements dedicated to specific
molecules have also contributed to the searching campaign of astronomical molecules
(e.g., llyushin et al., 2013; Maris et al., 2019; Chitarra et al., 2020; McCarthy et al.,
2021; Zou et al., 2021).

With the knowledge of spectroscopic properties of a target molecule (e.g., transi-
tion frequencies and line strengths) and telescope characteristics (e.g., dish size and
efficiency), we can simulate a molecular spectral emission which can be compared
directly with observations. In the radio regime, observed spectra are often dominated
by rotational emission of interstellar molecules that are excited by collisions with
other molecules or by radiation. The strength of rotational emission can be calcu-
lated as the following (see also Mangum & Shirley, 2015). For a single excitation
temperature T.,, assuming a Gaussian line profile ¢(v; vy, AV) with a FWHM AV, a
transition at a frequency v, with upper state energy FE, and upper state degeneracy

g, would have a peak optical depth

3 _7]?711 1:LTUO
A Yo () »
To = :
0 ™ 8t AV Q(Tyy) ’

where A;; is the spontaneous emission coefficient, Nyt is the molecular column den-

sity, and Q(T') is the partition function. For a background temperature T, the
background specific intensity is simply I,,(v) = B,(T}), where B, (T') is the Planck
function. Considering the optical depth 7 = 75 ¢(v; 1y, AV'), antenna efficiency 7,
emission source size ss> and telescope’s beam size 2, the specific intensity with back-

ground subtracted is

2
SS

nQ+ssz'

[u = (BV(Tex) - Bu(Tbg)) (1 - e_T) (12>



In low-frequency limit, the Planck function can be approximated by the Rayleigh-
Jeans laws: B,(T) = 2kgT v*/c>. After converting the specific intensity into bright-
ness temperature, we obtain

2
SS
nQ+SSQ'

Tg = (Tox —Thg) (1 =€) (1.3)

The simulated molecular spectra, either in I, or Ty that are commonly used for
interferometric and single-dish observations respectively, are further used to evaluate
the consistency between the assumption and observations and, in turn, constrain the
molecular excitation conditions (e.g., T, and Np). If the spectral profile meets the
Snyder Criteria (detailed in Section 4.3), the observed emission features can then be

assigned to a certain molecular species.

1.2 CHEMICALLY RICH SOURCES

In this dissertation, we present the astrochemical investigation toward three molec-
ular clouds, Taurus Molecular Cloud-1 (TMC-1), Sagittarius (Sgr) B2, and
NGC 6334 I, among which Sgr B2 and TMC-1 are the richest two known sources
for molecular detections. TMC-1, a filamentary condensation within the extended
Taurus cloud, is a prototypical target to be studied in the quest for an understanding
of dark cloud chemistry (Fuente et al., 2019). It has a mass of ~8 M, a central density
~2x 10" em ™, and a distant of ~130 pc (Nutter et al., 2008); the closest molecular
cloud discussed in this dissertation. Observations toward TMC-1 have contributed
to 63 new interstellar molecules, ~25% of the interstellar molecular census, rang-
ing from C3N in 1980 to most recent CHyC3N (Friberg et al., 1980; Cabezas et al.,
2021). In particular, the very recent discoveries of monocyclic and bicyclic aromatic

molecules in TMC-1 (McGuire et al., 2018a, 2021) are the first identified individual



aromatic molecules in the ISM, more than 40 years after the birth of the PAH hypoth-
esis. Several spectral surveys toward its cyanopolyyne peak (CP) position carried out
with single-dish observations have expanded the molecular census in TMC-1 and con-
strained the chemical abundances toward this source (e.g. Kaifu et al., 2004; Gratier
et al., 2016; Soma et al., 2018). In addition to expanding the molecular inventory, as
the initial stage of star formation, TMC-1 provides the initial conditions for chemical
models of later phases (Hatchell et al., 2001).

Sgr B2 is a giant molecular cloud located near the galactic center (~8.2kpc, Reid
et al., 2019). As the most massive star-forming region, Sgr B2 consists of three clumps,
South, Main, and North, spanning over 2.5 pc X 5pc (Schmiedeke et al., 2016). The
North clump, Sgr B2 (N), displays remarkable chemical richness (Friedel et al., 2004;
Belloche et al., 2013; Loomis et al., 2015; Corby et al., 2018) and 69 interstellar
molecules were first discovered toward this region. These include terrestrial-type
biologically relevant molecules such as sugar-related glycolaldehyde and dihydroxy-
acetone (Hollis et al., 2004a; Apponi et al., 2006), peptide-bond-bearing acetamide
(Hollis et al., 2006), urea (Remijan et al., 2014; Belloche et al., 2019), and the only
chiral molecule in space, propylene oxide (McGuire et al., 2016). These species con-
tain the same functional groups as the biotic building blocks of sugars, lipids, proteins,
and other bio-macromolecules, which are key to an understanding of the cosmic ori-
gins of life. Its chemical richness causes the millimeter spectrum toward Sgr B2 to be
full with molecular rotational lines. As shown in Figure 1.1, there are more than 10
lines every 100 MHz. Because of the relatively wide line widths and high density of
lines, most of them are contaminated with other molecules.

NGC 6334, also known as Cat’s Paw Nebula due to its similar shape to cat paw,
is a massive protocluster undergoing active star formation at a distance of 1.3 kpc

(Reid et al., 2014). It contains multiple sites of high-mass star forming regions. The
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Figure 1.1: The top row shows a millimeter spectrum with a 30-GHz bandwidth to-
ward the SgrB2-N LMH region observed with ALMA. The bottom row shows the same
observation, zoomed in to show the high spectral line densities toward Sgr B2(N).



deeply embedded source “I” is at the northeastern end of the region and has been
resolved into four main sources, ultra-compact region MM3, dust core MM4, and
chemically rich hot core MM1 and MM2 (Brogan et al., 2016; Hunter et al., 2017).
NGC 6334 I has been revealed with rich hot-core chemistry (McGuire et al., 2018b;
Bogelund et al., 2019; Melosso et al., 2020; Ligterink et al., 2020). This source was the
site of the first interstellar detections of methoxymethanol (CH;OCH,OH) (McGuire
et al., 2017b) and the first two vibrationally excited torsional states of acetic acid

(CH3COOH, Xue et al., 2019a).

1.3 OUTLINE OF THE THESIS

In this dissertation, we present two cases of investigations focusing on complex
astronomical molecules in molecular clouds. Part II reported the discoveries of two
unsaturated carbon-chain molecules toward the TMC-1 dark cloud, namely HC,NC
(Chapter 2) and H,C3S (Chapter 3). These discoveries were achieved with a deep
chemical survey with ~850 hours observational time directed toward TMC-1, the
GOTHAM (Green Bank Telescope Observations of TMC-1: Hunting for Aromatic
Molecules) observational program. By conducting high-sensitivity (2mK) and high-
resolution (0.05km s_l) observations, our team has reported the first astronomical
detections of numerous new complex molecules, largely expanding the molecular in-
ventory in ISM. By comparing the observed abundances with the astrochemical mod-
els, we provided further insights into the isocyanide and sulfur chemistry as well as
their evolution.

Through characterizing spatial distributions of saturated terrestrial-type inter-
stellar molecules, Part III disentangled a wealth of chemical and physical information
about massive molecular hot cores. The morphological investigations are composed

of three ALMA projects directed toward two massive hot molecular clouds, namely
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Sgr B2 and NGC 6334 1. Chapter 4 described the distinct morphologies of an isomeric
molecular family toward the Sgr B2 (N) hot core while Chapter 5 examined the dis-
tributions of a molecule with a wide range of excitation energy levels toward a second
hot core, NGC 6334 I. In synergies with VLA observations, Chapter 6 presented the
preliminary results of a multi-wavelength investigation for the origin, distribution,

relationships of molecular masers toward Sgr B2 (N).
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CHAPTER 2
INTERSTELLAR HC,/NC AND

ISOCYANOPOLYYNE CHEMISTRY

We report an astronomical detection of HC,NC for the first time in the interstellar
medium with the Green Bank Telescope toward the TMC-1 molecular cloud with a
minimum significance of 10.5 ¢. The total column density and excitation temperature
of HC,NC are determined to be 3.291?:28 x 10" ¢cm™? and 6.7J_r8:§ K, respectively, using
the MCMC analysis. In addition to HC,NC, HCCNC is distinctly detected whereas
no clear detection of HCzNC is made. We propose that the dissociative recombina-
tion of the protonated cyanopolyyne, HC;NH ', and the protonated isocyanopolyyne,
HC,NCH", are the main formation mechanisms for HC,NC while its destruction is
dominated by reactions with simple ions and atomic carbon. With the proposed
chemical networks, the observed abundances of HC,NC and HCCNC are reproduced
satisfactorily. The following chapter is primarily reproduced from Xue, C.; Willis, E.
R.; Loomis, R. A. et al. Astrophysical Journal Letters 2020, 900, L9.
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2.1 INTRODUCTION

Understanding the formation and destruction routes of molecules in astronomical
environments remains one of the challenging issues in modern astrochemistry. In-
creasingly sensitive astronomical observations can reveal detailed information about
the chemical inventories present in interstellar sources. Laboratory experiments and
astrochemical modelling can then work in tandem to uncover the chemical mecha-
nisms underlying these molecular inventories. However, there are still deficiencies in
our understanding of the chemistry of interstellar sources. For example, in spite of
proposed formation routes through grain chemistry, gas-phase formation routes can-
not be ruled out as a viable pathway for the formation of large astronomical molecules
(LAMs) (Balucani et al., 2015; Coutens et al., 2017; Acharyya & Herbst, 2017, and
references therein). The question remains as to how to better model the chemistry
present in these astronomical environments and make the models more predictive. In
turn, these robust models could then suggest further chemical species to be investi-
gated both in the laboratory and through astronomical observations.

Structural isomers are a promising class of molecules for improving the accuracy
of models. Structural isomers contain the same constituent atoms but are arranged
in different elemental configurations (Xue et al., 2019b). One of the most well stud-
ied isomeric pairs in astronomical environments is that of hydrogen cyanide (HCN)
and isocyanide (HNC) (Schilke et al., 1992; Turner et al., 1997; Hirota et al., 1998;
Herbst et al., 2000; Tennekes et al., 2006; Graninger et al., 2015). At 100 K, under
thermal equilibrium conditions, the relative abundance ratio between HNC and HCN
is ~107%° (Brown, 1977). However, it is well known that under dark cloud conditions,
such as those found in the Taurus Molecular Cloud 1 (TMC-1), the abundance ratio

approaches ~1 (Irvine & Schloerb, 1984), indicating that thermodynamic equilibrium
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certainly does not apply to the two species in these regions (Brown et al., 1989). In-
stead, measured column densities toward these sources are dominated by the kinetics
of chemical reactions in the gas phase; these measurements give observational con-
straints on the chemical formation and destruction networks (Graninger et al., 2014).
As such, measuring the relative abundance ratios for pairs of chemical isomers, and
incorporating isomer-specific chemistry into chemical networks, can be a powerful
tool to improving the predictive power of these models. Here, we focus on exploiting
the cyanide and isocyanide pairs of isomers.

The family of astronomically-detected cyanides includes HCN, methyl cyanide
(CH3CN), vinyl cyanide (CH,CHCN), ethyl cyanide (CH3CH,CN), and other species
including isocyanogen (CNCN), E-cyanomethanimine (E-HNCHCN), glycolonitrile
(HOCH,CN) and many others (McGuire, 2018; Zeng et al., 2019, and references
therein). Some of these species are found in high abundance and are readily detectable
in a variety of interstellar environments (Miao & Snyder, 1997; Araya et al., 2005;
Lopez et al., 2014; Hung et al., 2019). In contrast to the numerous detection of
cyanides in astronomical environments, there have been very few confirmed detection
of isocyanides, such as methyl isocyanide (CH3NC) (Remijan et al., 2005; Gratier
et al., 2013). Most recently, the Protostellar Interferometric Line Survey (PILS)
observed CH3NC in a solar-type star, IRAS 16293-2422, for the first time toward a
source of this type (Calcutt et al., 2018). Despite that, there have been no successful
detections of CH,CHCH,NC (Haykal et al., 2013) or CH3CH,NC (Remijan et al.,
2005; Margulés et al., 2018).

Alongside CH3CN, one of the most frequently observed families of cyanide species,
especially in cold sources, are the cyanopolyynes (HC,,CN) (Broten et al., 1978; Little
et al., 1978; Bell et al., 1998). Yet, despite their relative ubiquity, the only isocyanide

version that has been successfully detected is HCCNC (Kawaguchi et al., 1992), the
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isomer of HC3N. Remijan et al. (2005) first searched for isocyanodiacetylene (HC,NC),
the isomer of HC;N, toward Sagittarius B2(N). To the best of our knowledge, this
has been the only attempt to detect this molecule in astronomical environments,
setting an upper limit on the abundance ratio to HC;N as 0.03. In this work, we
report the first astronomical detection of HC,NC using the data available from the
GOTHAM (Green Bank Telescope Observations of TMC-1: Hunting for Aromatic
Molecules) observational program of TMC-1 (McGuire et al., 2020). The detection of
HC,NC along with new observations of HCCNC and an upper limit to the abundance
of HC4NC, have been used to better constrain the gas-phase formation models of
both cyanopolyynes and isocyanopolyynes (HC,,NC) under TMC-1 conditions. The
interplay between ~CN and —~NC formation chemistry can also provide insights into
the physical conditions and history of the sources where these species are detected,
therefore making new mechanistic insights into -CN vs -NC chemistry particularly
relevant for both new and continuing problems such as the HCN/HNC abundance
ratio (e.g. Hacar et al., 2020).

In Section 2.2, we describe the molecular properties of HC,NC. Section 2.3 presents
the detection of HC,NC with the GOTHAM observations and the observational anal-
yses. The results of the analyses are used to constrain the new chemical formation
network developed to account for the formation of HC,NC in Section 2.4. Finally,
in Section 2.5, we summarize our results and describe the next steps in refining the
chemical network and searches for larger isocyanopolyynes towards other astronomical

sources.

2.2 SPECTROSCOPIC PROPERTIES

The HC,NC molecule has a linear equilibrium structure (Gronowski & Kotos,

2006). For this work, transition frequencies of HC,NC were taken from the CDMS
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catalog (Miiller et al., 2005); the entry was based on Fourier transform microwave
(FTMW) spectroscopy data and ab initio calculations reported by Botschwina et al.
(1998).

In addition to the molecular structure, Botschwina et al. (1998) also provide esti-
mates of the electric dipole moment. However, the authors did not report the dipole
polarizability, which is required for estimating reaction rate coefficients, as will be dis-
cussed in Section 2.4. To this end, we carried out new calculations with the CFOUR
(Coupled-Cluster techniques for Computational Chemistry) suite of electronic struc-
ture programs (Stanton et al., 2017), employing the coupled-cluster method with sin-
gle, double, and perturbative triple excitations [CCSD(T)] under the frozen-core ap-
proximation, paired with a Dunning’s correlation-consistent quadruple-¢ (cc-pVQZ)
basis set. At this level of theory, we obtain an equilibrium dipole moment of 3.24 D in
agreement with the value of 3.25D obtained by Botschwina et al. (1998) employing
a smaller Dunning’s triple-C (cc-pVTZ) basis set. The small change between the cc-
pVTZ and cc-pVQZ values suggests that the one-electron properties have effectively
converged with respect to basis set, thereby lending confidence in our calculations.
With the same method and the cc-pVQZ basis set, we obtain a value of 10.3501 A’

for the average dipole polarizability listed in Table 2.1.

2.3 OBSERVATIONS

The capabilities of the Green Bank Telescope (GBT) have expanded the molec-
ular census in TMC-1 and, thereby, increased the known molecular inventory in
the interstellar medium (McGuire et al., 2017a, 2018a). The GBT observations of
the GOTHAM project targeted the TMC-1 cyanopolyyne peak (CP) centered at
9000 = 04"41™42.5%) 55000 = 25°41'26.8", where the column densities of the carbon-

chain species peak. The GOTHAM spectral line survey covers the GBT X-, K- and
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Table 2.1: Calculated dipole and polarizability for the related cyanopolyynes and
isocyanopolyynes

Parameter pe (D) “ a (Ag) b Reference
HC;3N 3.788 5.848 Woon & Herbst (2009)
HCCNC 2.990 6.221 Woon & Herbst (2009)
HC;N 4.55 9.61 Loison et al. (2014b)
HC,NC 3.24 10.3501 This work
CH3C3N 5.041 8.008 Woon & Herbst (2009)

“ The equilibrium electric dipole moment in units of Debye.
® The average dipole polarizability, in units of A

Ka-Bands with total 13.1 GHz frequency coverage from 7.906 to 29.827 GHz. The
beam size varies between ~90" at 8 GHz and ~26" at 29 GHz. At a uniform 0.05kms™"
velocity resolution, the RMS noise ranges from ~2 — 20 mK across the dataset. De-
tailed information concerning the GOTHAM observations and the data calibration
can be found in McGuire et al. (2020).

As presented in Figure 2.1, we identified three emission features above the noise
level of the observations assigned to HC,NC with the GOTHAM survey. Each feature
comprises three hyperfine components of the rotational transition. Table 2.2 summa-
rizes the spectroscopic properties of the nine transitions. The HC,NC lines show a
good match between the observed frequencies and the calculated frequencies from
the CDMS database assuming a systematic Local Standard of Rest velocity (Vi) of

5.8 km s .

2.3.1 Determinations of Column Density and Excitation Con-
ditions

A total of 13 transitions of HC,NC (See Section 2.7) were used to rigorously

determine the molecular abundance and excitation conditions using the Markov chain
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Figure 2.1: Individual line detections of HC,NC in the GOTHAM data. The top
row shows a wider view to provide context on the noise levels, ~5mK. The bottom
row shows the same transitions, zoomed in to show detail. The spectra (black) are
displayed in velocity space relative to 5.8 km s_l, and using the rest frequency given
in the top right of each panel. Quantum numbers are given in the top left of each
panel, neglecting hyperfine splitting. The best-fit model to the data, including all
velocity components, is overlaid in green. Simulated spectra of the individual velocity
components are shown in: blue (5.63kms "), yellow (5.75kms "), red (5.91kms "),

and violet (6.01kms™'). See Table 2.3.
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Table 2.2: Spectroscopic Properties of Observed Transitions

Transitions Frequency Ep log;, % Sij ,u2

J = J F' - F" (MHz) (K) (D?)
8§ —» 7 9 - 8 22418.8438(10) 4.84 -6.1859 94.43
8§ = 7 22418.8461(10) 4.84 -6.1927 83.18

7T > 6 22418.8498(10) 4.84 -6.1936 73.24

9 —» 8 10 —» 9 25221.1790(16) 6.05 -6.0295 105.07
9 - 8 25221.1808(17) 6.05 -6.0350 93.88

8§ = 7 25221.1837(17) 6.05 -6.0356 83.88

10 —» 9 11 - 10 28023.5067(25) 7.40 -5.8899 115.69
10 —» 9 28023.5082(26) 7.40 -5.8943 104.57

9 - 8 28023.5105(26) 7.40 -5.8948 94.52
NoTE — The spectroscopic data of the HC,NC transitions corresponding to the three de-

tected emission features are taken from the CDMS catalogue (Miiller et al., 2005) and the
SPLATALOGUE spectroscopy database L

Monte Carlo (MCMC) fitting method described in Loomis et al. (2021). Each of the
identified emission features consists of four individual velocity components (Loomis
et al., 2021), indicating that TMC-1 is not quiescent and isotropic in terms of physical
structure. This is supported by recent CCS and HC3sN observations performed with
the 45 m telescope at the Nobeyama Radio Observatory (Dobashi et al., 2018).

A uniform excitation temperature (7.,) and line width (AV') for each velocity
component are assumed, while source velocity (Vi ), source size, and column density
(Nt) are variable among different velocity components. Therefore, there are 14 free
parameters in total to be adjusted in the MCMC analysis. A forward model with 14
free parameters is used to iteratively generate model spectra which are compared with
the observations. Posterior probability distributions for each parameter and their
covariances are generated via several million of these parameter draws, populating
the corner plot in Section 2.7. The resulting best-fit parameters of each velocity

component of HC,NC are summarized in Table 2.3. As shown in Figure 2.1, if we
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take the noise level measured in each passband into account, the constructed profiles
fit reasonably well with the observed spectra for the individual emission features. A
total Nt of 3.29?:38 x 10" em ™ with a T, of 6.7J_r8j§, K is determined for HC,NC.

The Nt per velocity components show variation on the order of a factor of a few
but have consistency in the order of magnitude, unlike the case of HC3N and CCS
presented in Dobashi et al. (2018). The variation of Nt arises from the degeneracy
between the Nt of each component and its source size, found by the MCMC analysis.
Without any spatial information to constrain the source sizes, we cannot conclude
much about their chemical properties.

In addition to the HC,NC analysis, we have also analyzed HCCNC and HCzNC
in these observations; the results of these analyses are presented in Appendices 2.8
and 2.9. HCCNC is definitively detected with six emission features whereas there
is no obvious emission detected for HC{NC. The Ny for HCCNC is measured to be
3.82:%:?2 x 10" Cm_2, while a 20 upper limit of <4.04 X 10" em™? for the HCgNC
column density is determined. HCCNC has been previously detected in TMC-1 with
Nobeyama 45-m observations (Gratier et al., 2016), which reported N(HCCNC) to
be 8.51i§:§7 x 10" em ™, consistent with our GOTHAM result. The column densi-
ties listed in Table 2.4 are the sums of the four detected velocity components, where
the column densities of HC3N and HC;N are from Loomis et al. (2021). The de-
tection of HCCNC and HC,NC in GOTHAM data gives column density ratios to
their corresponding cyanide isomers of 2.2f8:1% for HCCNC/HC;3N and 0.4931)::{’3%
HC,NC/HC;sN toward TMC-1. The observed results are used to constrain the reac-

tion rate coefficients and branching ratios of the formation routes of HC,NC, as will

be discussed in Section 2.4.2.
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Table 2.3: HC,NC best-fit parameters from the MCMC analysis

Component Vier Size Ny  ° Ty AV
(kms™) " (10" em™?) (K (kms™)
0.045 9 0.19

C1 5.628t0,0§§ 427 0.3011],13
C2 5.7457 007 21*7 1.35% 558 6,770 0.12070012
C3 5.907 005 6272 0.23°013 - -
C4 6.009"0 03 9*s" 1401550

Ny (Total)” 3.29*0%0 x 10" em ™

NOTE — The quoted uncertainties represent the 16" and 84" percentile (1o for a Gaussian

distribution) uncertainties.

“ Column density values are highly covariant with the derived source sizes. The marginalized
uncertainties on the column densities are therefore dominated by the largely unconstrained
nature of the source sizes, and not by the signal-to-noise of the observations. See Figure 2.4 for
a covariance plot, and Loomis et al. (2021) for a detailed explanation of the methods used to
constrain these quantities and derive the uncertainties.

® Uncertainties derived by adding the uncertainties of the individual components in quadrature.
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Figure 2.2: Left: Velocity-stacked spectra of HC,NC in black, with the corresponding
stack of the simulation using the best-fit parameters to the individual lines in red.
The data have been uniformly sampled to a resolution of 0.02km s™'. The intensity
scale is the signal-to-noise ratio of the spectrum at any given velocity. Right: Impulse
response function of the stacked spectrum using the simulated line profile as a matched
filter. The intensity scale is the signal-to-noise ratio of the response function when
centered at a given velocity. The peak of the impulse response function provides a
minimum significance for the detection of 10.5 0. See Loomis et al. (2021) for details.

2.3.2 Visualization of the Detection

To better visualize the detection, and determine a minimum statistical signifi-
cance, we constructed an intensity- and noise-weighted stacked composite spectrum
using the GOTHAM data (Loomis et al., 2021). The spectral stacking was performed
in velocity space using the 13 HC,NC transitions covered by the survey. Another
composite line profile using the best-fit parameters was constructed, and used as a
matched filter to perform the cross-correlation and determine the statistical signifi-
cance of the detection (Loomis et al., 2021). The results are shown in Figure 2.2, and

indicate a minimum significance to the detection of HC,NC of 10.5 0.
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2.4 DISCUSSION

2.4.1 Chemical Networks

A number of prior investigations have attempted to address the chemical origins
of many of the cyanopolyynes observed in TMC-1 (Takano et al., 1998; Taniguchi
et al., 2016; Burkhardt et al., 2018). For example, due to the significant abundance
enhancement of HCC™CN relative to HC®*CCN and H"®CCCN, the formation of
HC;3N was suggested to be dominated by the neutral-neutral reaction of CoHy and
the CN radical (Takano et al., 1998). On the other hand, HC;N and HC;N show
no such enhancement for the analogous *C position, implying that the primary for-
mation route for HC5N is the dissociative recombination (DR) reaction between the
N-bearing hydrocarbon ions and electrons in cold environments (Burkhardt et al.,
2018). Furthermore, Loison et al. (2014a) pointed out that the H,CCN + C —
HC3N + H reaction is also involved in producing HC3N.

On the other hand, the chemistry of the corresponding isocyanopolyynes (HC,,NC)
is less well known. Compared with neutral-neutral reactions, reaction schemes involv-
ing the DR process of protonated molecular ions such as HCsNH" and HC,NCH™ are
more likely to be the main production mechanisms for HCCNC (Kawaguchi et al.,
1992; Gensheimer, 1997; Osamura et al., 1999; Vastel et al., 2018a). These protonated
ions can be formed through ion-molecule reactions such as HCCH™ + HNC/HNC and
CH3CN + C7 (Takagi et al., 1999; Quénard et al., 2017). Even though the chemistry
of HC,NC is less well-studied compared to HCCNC, both of them belong to the same
homologous series. We therefore assumed analogous formation schemes of HCCNC
and HC,NC. In other words, HC,NC would mainly form through the DR of the

protonated cyanopolyynes HCsNH ' and protonated isocyanopolyynes HC,NCH".
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One of the most prevalent destruction mechanisms of cyano- and isocyanopolyynes
is ion-molecule chemistry, particularly reactions with C*, Hs", and HCO™ (Woon &
Herbst, 2009). In addition, as described in Loison et al. (2014b), reactions with
carbon atoms are also efficient. Therefore, we extrapolate the mechanisms involving
carbon atoms to isocyanopolyynes and propose that the main destruction mechanisms
of HC,NC are with the ions mentioned above, neutral carbon, and photons.

In this work, we adopted the chemical network of kida.uva.2014 (Wakelam et al.,
2015), modified as described in McGuire et al. (2018a), as the basis and added or
updated the reactions related to HCsN, HCCNC, HCsN, and HC,;NC. Note that we
introduce HC,NC as the only isomer of HC5N in the network. We neglected the
other HCsN isomers to avoid adding more new species of which we have even less
knowledge. In the following sections, we will discuss the choices and estimations of
the reaction rate coefficients of the formation and destruction pathways of the four
molecules of interest. The production and destruction routes regarding HC,NC are

summarized in Table 2.5 with the corresponding rate coefficients.

Formation Mechanisms — Dissociative Recombination Reactions

The estimation of the branching ratios and rate coefficients of the HCsNH'" DR
are constrained by the laboratory measurements of the DR of DC3ND ™ and the
consideration of isomerization among the products (Vastel et al., 2019, and references
therein). Here, we adopted their values in this chapter.

Since HC3N and HCCNC are both products of the HC3NH™ DR reactions, the

HC;NH" DR, originally included in the kida.uva.2014 network, is amended to
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include HC,NC as another product:

HC;NH" + ¢ — C4H + HCN 22% (2.1)
— C,H + HNC 22% (2.2)
— CCH + HCyN 6% (2.3)
— C;N + H, 4% (2.4)
— HC;N + H 43.8% (2.5)
— HC,NC + H 2.2% (2.6)

The particular choice of the branching ratio is explained below.

Based on the potential energy surface of the various HC3N isomers, Vastel et al.
(2019) suggested the branching fraction for the HC;NH™ DR forming HC3N to be
20 times greater than that for the process forming HCCNC (private communication
with J. Loison). The energy difference between HC,NC and HC;N is calculated to be
~114.5kJ/mol (or 13771 K) with the W1BD thermochemical method, which is similar
to the difference between HCCNC and HC3N, ~113.1kJ/mol (or 13603 K). Because
of the lack of a laboratory measurement of the branching ratio in the HCsNH' DR,
we assume a fiducial ratio between the branching fractions for the HCs;N isomers
to be 20, analogous to that of the HC3N isomers. The total rate coefficient for the
HC;NH" DR, 2.0 x 10°°(7/300) " cm®s™", and the branching ratios for the other
product species are followed as suggested in kida.uva.2014.

The dissociative recombination of HCoNCH ™ is another important pathway lead-
ing to HCCNC (Botschwina et al., 1993). In kida.uva.2014, the rate coefficient for
the DR of HC,NCH™ is 6.0 x 107 (7/300) """ cm®s™", which seems to be underes-

timated compared with the experimentally measured rate coefficient for the DR of
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DC,ND™, 1.5 x 107°(77/300) """ em®s™" (Geppert et al., 2004; Vigren et al., 2012).
We expect these rate coefficients to be similar because rate coefficients for DR tend
to increase with complexity (Larsson et al., 2012), and because the two cations are
of similar complexity. Considering that, we modified the total rate coefficient for the
HC,NCH™ DR to be analogous with that of DCsND™.

Furthermore, we also added HC,NCH " as secondary precursor of HC,NC. For the
HC,NCH" DR, we assume the total rate coefficient to be consistent with the HC;NH"
DR rate coefficient of 2.0 x 10°°(7/300) ™" cm®s™". The channels and branching
ratios of the DR of HC,NCH" are assumed to be equal to that of HCo,NCH" in the

kida.uva.2014 network:

HC,NCH" + e — CH + HCN 38% (2.7)
— C,H, + CN 38% (2.8)
— HC;N + H 4% (2.9)
— HC4NC + H 20% (2.10)

Note that, while HC,NC can be protonated to form HC,NCH", the formation of
HC,NCH" is dominated by the proposed reaction between CH;C3N and the C™ ion.
Thus, consecutive protonation and de-protonation of HC,NC, resulting in a zero net
abundance change, is avoided.

Since the barrierless DR reactions contribute dominantly to the formation of iso-
cyanopolyynes, we emphasize that the determination of the branching ratios are usu-
ally more crucial than those of the overall rate coefficients for the case of DR in
astronomical environments (Larsson et al., 2012). Nonetheless, although the branch-

ing ratios of the related DR reactions are mostly estimated and relatively arbitrary
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due to the lack of experimental measurement other than for DC3ND™ (Geppert et al.,
2004), we believe that the values we estimated are reasonable, as supported by the

reproduction of observed values discussed below.

Destruction Mechanisms

As previously mentioned, the destruction of the cyano- and isocyanopolyynes is
dominated by ion-molecule reactions and reactions with atomic carbon. The reaction
coefficient of the related ion-molecule reactions are estimated with equation (3) from

Woon & Herbst (2009), which can be rewritten as

2
kp = 0.AT6T——E2 4 .62 X 2rre, /%, (2.11)

V2T 1

where up and « are the dipole moment and the average dipole polarizability of the
neutral molecule, respectively, and p is the reduced mass of the reactants. In ad-
dition to adding the new destruction routes proposed for HC,NC, we also updated
the ion-molecule reaction rate coefficients of HCCNC, HCs;N, and CH3C3N from the
kida.uva.2014 network with this formula and the dipole moments and polarizabilities
listed in Table 2.5. The reaction rate coefficients for the reactions of isocyanopolyynes
with carbon atoms are estimated to be the same as those of the cyanopolyynes (Loi-
son et al., 2014b), while the reaction coefficients for the UV photon dissociation and
cosmic-ray ionization reactions of HC,NC are assumed to be the same as those of

HCCNC in kida.uva.2014 respectively.

2.4.2 Chemical Modeling

We used the three-phase gas-grain astrochemical model NAUTILUS 1.1 (Ruaud
et al., 2016) together with our updated network to attempt to reproduce the abun-

dances of HC,NC and the related species. Physical conditions are assumed to follow
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typical cold dense cloud conditions, i.e. a gas and dust temperature of 10K, a gas
density ny of 2 X 10" em ™, a visual extinction (A,) of 10, and a cosmic ray ionization
rate (¢) of 1.3x 107" s™" (Ruaud et al., 2016). We adopted assumed initial elemental
abundances in TMC-1 CP as described in Hincelin et al. (2011) with the exception
of atomic oxygen. The resulting abundances, with respect to the Ny (g, ~ 10* cm ™2
(Gratier et al., 2016), were converted to column densities and compared with the
observed values.

We found that both cyano- and isocyanopolyynes are highly sensitive to the ini-
tial oxygen elemental abundance. A higher oxygen abundance would result in lower
abundances of the HC3N, HCCNC, HC;N, and HC,NC molecules because the major-
ity of C is being locked into CO while reacting with the abundant O. In Figure 2.3,
we present the results of the chemical modeling with an initial C/O ratio of 1.1, in
which the model at an age of ~3.5 X 10° yr gives satisfactory agreement with the ob-
servations for HCsN,HCCNC,andHC3;N. The initial physical conditions and elemental
abundances are all homogeneous among the series of GOTHAM Data Reduction 1
(DR1) papers (McGuire et al., 2021; Loomis et al., 2021; McCarthy et al., 2021; Xue
et al., 2020; Burkhardt et al., 2021) and have reproduced the observed abundances
of the other cyanopolyynes species HC;N, HCgN, and HC{;N well. Compared with
previous astrochemical modelling on TMC-1, the modelled results produce a similar
agreement. For example, in Loison et al. (2014b), when assuming the C/O ratio
to be 0.95, the peak abundances for HCsN and HCs;N are ~4 X 10° and ~7 x 107°
respectively and occur at ~3 X 10° yr, which are consistent with our results.

The overproduction of HC,NC could be explained by the defects in the chemical
network. Concerning destruction, there could be secondary destruction mechanisms
that we have not accounted for, while concerning production, the branching ratios in

the related DR processes could be inaccurate. Firstly, the ratio between the branching
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fraction for forming HC;N and that for forming HC,NC in the HCsNH™ DR was
assumed to be an analogous value of 20 from the HC;NH' DR, which could be
underestimated. We conducted additional models by varying this ratio and found
that increasing it would result in a significant decrease in the simulated abundance
of HC,NC while the increase in HC;N is less significant, as shown in Figure 2.3.
When this ratio is set to be 200, the modeled abundance ratio for HC,NC/HC;sN can
reach 0.34%, which matches well with the observed value, 0.497332%. Therefore, as
constrained by the observed abundances, this ratio is suggested to fall within a range
of 20 to 200. Secondly, neglecting other possible HCsN isomers in the DR processes
would also lead to an overestimation of the branching fractions for forming HC,NC
and HC;N in the HC,NCH" DR. A reduction in the branching ratio could easily
reduce the simulated HC,NC abundance. Experimental studies on the formation and

destruction pathways of this molecule are rare, and its detection in TMC-1 therefore

highlights the need for more experimental and theoretical work

2.4.3 CN/NC Formation Chemistry

In the current study, we have assumed the formation mechanism of HC,NC to
be analogous to that of HCCNC with the understanding that HC3N and HCsN, and
thus HCCNC and HC,NC, might have different dominant formation pathways. As
such, the model results presented here are only a first attempt at understanding this
chemistry with the knowledge that refinements to the models will be necessary as
more experimental studies become available.

The current model shows that the HC,NH" DR is the dominant pathway in the
formation of HCCNC and HC,NC, whereas there are several reaction channels con-
tributing to the HCCCN and HC,CN production and different pathways dominate at

different times, in disagreement with what the *C-isotopologue observation suggests.
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The resultant model abundance ratios are comparable for HCCNC/HCCCN (~3.0%)
and HC,NC/HC,CN (~2.6%) at ~3.5 x 10° yr.

In contrast, the observed HC,NC/HC,CN abundance ratio in TMC-1, 0‘49:1]::1%%7
is lower than the HCCNC/HCCCN abundance ratio, 2.2f8:1%, within 1 o uncertainty.
The uncertainties in the observed ratios are largely introduced by the poor constraint
on the spatial distribution of these molecules. One caveat is that, as Remijan et al.
(2005) highlighted, a necessary prerequisite to interpret the relative abundance ra-
tio between any molecular species detected in astronomical environments, including
cyanide and isocyanide isomers, is that they must be co-spatial.

A subsequent dedicated search for cyanide and isocyanide pairs in different in-
terstellar sources is justified, because the abundance ratio between cyanide and iso-
cyanide isomers could also vary among sources. For example, the HCCNC/HCCCN
abundance ratio toward the L1544 pre-stellar core, ~(3.5 — 13.8)%, is elevated rela-
tive to that in the TMC-1 dark cloud (Vastel et al., 2018a). Compared with TMC-1,
L1544 is at a later stage along the path of star formation and has a slightly higher
excitation temperature of 6 - 8 K (Vastel et al., 2018a). Determining the cause of the
variation in CN/NC isomeric ratios may prove useful in constraining the dominant
pathways and their dependence on the physico-chemical history of the source.

In addition, studies on other cyanide/isocyanide isomers in TMC-1 would help to
address how the NC/CN ratio varies among different pairs of species, such as CH;CN
and CH3NC. To date, only CH3CN has been detected towards TMC-1 (Irvine &
Schloerb, 1984; Gratier et al., 2016), while CH3NC may be detected as the GOTHAM

survey progresses.
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2.5 SUMMARY

In this chapter, we report the astronomical detection of HC,NC for the first time
in the interstellar medium using the GOTHAM survey at a minimum significance of
10.5 0. Three emission features above the noise level of the observations are assigned
to HC,NC. Our analysis indicates a total of four distinct velocity components con-
tribute to the emission signal observed for this species. The observed ratio between
HC,NC and its cyanopolyyne counterpart HCsN is ~ 0‘4911]::;3% while the observed
relative abundance ratio between HCCNC and HC3N is ~ 2.2i8;71%.

The synthesis of the HC,NC molecule is linked to the chemistry of the protonated
cyanides and isocyanides. We attempted to reproduce the observed abundances of the
selected cyano- and isocyanopolyynes with the inclusion of dissociative recombination
as major formation routes and ion-molecule reactions, as well as reactions with atomic
carbon as dominant destruction routes. We are aware that HC3N and HC;N have
different dominant formation pathways whereas the chemical network of HC,NC in the
current study is assumed to be analogous to that of HCCNC. The similar molecular
structure of the two isocyanopolyynes makes it the best assumption we can posit.

The chemical modelling presented reproduces the observed abundance of HC,NC
within an order of magnitude. The result of the chemical modelling suggests that the
considered formation and destruction routes are reasonable and relevant for HC,NC
and has enabled us to constrain the reaction rate coefficients to some extent. With
the increasing number of detected cyano- and isocyanopolyynes in astronomical en-
vironments, accurate laboratory measurements of the rate coefficients and branching
ratios for reactions of interest would certainly help to better reproduce the observed

results.
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Figure 2.3: The observed and predicted abundances of HC3N, HCsN, HCCNC, and
HC,NC are shown in blue, orange, green, and red respectively. The dotted lines
and the shaded regions correspond to the mean and the 10 range of the observed
abundances. The solid and dashed lines represent two models with HC;N/HC,NC
branching ratios for HC;NH " DR of 20 and 200 respectively. Note that the predicted
abundances of HC3N, HCsN, and HCCNC from the two models overlap and are
indistinguishable in the figures.
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2.7 APPENDIX: MCMC FITTING DETAIL FOR

HC,NC

A total of 13 transitions (including hyperfine components) of HC,NC were cov-
ered by GOTHAM observations at the time of analysis and were above the predicted
flux threshold of 5%, as discussed in Loomis et al. (2021). Of these transitions, none
were coincident with interfering transitions of other species, and thus a total of 13
transitions were considered. Observational data windowed around these transitions,
spectroscopic properties of each transition, and the partition function used in the
MCMC analysis are provided in the Harvard Dataverse repository (GOTHAM Col-
laboration, 2020). A corner plot of the parameter covariances and their distribution
for the HC,NC MCMC fit is shown in Figure 2.4. Worth noting are the strong covari-
ances between the column density and the source size for sources #2 and #4. The
poor constraint on these source sizes leads to a large uncertainty in the total column
density. Future detections of lines at lower or higher frequencies to anchor the source
size fit (through measured beam dilution) would greatly enhance the precision of the

column density measurement.

2.8 APPENDIX: HCCNC ANALYSIS RESULTS

An identical analysis to that for HC,NC was carried out for HCCNC. Six emission
features contributed by the nine rotational transitions (including hyperfine compo-
nents) of HCCNC are well-detected above the noise, as shown in Figure 2.5. The top
three panels are the three hyperfine components of the 1 — 0 transition respectively
while the bottom panel shows all the hyperfine components of the 3 — 2 transition.

The spectroscopic properties of the nine transitions are summarized in Table 2.6.
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Figure 2.4: Parameter covariances and marginalized posterior distributions for the
HC,NC MCMC fit. 16th, 50th, and 84™ confidence intervals (corresponding to +1o
for a Gaussian posterior distribution) are shown as vertical lines.
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Table 2.6: Spectroscopic Properties of the HCCNC lines

Transitions Frequency Ep log;, % Sij ,u2

J = J F' - F" (MHz) (K) (D)
1 -0 0 -1 9935.2000(150) 0.48 -7.4859 2.86
1 -0 2 - 1 9935.6270(150) 0.48 -7.4859 14.31
1 -0 1 -1 9935.9100(150) 0.48 -7.4858 8.59
3 - 2 2 - 2 29806.5354(122) 2.86 -6.7535 2.86
2 - 3 29806.8398(39) 2.86 -8.2976 0.08

4 - 3 29806.9503(20) 2.86 -5.9454 33.11

3 - 2 29806.9615(20) 2.86 -5.9965 22.89

2 - 1 29807.0089(25) 2.86 -6.0211 15.45

3 = 3 29807.2660(89) 2.86 -6.8996 2.86

NoTE — The spectroscopic data of the HCCNC transitions corresponding to the six detected lines
are taken from the JPL catalogue2 and the SPLATALOGUE spectroscopy database, which are
based on the FTMW and millimetre-wave measurements of Guarnieri et al. (1992) and Kruger
et al. (1993).

Of these transitions, 6 transitions are above the 5% threshold, which was uniformly
applied to the whole GOTHAM dataset, and were therefore considered for the MCMC
fitting and spectral stacking process, the data used in which are available in GOTHAM
Collaboration (2020). The resulting best-fit parameters are given in Table 2.7. The
noise level of the 1, — 0; spectrum is ~3mK, which accounts for the apparent
difference seen between the constructed and observed profiles. The stacked spectrum
and matched filter results are shown in Figure 2.6, while a corner plot of the parameter

covariances for the HCCNC MCMC fit is shown in Figure 2.7.

2.9 APPENDIX: HC4NC ANALYSIS RESULTS

Following the similar line-selection process with HC,NC, a total of 10 transitions
(including hyperfine components) of HC4NC were considered and the data are again

available in GOTHAM Collaboration (2020). In our observation, no signal beyond
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Figure 2.5: Similar with Figure 2.1. Individual line detections of HCCNC in the
GOTHAM data. The observed spectra (black) are displayed in velocity space rel-
ative to 5.8kms™ and the simulated spectra of the individual velocity components
are shown in blue (5.62kms™"), yellow (5.76kms "), red (5.93kms "), and violet
(6.05kms "), which are summarized in Table 2.7, with the best-fit model including
all velocity components overlaid in green.
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Table 2.7: HCCNC best-fit parameters from the MCMC analysis

Component Vier Size Nr ¢ T, AV
(kms™) (" (10" cm™) (K (kms™)
C1 5.62270010 140*31 0.97101%
C2 5.756f8:8§§ 117f§§ 1.O4J_r8j12 6.0+03 01660017
C3 5.92670017 110753 1.0670 15 e oo
0.066 26 1.02

C4 6.051 5040 1775 0.75 a1

Ny (Total)” 3.8270 % % 10" cm ™

NOTE — The quoted uncertainties represent the 16" and 84" percentile (1o for a Gaussian

distribution) uncertainties, which are derived with the same methods mentioned in Table 2.3.
See Figure 2.7 for a covariance plot.
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Figure 2.6: Similar with Figure 2.2. Left: Velocity-stacked spectra of HCCNC in
black, with the corresponding stack of the simulation using the best-fit parameters to
the individual lines in red. Right: Impulse response function of the stacked spectrum
using the simulated line profile as a matched filter. The peak of the impulse response
function provides a minimum significance for the detection of 38.6 o.
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Figure 2.7: Parameter covariances and marginalized posterior distributions for the
HCCNC MCMC fit. 16th, 50th, and 84" confidence intervals (corresponding to +1 o
for a Gaussian posterior distribution) are shown as vertical lines.
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Table 2.8: HC4NC derived upper limit column densities from the MCMC analysis

Component Vier Size Np ¢ T.. AV
(kms™) " (10" em™?) (K (kms™)

C1 [5.624] [33] <0.65
€2 [5.790] [22] <0.64
C3 15.910) 150] <0.35 1651 10-117]
C4 [6.033] [18] <2.39

N (Total)" <4.04x 10" em™

NoTE — Upper limits are given as the 97.8" percentile (2 o) value. Parameters in brackets were

held fixed to the 50" percentile value. See Figure 2.8 for a covariance plot.

a 1o detection limit can be assigned to HC4NC. Column density upper limits are
therefore constrained using the modified fitting process described in Loomis et al.
(2021), the results of which are given in Table 2.8. A corner plot of the parameter
covariances for the HCZNC MCMC fit is shown in Figure 2.8.
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Figure 2.8: Parameter covariances and marginalized posterior distributions for the
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Neol #4 [cm™2]

HC¢NC MCMC fit. The 97.8"™ confidence interval (corresponding to 2o for a Gaus-
sian posterior distribution) is shown as a vertical line.
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CHAPTER 3
CONFIRMATION OF H,C3S DETECTION

AND H,C S MOLECULAR FAMILY

3.1 INTRODUCTION

The sulfur depletion problem has long been a puzzle of the chemistry in dense
clouds (Ruffle et al., 1999; Vidal et al., 2017). The elemental sulfur abundance shows
excellent consistency among the solar system (S/H of 1.41 + 0.03 X 107°, Asplund
et al., 2005) and the diffuse interstellar medium (S/H of 1.35 + 0.09 x 10~°, Howk
et al., 2006). On the contrary, in dense dark clouds, the sulfur budget probed by
gas-phase sulfur(S)-bearing molecules only account for a tiny fraction of the cosmic
elemental sulfur abundance. While there are hypotheses that the missing sulfur is on
dust grains and/or in its atomic form, detailed infrared observations have found very
few S-bearing molecules on ice mantles (Vastel et al., 2018b; Shingledecker et al., 2020,
and reference therein). Modern astrochemical models also have to adopt a depleted
S/H value of 8 X 107" in order to reproduce the chemistry under dark cloud conditions

(Agundez & Wakelam, 2013), rendering the mystery unsolved. Therefore, it remains
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important to search for new unknown S-bearing molecules and rigorously determine
the abundances of the known S-bearing species.

The study of interstellar sulfur-bearing molecules has become a hot topic lately
on both observational and theoretical sides (e.g. Luo et al., 2019; McGuire et al.,
2019; Margules et al., 2020; Lorand et al., 2020). Notably, the very recent discov-
eries of HyCsS and HyC3S along with other four S-bearing species in the dark cloud
TMC-1 have expanded the sulfur molecular inventory and characterized the previ-
ously unknown richness of sulfur chemistry in dark clouds (Cernicharo et al., 2021a,b).
Furthermore, of the HyC,S family, quantum chemical calculation and astrochemical
kinetics modeling suggest an efficient but exclusive destruction pathway of H,C,S
with atomic hydrogen (Shingledecker & Kang, in preperation). The diverse chemical
behaviours of this family by itself is worth a throughout investigation of their molecu-
lar abundance ratios and a systematic investigation of this family can certainly enrich
our understanding of the sulfur chemistry of dark clouds.

The simplest member, H,CS, was firstly detected in interstellar medium (ISM) in
1973 by Sinclair et al. (1973) and towards TMC-1 in 1989 by Irvine et al. (1989). The
spectral line survey of TMC-1 performed with the 45 m telescope at the Nobeyama
Radio Observatory subsequently detected the Jy, x = 191 — 0g transition of HyCS
at 34.3GHz (Kaifu et al., 2004). Later, Gratier et al. (2016) imposed a Np of
4.17?:32 x 10" cm ™ using Kaifu’s data. It remained the only known member un-
til very recent discovery of the second and third member, HyC,S and H,C5S reported
with the Yebes 40m telescope observations (Cernicharo et al., 2021b). The column
densities were suggested to be 7.8 +0.8 X 10" em ™ for HyCyS and 3.7+0.4x 10" cm ™
for HyC3S respectively. However, comparisons of molecular ratios of the HyC,S family

between different telescopes suffer from differences in beam dilution corrections and

beam efficiencies. For example, a Gaussian source with an FWHM of 160" was as-
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sumed in Kaifu et al. (2004), whereas a source size of 40" was adopted in Cernicharo
et al. (2021b).

Moreover, these observations also suffered from the limited spectral resolutions,
which prevent us from precisely constraining the excitation conditions and column
densities of these molecules. Recently, the high spectral resolution observations of
the CCS and HC3N emission lines performed with the Nobeyama 45 m telescope re-
vealed multiple cloud components with distinct systematic velocities toward TMC-1
CP (Dobashi et al., 2018). The detailed analysis of the spectra from the GOTHAM
program confirmed the presence of up to four individual velocity components for all
molecules in the survey (Loomis et al., 2021). The low frequency resolution of the
previous observations of HyC,S, ~40kHz (corresponding to 0.35km s at 34 GHz),
was insufficient to resolve the multiple velocity components where adjacent compo-
nents can be separated by as close as ~0.1 km s™'. The poor characterization of the
emission profile makes the assignments of column densities among components im-
possible and leads to a high degree of uncertainties in the analysis of sulfur chemistry
in TMC-1.

In this chapter, we confirm the detection of HyC3S and present a rigorously inves-
tigation of the H,C,S molecular family for n = 1, 2, and 3 toward TMC-1 with an
uniform set of high-resolution observations. In Section 3.2, we describe the used spec-
troscopy data of HyC3S and the molecular properties of the three H,C,S molecules.
Section 3.3 describes the observing strategy and Section 3.4 presents the observa-
tional results of three molecules. The abundance ratios among the H,C,S family and
the differences in chemistry among the TMC-1’s sub-components are discussed in

Section 3.5.
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Table 3.1: Properties of thioformaldehyde, thioketene, and thiopropadienone

Molecules a (Ag) “ pe (D) * e (D) Reference

(calc) (exp)
H,CS 4.450 1.68 1.6491 Fabricant et al. (1977)
H,CsS 6.551 1.01 1.01 Winnewisser & Schéfer (1980)
H,CsS 9.329 2.12 2.064 Brown et al. (1988)

“ Entries are based on cc-pVQZ calculations using CFOUR done in this work.

3.2 SPECTROSCOPIC PROPERTIES

For this work, transition frequencies of H,CS, HyC,S, and HoCsS were taken from
the CDMS catalog (Miiller et al., 2005). In particular, the entry of HyC3S was based
on Fourier transform microwave (FTMW) spectroscopy data and ab initio calculations
reported by Botschwina et al. (1998). We performed the calculations with the CFOUR
suite of electronic structure programs (Stanton et al., 2017), employing the coupled-
cluster method with single, double, and perturbative triple excitations [CCSD(T)]
under the frozen-core approximation, paired with a Dunning’s cc-pVQZ basis set
(Xue et al., 2020). At this level of theory, we re-examine equilibrium electric dipole
moments and average dipole polarizabilities of H,C,S for n = 1, 2, and 3, as listed
in Table 3.1. The calculated dipole moments of these species are consistent with
the values measured with laboratory stark effect measurements (Fabricant et al.,
1977; Winnewisser & Schifer, 1980; Brown et al., 1988). The other spectroscopic

information of the observed transitions are listed in Table 3.2.

3.3 GBT OBSERVATIONS

Two sets of data were used to investigate the three members of the H,C,S fam-

ily: the GOTHAM observations as well as a Director’s Discretionary Time (DDT)
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observation. All the observations were performed with the Robert C. Byrd 100 m
Green Bank Telescope and directed toward the TMC-1 cyanopolyyne peak (CP) cen-
tered at agapoo = 04h41m42.5s, 19000 = 25°41'26.8", where the column densities of the
carbon-chain species peak.

The first and second data reduction of the large observational program GOTHAM
(hereafter referred as DR1 and DR2) comprise observations obtained between Febru-
ary 2018 - May 2019 (DR1) and May 2019 - June 2020 (DR2). Detailed information
concerning the GOTHAM DRI1 and DR2 observations and the data calibration can
be found in McGuire et al. (2020, 2021). The GOTHAM observations used here are
the third data reduction with completed observations through April 2021 (hereafter
referred as DR3), which extended the frequency coverage to 7.906 — 35.434 GHz with
a few gaps and improved the sensitivity in some frequency coverage already covered
by DR2. The beam size varies between ~90" at 8 GHz and ~20" at 35 GHz. At a
uniform 0.05kms ™" velocity resolution, the RMS noise ranges from ~2—20 mK across
the dataset.

In parallel, a supportive Ka-Band DDT observation with frequency coverage of
33.296 — 35.433 GHz (Project code: GBT21A-414) was proposed dedicatedly for
the principle transitions of HyCS. The observation was performed on 2021 April 13
with the Ka-band receiver with a requested 1.431 kHz resolution (corresponding to
0.0125kms™ " at 34 GHz). The pointing and focus calibrator was J0359+5057. Data
were taken in the position-switching mode with the off reference position throw of
1°. The spectra were smoothed to a 0.05km s~ resolution for consistency with the

GOTHAM data sets and had an RMS noise level of ~40 mK.
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Table 3.2: Spectroscopic Properties of Observed HyC,S Transitions

Molecule  Transitions Rest Frequency  E,, logy % Sij u2 Setup
Ik, Ke (MHz) (K) (D?)
H,CS Ipg = 0go  34351.4300(200 1.65  -6.369 2.719 DDT

(200)
210 — 1y 22292.3150(200) 15.09  -7.404  4.591  CGOTHAM #4
2.2 = lp;  22407.9070(200)  1.61  -7.272  2.040 GOTHAM #4
211 = 1o 22522.2220(200) 1511  -7.390  4.591  GOTHAM #4

(200)

(200)

(200)

HyCo8 313212 33438.3700(200) 16.70  -6.772  8.161 GOTHAM #17
303 = 202 33611.7000(200)  3.23  -6.714  3.060 DDT
312211 33783.2300(200) 16.73  -6.758  8.161 DDT
515 =414 25215.0579 1927 -6.460  61.347 GOTHAM #6
505 — 404 25274.6794 3.64  -6.439 21.301 GOTHAM #6
H.C.8 514~ 413 25333.0329 1929  -6.454  61.345 GOTHAM #6
2¥3 616 — 515 30258.0232 20.73  -6.210  74.553 GOTHAM #13
606 = 505 30329.5584 509 -6.195  25.561 GOTHAM #13
615> 514 30399.5932 20.75  -6.204  74.543 GOTHAM #13

NOTE — The spectroscopic data are taken from the CDMS catalogue (Miiller et al., 2005) and
the SPLATALOGUE spectroscopy database '
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3.4 RESULTS

3.4.1 Thioformaldehyde (H,CS)

The principle transition of HyCS (Jk, . = 191 — 00 at 34351.417 MHz was firstly
detected in the spectral survey toward TMC-1 CP performed with the Nobeyama
telescope (Kaifu et al., 2004). The observed line profile obtained with the Nobeyama
telescope is shown in Figure 3.1(b). From the Nobeyama observation, Gratier et al.
(2016) obtained a column density of 4.17i?;3§ x 10"cm™? for HyCS with a T, of
5.162:2? K. However, limited by the spectral resolution, the Nobeyama observation
prevented their analysis from characterizing the emission profiles and, therefore, ob-
served behaviours of each velocity component. Moreover, the frequency coverage of
GOTHAM covered no transitions of H,CS with intensities over the noise levels.

Therefore, a supportive GBT observation at the same spectral resolution with
the GOTHAM program (~1.4kHz) was performed to self-consistently determine the
column density and excitation conditions of HyCS with other HyC,S family mem-
bers. The observed spectrum of the Jy r. = 1lo1 — Oy transition of H,CS with
multi-peak features is shown in Figure 3.1(a). The high spectral resolution enabled
us to resolve four sub-components with distinct velocity. The synthetic spectra sim-
ulated with four velocity components are overlaid in Figure 3.1(a) with a velocity
difference of >0.1kms™". A total column density of HoCS was determined to be
(5.24+1.09) x 10" cm ™ with a T}, of ~5.2 K, while the observed properties per each

velocity component are summarised in Table 3.3.
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Figure 3.1: The observed spectra of HyCS from the GBT data shown in black in panel
(a) while the Nobeyama observation (Kaifu et al., 2004) shown in grey in panel (b).
The best-fit simulated spectra of the individual velocity components are shown in:
orange (5.61kms™"), blue (5.79kms ™), yellow (5.91kms™"'), and green (6.04kms™").
The sum of all four velocity components is overlaid in red. The simulated spectrum
with multiple velocity components scaled with beam dilution effect is also shown in
panel (b) for illustration.

Table 3.3: Hy,CS best-fit parameters from the MCMC analysis

Component Vier Size Np  “ T.. AV
(kms™) ") (10%em™) (K (kms™)
C1 5.608+0.007 65.3+63.6 3.51+0.14
C2 5792+ 0.011 47.0+61.9  0.92+0.36
- - - + +
C3 5.906 + 0.018 146.2+ 117.6 0.60 +0.38 > * 0> 0120£0.006
C4 6.039 + 0.011 234.8+104.3 0.22+0.21
Nr(Total)” (5.24 +1.09) x 10" cm ™

NOTE — The quoted uncertainties represent the 1 ¢ uncertainties for a Gaussian distribution.
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3.4.2 Thiopropadienone (H,C3S)

As presented in Figure 3.2, we identified three H,C3S emission features above the
observational noise levels with the GOTHAM DR3. The stacking and match-filtering
results of HyC3S are shown in Figure 3.3. Assisted by the joint effort of the deep obser-
vations and the detection techniques, the detection significance of HyC3S of ~9 0 was
achieved. One caveat of this detection, however, is that there is a possible interfering
line from DCC™CN J = 3 — 2 toward the 25215 MHz emission feature. Since it is the
only transition of DCC**CN with detectable intensities in our current data, it cannot
be ruled out as a possible contribution. With the knowledge of the HC3N abundance
((1.8 £0.05) x 10", Loomis et al., 2021), the deuterium ratio (i.e. DC3N:HC3N of
1.41%, Turner, 2001), and the *C ratio (i.e. HCC"?CN:HC5N of 1.30%, Takano et al.,
1998), a column density of 3.3 X 10" cm ™ was estimated for DCC*CN. Using this
value, a synthetic spectrum was constructed, which matches with the residual after
the HoC3S emission was subtracted (shown in Figure 3.2). A detailed discussion of
the detections of cyanopolyynes isotopologues with the GOTHAM observations will
be presented in Burkhardt et al. (in preparation).

A total of six HyC3S tranistions were covered by the GOTHAM observations, of
which the spectroscopic properties is summarized in Table 3.2. The transitions were
used to rigorously determine the molecular abundance and excitation conditions using
the MCMC fitting method described in Section 2.3.1 and Loomis et al. (2021). A
total column density of 4.17 X 10" em ™ was determined for HyCsS with a warmer
T, of 8.8 K compared with that for HyCS. The resulting best-fit parameters of each

velocity component of HyC3S are listed in Table 3.4.
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Figure 3.2: The observed spectra of HyC3S from the GOTHAM DR3 data. The
observation is shown in grey while the residual spectra are shown in black. The best-
fit simulated spectra of each molecule are shown in colors with the corresponding
quantum numbers.

Signal-to-Noise Ratio

H,CsS

10 -5
Relative Velocity (kms™!)

Impulse Response (o)

\ —
I T == N I =
o ! N A ) .
<)

Peak Impulse

Response: 8.80

H»C3S

0
Relative Velocity (kms™1)

20

40

Figure 3.3: Left: velocity-stacked spectrum of HyCsS from the GOTHAM DR3 data
in black, overlaid with the corresponding stack of the synthetic line profiles from
the MCMC analysis in red. The spectra are shown relative to the TMC-1 systemic
velocity of 5.8 km s™'. The intensity scale is the signal-to-noise ratio on a per-channel
basis. Right: impulse response function of the stacked spectrum using the synthetic
line profile as a matched filter. The intensity scale is the signal-to-noise ratio of the
response function when centered at a given velocity. The peak of the impulse response
function provides a minimum significance for the detection of 8.8 o for H,C5S.
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Table 3.4: HyC3S best-fit parameters from the MCMC analysis

Component Vier Size Nr “ T, AV
(kms™) ™ (10" em™) (K (kms™)
C1 5576 £0.025  69.9  0.95+0.10
C2 576540014 980  1.1840.27
- - + +
C3 5800+ 0013 2540 122+008 Oor02  0.125£0.003
C4 6.020£0.012  259.5  0.82+0.37
Nr(Total)’ (4.17 £ 0.40) x 10" cm™

NoOTE — The quoted uncertainties represent the 1 ¢ uncertainties for a Gaussian distribution.
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Figure 3.4: Left: velocity-stacked spectra of HyC,S. Right: impulse response function,
the peak of which provides a minimum significance for the detection of 4.1 o for H,C,S.

3.4.3 Thioketene (H,C,S)

In our observation, no signal beyond a 1o¢ detection limit can be assigned to
H,C,S. The peak impulse response for HyCyS of 4.1 ¢ prevented us from claiming a
firm detection for it (Figure 3.4). Using the posterior of HyCS as the prior for the
MCMC fitting process, we derived an upper limit of <1.35 X 10" cm™? for H,CsS.
Recent observations with the Yebes 40 m telescope reported the detection of HyCyS
toward TMC-1 CP with a total column density of 7.8 x 10" cm ™ (Cernicharo et al.,
2021b). While this value is consistent with our upper limit, Yebes’ spectral resolution
was insufficient to resolve the multi-peak features, so no information regarding each

velocity component is available.

3.5 DISCUSSION

It is worth investigating the molecular abundance ratios of the HyC,S family be-
cause of their diverse chemical behaviors. With our high-resolution observations, a
total abundance ratio of [125:1] is determined for [HyCS:H,C3S| toward TMC-1 CP.

However, the ratios among the three members of the H,C,S family was reported
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as [386:2:1| for [HyCS:H,C,S:HyC3S| with the Yebes observations (Cernicharo et al.,
2021b). The difference in abundance ratios may result from the different treatments
of the excitation condition. Cernicharo et al. (2021b) assumed an excitation temper-
ature of 10 K and fitted the observed emission feature with a single Gaussian profile.
Correspondingly, we reported a lower excitation temperature, 5.2 K for H,CS, and re-
solved four sub-components. Moreover, source size assumptions were not clarified in
Cernicharo et al. (2021b). Whereas, through our analysis of all the molecules we have
detected with GOTHAM, we have identified strong degeneracy between the molec-
ular column densities for the different velocity components and their corresponding
source sizes.

The sulfur chemistry vary among the four sub-components toward TMC-1 CP.
The most abundant component for Hy,CS is the C1 component whereas it is the C3
component for HyC3S. A direct evidence is the distinct emission profiles of H,CS and
H,C3S. The skewed emission profile for HyCS and the symmetric profile for HyC3S lead
to the conclusion that HyCS is more abundant in the C1 component whereas H,C3S
is more abundant in the C2 and C3 components. Different velocity components
also exhibit different abundance ratios for [HyCS:HoC3S|. The [HoCS:H,CsS| ratio is
[369:1], [78:1], [49:1], and [27:1] for the C1, C2, C3, and C4 component respectively.
To confidently infer these ratios, more observations of TMC-1’s substructures will be
needed.

For a long time, TMC-1 CP had been assumed to be a relatively homogeneous
cold, dark, starless cloud with an extended morphology (Bell et al., 1998; McGuire,
2018, and references therein). For the analysis of chemical abundances, most as-
trochemical models assumed that the physical conditions of TMC-1 CP are both
temporally constant and spatially isotropic (e.g. Hincelin et al., 2011; Loison et al.,

2014b; Ruaud et al., 2016). However, the recent observations of the emission lines of
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CCS and HC3N performed with the 45 m telescope at the Nobeyama Radio Obser-
vatory revealed multiple cloud components with distinct systematic velocities toward
TMC-1 CP, indicating that it is not quiescent and isotropic (Dobashi et al., 2018).
Furthermore, the detailed analysis of the GOTHAM spectra using the MCMC fitting
method confirms the presence of up to four individual velocity components for the
spectral profile of molecules in the survey. The improved spectral resolution makes it
clear that we can no longer treat this source as a homogenous, extended cloud and

must instead consider the morphology-dependent chemistry.
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CHAPTER 4
MOLECULAR ISOMERS - THREE
CoH /O, ISOMERS TOWARDS SGR

B2(N)

The CyH4O4 isomers have been previously investigated primarily via disparate sets
of observations involving single dish and array measurements. The only attempt at
using a uniform set of observations was performed with the IRAM 30 m observation
in 2013 (Belloche et al., 2013). In this study, we present an intensive and rigorous
spectral and morphological analysis of the C,H4O, isomers towards Sgr B2(N) with
interferometers, ALM A Band 3 observations. We propose a quantitative selection
method, which automates the determination of the most uncontaminated transitions
and allows us to report the discovery of previously undetected transitions of the three
isomers. With the least contaminated transitions, the high spatial-resolution mil-
limeter (mm) maps of the C,H,O, isomers reveal that HCOOCH3; and CH,OHCHO
each display two different velocity components, while only one velocity component of

CH3;COOH is resolved. Moreover, the distribution of HCOOCHjS is extended and off-
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set from the continuum emission, unlike CH,OHCHO and CH3COOH, for which the
low-velocity component is found to be compact and concentrated toward the contin-
uum emission peak of Sgr B2(N). The distinct morphologies of these C,H,O, isomeric
species indicate that HCOOCH4 have significant differences in chemical processes than
CH,;OHCHO and CH3COOH, which display similar spatial distributions. The follow-
ing chapter is primarily reproduced from Xue, C.; Remijan A. J.; Burkhardt, A. M.;
Herbst E. Astrophysical Journal 2019, 871, 112.

4.1 INTRODUCTION

Isomers are families of molecules that share the same constituent atoms, but are
uniquely arranged and, as such, have very different chemical properties. Several iso-
meric groups are well known to exist in the interstellar medium (ISM). Examples
include HCN and HNC towards translucent clouds (Turner, 1991) and proroplane-
tary disks (Graninger et al., 2015), as well as CH3CN and CH3NC (Remijan et al.,
2005) and three isomers of C3H,O (Loomis et al., 2015) toward Sagittarius B2 North
(Sgr B2(N)). Because isomers have different chemical and physical properties, further
insight can be gained into the astrochemical evolution of different physical environ-
ments of astronomical sources by making use of isomers.

One way this can be accomplished is with the Minimum Energy Principle (Lat-
telais et al., 2009, 2010, 2011). However, it has already been refuted with numerous
examples of isomers (Belloche et al., 2014; Karton & Talbi, 2014). Instead, it is
widely accepted that the relative abundance of structural isomers in the ISM de-
pends more on their formation mechanisms, i.e. kinetically controlled, than their
relative energy differences, assuming they have same destruction routes, which has
been further supported by Loomis et al. (2015). Thus, the study of isomers can

help to constrain temperature- and density-dependent synthetic routes to complex
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interstellar molecules (Mottl et al., 2007), which may in turn help to explain spatial
distributions.

This work focuses on three isomers of C,H,O,: glycolaldehyde (CH,OHCHO,
GLA), acetic acid (CH3COOH, AcA) and methyl formate (HCOOCH;, MF), the
chemical evolution of which has been widely investigated (Laas et al., 2011; Skouteris
et al., 2018; Linnartz et al., 2015). In astrochemical models, the most widely used
mechanism to efficiently form the CyH4O, isomeric family in hot cores is through
radical-radical recombination on interstellar grain surfaces (Garrod et al., 2008;
Chuang et al., 2016). However, in addition to grain surface chemistry, it was also
suggested that MF could be formed via gas-phase processes in cold regions (Laas
et al., 2011; Balucani et al., 2015). An understanding of the astrochemical evolu-
tion of the CyH4O, isomers can shed light on calibrating astrochemical modeling
networks. Furthermore, there has been increasing interest in studying these isomers
towards astronomical environments because of their importance in the formation of
large biologically-relevant molecules (Wéchtershauser, 2000; Liu et al., 2001, 2002;
Puletti et al., 2010).

The northern clump of Sgr B2(N) molecular cloud, which lies ~120 pc from the
Galactic center, is one of the most massive star-forming regions in the Galaxy. In
2011, observations with the SMA at a spatial resolution of 0.4" x 0.24" revealed two
emission cores within the millimeter continuum map of Sgr B2(N) (Qin et al., 2011).
One of these located at a;ggp99 = 17h47m19.8895, 812000 = —28°22'18.22" was designated
as N1 in Belloche et al. (2016) and the other located at s = 17 47"19.885%,
S12000 = —28°22'13.29" was designated as N2 in Belloche et al. (2016). The prominent
core, N1, which contains the well known Sgr B2(N) Large Molecule Heimat (LMH)
source (Snyder et al., 1994), is located ~5" south of N2. The two cores have different

systematic velocities, Vi, ~64km s™' for N1 and ~73kms~ "' for N2 (Belloche et al.,
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2013). Recently, the hot core structures in Sgr B2(N) was further characterized and
up to 20 continuum sources were reported (Bonfand et al., 2017; Sanchez-Monge et al.,
2017). Here, we adopt the naming conventions LMH and the shorthand notation of
the continuum emission cores of N1, N2 and N3. The coordinates of N3 is ajo900 =
17"47"19.248°, Gyo000 = —28°22'14.91" as described in Bonfand et al. (2017). See
Section 4.4 for the corresponding positions.

Sgr B2(N) is one of the most prolific regions for detecting Large Astronomical
Molecules (LAMs). Here, we move away from Complex Organic Molecules (COMs)
(Herbst & van Dishoeck, 2009) and use LAMs as a more accurate definition for
astronomical molecules with more than 6 atoms on account of the fact that, in as-
tronomical environment, many detected molecules are not complex by chemical stan-
dards and have no direct relationship to organic or prebiotic chemistry. Many LAMs
were first detected toward this source, such as CH,CHCHO and CH3;CH,CHO (Hollis
et al., 2004b), NH,CH,CN (Belloche et al., 2008), CH;NCO (Halfen et al., 2015) and
CH3CHCH,0 (McGuire et al., 2016). The first detection of all of the three C,H,O,
isomers were also reported towards Sgr B2. The discovery of MF was achieved with
the Parkes 64m telescope in 1975 (Brown et al., 1975), while the lower abundance
isomers, AcA and GLA, were not detected until several decades later due to the
lack of accurate laboratory data. Mehringer et al. (1997) reported the first detec-
tion of 4 strong transitions of AcA towards the LMH region in Sgr B2(N) using the
Berkeley Illinois Maryland Association (BIMA) Array and the Caltech Owens Valley
Radio Observatory (OVRO) millimeter array, while the first detection of GLA was
not reported until Hollis et al. (2000) who used the NRAO 12m telescope.

The C,H,O, isomers have been previously investigated primarily via disparate
sets of observations involving single dish and array measurements. The MF and

GLA abundance ratio, [HCOOCH;]:|[CH,OHCHO)J, toward Sgr B2(N) was reported
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to be ~6.7 : 1 as observed with the NRAO 12 m single-dish telescope (Hollis et al.,
2000). Hollis et al. (2001) further studied MF and GLA with the BIMA array and
found the abundance ratio to be ~52 : 1 for [HCOOCH;|:[CH,OHCHO]|. The dif-
ference between the ratios was interpreted to be due to the different beam sizes
between the single dish and interferometric array observations and to the size of
the source of the molecular emission towards the LMH region. The one attempt
at using a uniform set of observations was performed with the IRAM 30m (Bel-
loche et al., 2013). They deduced the abundance ratios among the three molecules
[HCOOCHS;):|[CH,OHCHO|:[CH3COOH] to be 242:1:5.8 with unconstrained temper-
atures and source sizes. Regarding the spatial distributions, although Hollis et al.
(2001) mapped both MF and GLA with the BIMA array, the images were only based
on a single transition of GLA, 8(0,8) — 7(1,7), and the blended transitions of MF:
7(5,3) — 6(5,2) E and 7(5,2) — 6(5,1) A. The extended and cool distribution of
GLA suggested with the BIMA array observations indicated a gas phase formation
mechanism. MF is ubiquitous in molecular cores with various physical conditions, sug-
gesting that its formation involves both gas-phase and grain-surface processes. AcA
always possesses a warm, compact distribution, which favors grain surface formation
mechanisms (Mehringer et al., 1997) followed presumably by thermal desorption.
Therefore, a rigorous comparison between the abundances and overall spatial dis-
tributions of these three isomers has not been achieved. High-sensitivity observations
with better spatial and spectral resolution are necessary to determine accurate abun-
dance ratios and molecular morphology in different regions towards Sgr B2(N). As
such, a new careful comparison of these triplets towards the Sgr B2(N) region is
needed. The Atacama Large Millimeter/submillimeter Array (ALMA) has the abil-
ity to carry out observations of molecules with low abundances and weak emission

lines and to image LAMSs at small spatial scales due to its high sensitivity and angular
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resolution (Oberg et al., 2015).

This work reports a self-consistent and rigorous investigation of three CoH O iso-
meric species with interferometric observations towards Sgr B2(N). The observations
are summarized in Section 4.2. Section 4.3 describes the methods and results of the
data analysis, including the selection processes for selecting the unblended transitions
of each species. The spatial distributions of CoH,0O4 isomers are presented in detail
in Section 4.4. The possible explanations for the difference of the spatial distribution
of each molecular species is discussed in Section 4.5, and the conclusion is given in

Section 4.6.

4.2 OBSERVATIONS

The interferometric data used here were acquired from the ALMA Science Archive'
of the EMoCA survey (Exploring Molecular Complexity with ALMA) (Belloche et al.,
2016). This survey included 5 spectral setups as shown in Table 4.1 of which S1-5S4
were performed during Cycle 0 (2012) with ALMA project code 2011.0.00017.S and
S5 during Cycle 1 (2014) with project code 2012.1.00012.S. Each setup contains 4
spectral windows within the overall frequency range from 84.1 to 114.4 GHz. The
phase center of the observations was pointed toward Sgr B2 with the field center at
Qo000 = 1747 19.87°, G000 = —28°22'16". The Half Power Beam Width (HPBW) of
the primary beam measured from actual 12m ALMA antennas was 69" and 51" at 84
and 114 GHz respectively. The spectral resolution was 488.3 kHz, which corresponds
to a velocity resolution of 1.29 to 1.70 km s across the observing band. A detailed
description of the observations and the data calibration was presented in Belloche

et al. (2016).

1http ://almascience.nrao.edu/aq/
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The Common Astronomy Software Applications package (CASAQ; McMullin et al.,
2007) was used for imaging and analysis. For each spectral window, the relatively
line-free continuum channel ranges were selected with the techniques, as described
in McGuire et al. (2017b), which are based on the mean spectrum generated from
the CASA image cube. Afterwards, the ranges were used to subtract the continuum
emission in the UV-plane before imaging the spectral cubes. The imaging parameters
of each spectral window are presented in Table 4.1. For all data sets, we used the
Briggs scheme with a robust parameter of 0.5 and a cell size of 0.3" for imaging. The
resulting size of the synthesized beam (HPBW) of each data cube has a medium value

~1.6". The median of resultant typical rms noise levels is 4.4 mJy beam .

2https ://casa.nrao.edu


https://casa.nrao.edu
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4.3 SPECTRAL ANALYSIS

4.3.1 Transition Selection Processes

Although MF, GLA and AcA have been unambiguously detected toward Sgr B2,
the identification of clear individual spectral features of GLA and AcA were not ob-
vious because of the spectral confusion, which limited the number of uncontaminated
lines. Here, we propose a more reliable way to uniquely identify the spectral features
of the C,H,0, isomers towards Sgr B2(N), particularly the spectral features of AcA
and GLA. Through a more accurate continuum subtraction and our methods of line
identification, we identified weaker, and previously undetected, transitions of this iso-
meric triplet from the EMoCA survey (Belloche et al., 2016) and further selected the
least contaminated transitions for imaging.

Snyder et al. (2005) proposed five criteria, hereafter referred to as the Snyder Cri-
teria, for line assignments, particularly toward interstellar clouds with high spectral
line densities greater than 10 lines per 100 MHz, see also (Calcutt et al., 2014; Faure
et al., 2014; Brouillet et al., 2015; Carroll et al., 2015). The Snyder Criteria, which are
utilized in our study, include: (i) accurate rest frequencies, (ii) beam dilution, (iii) fre-
quency agreement, (iv) line intensity and (v) presence of transitions with observable
intensity. Here we applied these criteria for identifying the mostly uncontaminated
transitions of the C,H,O4 isomers. In the following, we discuss each criterion of the
Snyder Criteria with our line identification process for the CoH,O4 isomers. Details
about other applications and the scope of the criteria are presented in Snyder et al.

(2005).

(i) Accurate Rest Frequencies. The first criterion is the need for high degree of

accuracy of the rest frequency of the target molecular transitions. The millime-
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ter wave spectrum of GLA has been studied in the laboratory by Butler et al.
(2001), Widicus Weaver et al. (2005), and Carroll et al. (2010); the spectrum of
MF by Oesterling et al. (1999), Ogata et al. (2004), and Carvajal et al. (2007),
and the spectrum of AcA by Ilyushin et al. (2001, 2013). Their transitions are
included in the current public databases: the CDMS Catalog3 (Miiller et al.,
2005), the JPL catalog® (Pickett et al., 1998) and the Spectral Line Atlas of
Interstellar Molecules (SLAIM) database, which are available in the SPLAT-
ALOGUE spectroscopy database’. For the analysis of the present ALMA ob-
servations, the rest frequencies and other spectral line parameters of the three
isomers were taken from the above databases. In the range of 84 — 114 GHz, the
transition uncertainties of the three molecules were estimated to be less than
150 kHz, compared to a spectral resolution of 488.3kHz. As a result, our study

satisfied the criteria of the high accuracy in rest frequency.

In this study, we consider the transitions for both the ground and first vibra-
tionally excited states of MF but only the vibrational ground state of AcA and
GLA. The high hot cores temperatures (~150 — 200 K, Belloche et al. (2016))
along with the high abundance of interstellar MF make the low-energy vibra-
tionally excited states of MF (v, = 1 at ~132 cm™ or 190 K) likely to be pop-
ulated in hot cores (Sakai et al., 2015). In fact, transitions within v; = 1 of
MF have been reported toward Orion KL (Kobayashi et al., 2007) and W51
e2 (Demyk et al., 2008), which are comparable hot cores to Sgr B2. Belloche
et al. (2016) derived the rotational temperatures in Sgr B2(N) ranging from

112 — 278 K for different LAMs. Considering the excitation temperature and

3h‘ctps ://www.astro.uni-koeln.de/cdms/catalog
4https ://spec.jpl.nasa.gov
“https://www.splatalogue.net


https://www.astro.uni-koeln.de/cdms/catalog
https://spec.jpl.nasa.gov
https://www.splatalogue.net
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the previously determined column density of Nycoocu, ~ 1.2 X 10" em ™ (Bel-
loche et al., 2016), both the ground and v; = 1 states are studied in this work.
Even though the comparable first vibrationally excited state of AcA lies at about
170cm™" (or 245 K) above the ground state (Ilyushin et al., 2001) and that of
GLA at 195cm™" (or 280 K) (Widicus Weaver et al., 2005), their abundances
are not high enough to be detectable toward Sgr B2(N) like MF (Hollis et al.,
2001; Remijan et al., 2002). Therefore, only the vibrational ground states for

AcA and GLA are considered in this study.

Beam Dilution. The correction based on the beam dilution effects arises from
the different synthesized beam sizes of the telescopes, which affect the rela-
tive intensities measured for spectral lines toward the same pointing position.
Therefore, the relative observed intensities between any transitions need to be
corrected for beam dilution effects when the observations are carried out with
different telescopes (Faure et al., 2014). In this study, the observations were
carried out in the same receiver band, ALMA Band 3. The minimum size of
the synthesized beam of the EMoCA survey was reported as 1.58" x 1.22" while
the source diameters, the FWHM from two-dimentional Gaussian fits to the
integrated intensity maps, of many LAMs, including MF, were reported to be
not larger than 1.5" (Belloche et al., 2016). Therefore beam dilution should
not affect the corresponding line intensity difference of the three isomers if they
have similar source sizes. In fact, we find that the three isomers have different
source sizes as shown in Section 4.4. But, given the measurement accuracy and
the resolution of the EMoCA survey, the angular extent of all emission above
3 o for the three isomers is larger than the synthesized beam of the observations.

The beam dilution effect in our analysis is thus negligible.
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To examine whether our line assignments satisfy the other three Snyder criteria, we
applied a single-excitation temperature simulation followed with a quantitative anal-
ysis approach, which automatically reduces the number of emission line candidates
by filtering out the obviously blended lines. The remaining less blended transitions
go through a more rigorous analysis including spatial distribution imaging.

In this study, the observed spectra presented are extracted from the largest syn-
thesized beam with a size of 3.01" x 1.47" centered at LMH with the centroid position
at ogoo = 17°47™19.930%, G9000 = —28°22'18.200". The LMH region is dense with
nn,(SgrB2(N)) > 10° cm™ (Sanchez-Monge et al., 2017), and hence LTE is assumed
to be reached.Although there is still some likelihood of non-thermal excitation, the
molecular emission toward LMH should be well-described by spectra simulated with
a single-excitation temperature (7,,) (McGuire et al., 2017b). The single-excitation
model follows the convention of Hollis et al. (2004a) with corrections for optical depth
as discussed in Turner (1991) and Mangum & Shirley (2015). The spectra are simu-
lated from the catalog data available in the public databases, which were generated
from the laboratory data.

By comparing the simulated spectra with the observed spectra, we fit the observed
spectrum of each molecule to constrain (1) the spectral line width (AV), (2) the
source velocity (Vis), (3) the molecular column density (Nt), and (4) the excitation
temperature (7,,) which contributes to the relative intensities among transitions of a
certain species.

To determine the best fit to the observed spectrum, a variety of simulations with
different values of these key quantities was constructed. We left both Nt and T,
as free parameters to be adjusted and tried to obtain the best-fit simulation. By
setting the AV to 6.5km s, Vi, to 64kms™', T., to 190K, we find that though

subjective the single-excitation temperature simulations yield the most consistent fit
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Figure 4.1: Tllustration of the effect of different spectral range for comparing line
profiles. Simulated spectrum and observed spectrum are shown in red dashed line
and black solid line respectively.

to the observed spectra. The Vi, and AV toward LMH were constrained by previous
studies to the values of 64kms™" for Ve and ~7km s for AV (Belloche et al.,
2008). The parameter T,, used here is consistent with the value of 200 K for T},; used
in Mehringer et al. (1997) for AcA and MF. It should be noted that these spectra are
used for the initial analysis for identifying the potential uncontaminated transitions
only and the values of Nt and T, will be refined later by X2 fitting using only the
uncontaminated transitions as discussed in Section 4.3.3.

In order to quantify the degree of consistency between the simulated and ob-
served spectra, we further defined two factors to describe this degree of consistency of
line profiles, which quantify two of the Snyder Criteria: (iii) frequency and (iv) line
intensity agreement.

The spectral range for comparing line profiles from observation and simulation is
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crucial for calculating these consistency factors. As illustrated in Figure 4.1, within
the small spectral range shown in blue, the simulated line shows a high degree of
agreement in line intensity with the observed line. As a matter of fact there are
two observed lines blended with each other. But, if a larger spectral range is used
for comparing, the blended part colored in orange would be taken into account and
thus reduce the degree of consistency. Therefore, using a large spectral range yields
a value that describes the situation more accurately. In addition, as required by the
Snyder criterion for frequency agreement, a resolved transition should be separated
from its adjacent lines by more than its FWHM. So the spectral range for comparing
line profiles should at least include the contiguous channels of which the simulated
intensities are larger than 50% of the peak intensity. As it is critical to have a clean
transition for imaging, in our study, we adopt an even wider spectral range where

only the channels with intensities larger than 10% of the maximum are considered.

(iii) Frequency agreement. For characterizing the proximity in central frequencies,
we define the P (Product) factor, which is based on the product of the observed

and simulated line profiles, in the following manner:

1)
ZVI ]obs X Isim
V2 rsorted sorted
Yol x I

obs sim

P factor =

(4.1)

In Equation (4.1), I, and I, are the observed and simulated intensity as
functions of frequency respectively. Figure 4.2(a) shows a fictitious simulated
spectrum in red and a fictitious observed spectrum in black. The product of
the profiles in each channel is first calculated and plotted in Figure 4.2(b). For
example, in Figure 4.2(a), the observed value in channel 10 is 0.835 and the

simulated value is 0.643. Therefore, the product is 0.537 as shown in channel
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(iv)

10 of Figure 4.2(b). The simulated and observed spectrum are then sorted in
intensity bins from lowest intensity (left) to highest intensity (right) in Fig-
ure 4.2(c) and denoted by Issi?;ted and [sggted respectively. Once again, similar
to Figure 4.2(b), we derived the product of the sorted spectra for each bin as
shown in Figure 4.2(d). Finally, the P factor is calculated by dividing the area
in Figure 4.2(b) by the area in Figure 4.2(d). The denominator represents the
maximum achievable value of the numerator and normalizes the P factor to
100%. In this example, since the central frequencies of the spectra are inconsis-

tent, we obtain a rather low P factor, 82%.

If the central frequencies of the compared lines are same, the bin of the simulated
and observed intensity in each channel would be the same. So, after sorting,
only the order would change but the product of intensity would remain the
same. The P factor thus would reach 100%. Figure 4.3 shows a couple of

examples of the spectra with corresponding 5%, 25%, 50% and 100% P-values.

In our analysis, the summation operations in Equation (4.1) sum over the spec-
tral range in which the simulated intensities larger than 10% of its maximum
as mentioned above. The threshold P factor for assigning a line depends on the
situation. In the study of CoH,O, toward Sgr B2(N), we have a high confidence
of the accuracy of rest frequencies for the three molecules and the source ve-
locity of LMH, which are the major factors affecting the frequency agreement.
As a result, we are rigorous with the P factor and assign a transition with a P

factor at least larger than 90% to be an unblended transition candidate.

Line Intensity. The difference of the line intensities is measured by the D
(Difference) factor. It is the ratio between the difference of the integrated

intensities of the compared spectra and the maximum of the two subtracted
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Figure 4.2: Illustration of the calculation of the P factor. In panel (a), the black solid
lines represent the fictitious observed data while the red dashed lines represent the
fictitious simulated data. Panel (b) represents the product of the compared spectra,
i.e. the numerator in Equation (4.1). Panel (c) shows the spectra sorted in their
intensities. The products of the sorted spectra are plotted in panel (d) of which the
areas represents the denominator in Equation (4.1). The P factor is 82% in this case.

0 5 10 15 20
Channel Channel Channel Channel

Figure 4.3: Examples of the compared spectra with P factors of 5%, 25%, 50% and
100% which are plotted in solid and dashed lines respectively.
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Figure 4.4: Tlustration of the calculation of the D factor. The fictitious compared
spectra are plotted in solid and dashed lines respectively. The hatched area in panel
(a) represents the numerator in Equation (4.2) while the filled area in panel (b)
represents the denominator. The D factor is 39% in this case.

from 1:

1) 1)
|ZV1 ]obs - Zyl Isim'
Vo v
max (Zyl Iobsv Zyl Isim)

D factor = 1 — (4.2)

Similar to Equation (4.1), in Equation (4.2), I, and I, are the observed and
simulated intensity, respectively, and the D factor is calculated using the same
spectral range of the P factor. Figure 4.4 shows fictitious observed and simu-
lated lines with different intensities. The hashed area in Figure 4.4(a), which
represents the numerator in Equation (4.2), is the difference in integrated line
intensities while the filled area in Figure 4.4(b), which represents the denomi-
nator is the maximum of the two integrated intensities. In this example, the D

factor is 39%.

When there is no difference in the intensities, the numerator is 0. As a result,
the D factor is normalized to 100%. In the worst case, where there is no emission
in one of the spectra, the numerator would be same as the denominator and the
D factor equals 0%. Figure 4.5 shows a couple examples of the spectra with a

5%, 25%, 50% and 100% D-value correspondingly.
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0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Channel Channel Channel Channel

Figure 4.5: Examples of the compared spectra with D factors of 5%, 25%, 50% and
100% which are plotted in solid and dashed lines respectively. The compared spectra
are given the same central frequencies.

The threshold of the D factor depends on the accuracy of the input tempera-
ture, line width and column density for simulating spectra to the actual values.
However, there are still uncertainties in these input parameters, so that a rela-
tively high tolerance of the difference of line intensities between the simulated
and observed spectrum is needed. To decide the threshold of the D factor,
many simulations were run over a wide range of temperature and column den-
sity, with significant deviation in line intensity occurring when the D factor
dropped below 60%. Therefore, in this study, we set a threshold of 60% for the

D factor.

Presence of Transitions with Observable Intensity. The fifth and last Snyder
criterion suggests that all transitions with intensity predictions leading to de-
tectable signal levels must be present. We further confirmed the candidate
transitions by checking their corresponding connected transitions, i.e. the tran-
sitions connected by favorable transition probabilities (Snyder et al., 2005).
Similarly to the connected transitions, the A-E pair transitions for MF and
AcA have similar line strengths, energy levels, and transition probabilities, and
therefore each pair of transitions should have roughly the same intensity and

line shape. Both the A and FE state transitions must be detected if any of them
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has a detectable signal level. In this work, all the transitions of the three isomers
with observable intensities are present and none of the strong lines is missing
within the observed spectra, although a large number of these lines are blended

with neighboring features which leads to small P and D factors for these lines.

We are aware that our selection method suffers from several limitations: (1) There
is the possibility of having absorption in the observed spectra. In that case, the meth-
ods of making use of the above consistency factors will be broken and the resulting
factors would have abnormal values such as values larger than 100% or negative val-
ues. Therefore, we exclude the transitions when there is obvious absorption into our
calculations of P and D values. (2) The transition maps of unblended transitions
might suffer from the contamination of spatial distributions, which could not be rec-
ognized by analyzing the spectrum toward one region. To avoid this problem, we
have additionally checked every interferometric transition map of the less contami-
nated transitions found by our methods and marked the spatially polluted transitions,
as discussed in Section 4.4.1. (3) Unfortunately, due to the large line width and the
high density of emission lines at mm wavelengths, lines could be blended very fre-
quently with adjacent emission lines of the same molecule and appear as single-line
spectral features. These transitions still have high values of P and D and would
be identified as clean transitions. However, since their line profiles overlap with one
another, they do not qualify for imaging. Thus, we carefully inspect the spectra of
the transitions with the two consistency factors over our thresholds and highlight
these kinds of “grouped” transitions, as discussed in Section 4.3.2-HCOOCH;. These
limitations reveal the complexity and difficulty of identifying and mapping a molecule
in a source with high spectral line densities.

In spite of its shortcomings, as the focus of the study is on the rotational emission
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transitions of the C,H,0O, isomers, the transition selection processes in this study is
in accordance with the rigorous Snyder criteria. This method also facilitated the de-
tection of weaker and undiscovered transitions of our targets and enabled automation
of the analysis of a survey with a large bandwidth by quantifying the consistency of
the observed and simulated spectra. The details of the transition selection for the

three isomers are summarized below.

4.3.2 Transitions of Co,H,0,

For assigning the least contaminated transitions, we set thresholds for both P
and D factors respectively to select the corresponding transition candidates first.
Theoretically, the two factors for a clean transition, which has no difference in either
center frequency or line intensity between observed and simulated lines, are both
100%. In this study, we assign a transition with a P factor at least larger than
90% and a D factor larger than 60% to be an unblended transition candidate. After
that, we further check if there is serious contamination from other transitions of the
same molecule and if the spatial distribution is consistent with other transitions. The
details of the selection of the most uncontaminated transitions of MF, GLA and AcA

are now detailed.

HCOOCH; Within the observed spectral range, 84091 to 114368 MHz, there are
1516 transitions of MF recorded in the JPL catalog, including both the vibrationally
ground state and first torsionally excited state. In the LTE simulated spectra of MF
with an excitation temperature of T, = 190 K, 197 transitions were found to be above
a signal-to-noise (S/N) level of 3 and are potentially detectable.

Through calculating the correlation factors, there are 26 MF transitions, which

have P factors larger than 95% and D factors larger than 60% and satisfy our criteria.
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These 26 transitions of MF are shown in Figure 4.6 and given in Table 4.2 with
the following parameters: rest frequency(uncertainty) in MHz, rotational quantum
number, upper-state energy (FE,) in Kelvin, intensities expressed as the product of the
relevant component of the dipole moment squared times transition strength (Sij,u2)
in D (Townes & Schawlow, 1975), FWHM in MHz, critical density (ng:) in cm”
and the two resulting correlation factors.

Many of A-E pairs and connected transitions of MF usually have little difference in
frequencies compared to the observed line width, some of which are almost completely
blended with each other and appear as a single line spectral feature. Therefore, as
mentioned before, the strict use of our methodology for comparing spectral lines
fails to identify these wide spectral features. As expected, there are several sets
of transitions blended together among the 26 MF transitions. Therefore, we only
imaged the transition maps of the remaining 10 transitions of MF which are the least
contaminated, including 2 transitions in the v, = 1 state, 9(1,8) — 8(1,7) A v =1
and 8(3,5) —7(3,4) Av=1.

MF has been widely studied in the ISM. Previous studies that targeted Sgr B2(N)
reported several transitions of MF, within the frequency coverage of the EMoCA
survey (Hollis et al., 2001; Remijan et al., 2002, 2003; Requena-Torres et al., 2006).
We critically examined seven transitions of MF from Hollis et al. (2001), two from
Remijan et al. (2002), six from Remijan et al. (2003), and seven from Requena-
Torres et al. (2006), and found that most of these previously reported transitions
are contaminated by adjacent lines in the observed spectra toward LMH and have
relatively low P and D values. Only the 7(3,5) —6(3,4) A and F lines (Hollis
et al., 2001), the 9(4,5) — 8(4,4) FE transition (Requena-Torres et al., 2006), the
9(4,5) — 8(4,4) A transition (Remijan et al., 2003), and the 9(1,8) — 8(1,7) E

transition (Requena-Torres et al., 2006) qualify for imaging.
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Figure 4.6: Observed spectra of the 26 transitions of MF with a P factor >95% and

a D factor >60% toward LMH are plotted in black over the best-fit LTE simulated

spectra of MF in green. The observed spectra are extracted from a uniform synthe-

sized beam of 3.01" X 1.47". The observed frequencies in GHz are marked below each

panel. The intensities are indicated in Jy beam ™ ".
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Figure 4.7: Same as Figure 4.6 for the 10 transitions of GLA. The best-fit LTE
simulated spectra of GLA are shown in red.

CH,OHCHO In the 84091 — 114368 MHz frequency range of the EMoCA survey,
402 ground-state transitions of GLA are listed in the CDMS catalog. We focused on
the 83 transitions of GLA with S/N > 3 under the simulation condition T,, = 190K,
covering J values up to 18. We found 10 such lines with a P factor >90% and a D
factor >60% which were assigned to be the transitions of GLA. Table 4.3 summarizes
the 10 most uncontaminated transitions with the pertinent molecular parameters and
the P and D factors. The spectral lines used in the detection of GLA toward LMH
are shown in Figure 4.7.

As in the case of MF, we studied the three lines of GLA reported by Hollis et al.
(2000) and the 12 lines from Halfen et al. (2006). But none of them has consistency
factors over our threshold. The observed line intensities of these 11 lines are much
higher than the simulated values; this problem is interpreted as serious blending with
other molecules. In contrast, the previously unreported 10 transitions, following our
criteria, are the most uncontaminated lines identified with GLA at this frequency

range toward Sgr B2(N).
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CH3COOH There are 573 vibrational ground-state transitions of AcA from the
SLAIM database in the 84091 — 114368 MHz spectral range; 136 of AcA transitions
have S/N larger than 3 in the simulated spectra with T,, = 190 K including the best
known six four-fold degenerate transitions, 90203.35, 90246.26, 100855.43, 100897.46,
11507.27, and 111548.53 MHz lines (Mehringer et al., 1997; Remijan et al., 2003).
However, the emission lines of AcA suffer seriously from contamination from other
species. The observed intensity of some of the well-known four-fold degenerate tran-
sitions of AcA, for example 9(%*,9) —8(*,8) A at 100897.46 MHz where asterisks can
be 0 or -1, are much higher than their simulated intensity and the observed intensity
of their corresponding E pairs in spite of their similar upper-level energy.

There are only three transitions of AcA over the threshold P factor > 90% and D
factor > 60% with S/N > 3 as shown in Table 4.4. If we go to weaker lines, there are
two more transitions of AcA satisfying the requirement of the consistency factors but
with lower S/N. They are the 23(15,9) — 23(14, 10) transition with S/N ~ 2.7 and
the 24(—13,11) — 24(—12,12) transition with S/N ~ 2.6. The relatively high values
of the consistency factors and the similar spatial distribution of these two transitions
with that of the three stronger lines make their assignments reliable. Therefore,
we image the transition maps of the five transitions shown in Table 4.4. Figure 4.8
shows the observed and simulated spectra of these transitions toward the LMH region.
Pertinent line parameters of all the detectable transitions of the isomeric species of
C,H,04 observed in this survey with S/N larger than ~3 are summarized in Appendix

Tables 4.6, 4.7 and 4.8 respectively.
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Figure 4.8: Same as Figure 4.6 for the five transitions of AcA. The best-fit LTE
simulated spectra of AcA are shown in blue.
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4.3.3 Column Density

To more accurately determine the excitation temperature, we perform a X2 fitting
over these less contaminated transitions to statistically determine 7, toward the LMH

region. The formula for X2 is defined as:

(Iobs,i - [sim,i)2
X'=) , (4.3)

i=1 o’
where I, and I, represent the simulated peak intensity and the observed values at
the corresponding frequency respectively, and o is the rms noise level of the observed
spectrum.

For MF, a T, of 201(12) K and a Ny of 1.18(0.05) x 10" ¢m™? minimized the
X2 to 314.6 with the number of degrees of freedom of 15 and yield the best fit. The
X2 fitting over these 10 GLA transitions suggested that a T., of 146(25)K and a
N gpa of 1.57(0.12) X 10" em ™, which minimized the x° to 14.7 with the number
of degrees of freedom of 8, best fit the observation data. A result of T, = 296(59) K
and Npaca = 4.63(0.92) x 10" cm™ is obtained by y* fitting using the five AcA
transitions. The minimum value of X2 is 3.3 with a degree of freedom of 3.

Based on the ALMA Band 3 observations, the best fit to the observed spec-
tra toward LMH in this study suggests abundance ratios of MF, AcA, and GLA
[HCOOCH;|:[CH3COOH]:[CH,OHCHO] of ~7.5 : 2.9 : 1. Although this result is
in agreement with the suggested ratio of [HCOOCH;|:|CH,OHCHO| ~6.7 observed
with the OVRO array (Hollis et al., 2000), we find an enhancement of the abundance
of AcA with respect to those reported by Remijan et al. (2002). In Remijan et al.
(2002), the observations conducted with the OVRO array reported an MF to AcA

abundance ratio, [HCOOCH;|:[CH;COOH], of (16- 32):1 toward the LMH region.
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Based on a uniform analysis of observations with the IRAM 30 m telescope, Belloche
et al. (2013) suggest that T, = 80K and Ny yp = 4.37 X 10" em ™ with a source
size of 4.0" for MF; T., = 80K and Nrgra = 1.8 X 10" cm ™ with a source size of
10.0" for GLA; and T, = 100K and Nroaca = 1.05 X 10" cm ™ with a source size of
4.0" for AcA, based on which the abundance ratios among the three molecules are
[HCOOCHS;):[CH3;COOH]:[CH,OHCHO| ~242 : 5.8 : 1. The inconsistency between
the two values for [HCOOCH;]|:[CH3;COOH]:[CH,OHCHO] can be justified in part by
the different observations and data processing methods. The 30m IRAM observa-
tion has beam sizes larger than 11" and, therefore, cannot constrain the source sizes
of the three molecules. In addition, the rotational diagram method that Belloche
et al. (2013) used to determine column density requires a large number of the less
contaminated transitions covering a large range of energy levels. But the detected
AcA transitions in Belloche et al. (2013) have a narrow range of energy levels, F)
of 16 — 25 K, and there are only 5 detected GLA transitions, which could introduce
large uncertainties to the results. In contrast, in our study, we are more rigorous
with line contamination and use X2 fitting to constrain the excitation temperature.
In addition, the small synthesized beam sizes of the ALMA observations resolve the

source sizes of the three molecules well.

4.4 RESULTS

In order to determine the velocity components of the three isomers, we examined
the spectral transitions of the three isomers as extracted from an aperture with a
diameter of 11" and covering most of the continuum emission region. Figure 4.9 shows
the thermal dust continuum map of the Sgr B2(N) region as obtained with ALMA
Band 3 observations at 85.9 GHz along with the LMH, N1, N2 and N3 emission

cores (Belloche et al., 2016; Bonfand et al., 2017) which will be referenced below.
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Figure 4.9: Continuum map of the Sgr B2(N) region obtained with EMoCA survey
at 85.9 GHz (Belloche et al., 2016; Bonfand et al., 2017). Contour levels start at five
times the rms noise level (4.1 mJy/beam) and double in value up to the peak value.
The solid circle shows the aperture (11" x 11") from which the spectra was extracted
from to examine the velocity components of the three isomers. The triangle marker
shows the LMH region.

The average systemic Vi of the N1 core is ~64 km s™' while that for N2 and N3 is
Vig ~ 7T3kms .

In the most unblended spectral transitions within an aperture comparable to the
size of the major continuum emission region, MF has two emission features at two
different systemic velocities, Vi, ~ 64 and 73 km s™'. The velocity constitution of MF
is consistent with the findings in Belloche et al. (2016) and Bonfand et al. (2017). In

contrast to Belloche et al. (2013), who did not detect the high-velocity component of
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GLA toward Sgr B2(N) with the IRAM 30m line survey, two velocity components
of GLA are also identified in our study. This difference from our result could be
explained by the low sensitivity of the IRAM telescope due to beam dilution and
smaller total collecting area. ALMA’s high angular resolution and sensitivity give
us a better understanding of the velocity components of these LAMs. In contrast
to MF and GLA, however, AcA had only a single velocity component near 64 km s
resolved. There is no AcA emission above 1o around the N2 or N3 regions for any

AcA transitions.

4.4.1 Transition Maps

We carried out an intensive study on the spatial mapping of the C,H,0O, isomeric
family with the most uncontaminated transitions that were discussed in Sec 4.3.2.
We generated peak intensity images (i.e. moment-8 map) for the least contaminated
transitions of the Cy,H,O, isomeric species and refer to them as transition maps.
For MF and GLA, we imaged each of the transitions near the two systemic velocity
components separately. For the low-velocity component, the integrated velocity range

1

is 59 — 68 kms~ " while for the high-velocity component, the range is 70 — 75kms .

For AcA, only the one velocity range, 59 — 67 km s, was imaged.

HCOOCH; For MF, we imaged the emission from the 10 most uncontaminated
transitions with P factor >95 and D factor >60, over a range of upper-state ener-
gies from 23K to 221 K. The peak intensity images of the low-velocity component
and high-velocity component are shown in Figure 4.10 and 4.11 respectively. In Fig-
ure 4.10 and 4.11, the background color images are the 85.9 GHz continuum of the Sgr
B2(N) region. The contours indicate the location of the MF emission of each tran-

sition. As the most uncontaminated transitions are selected based on the spectrum
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toward LMH only, some of these MF lines still suffer from spatial contamination, as
summarized in the captions of Figure 4.10 and 4.11.

Despite the spatial contamination, based on the peak intensity images of MF, it is
clear that different transition maps of MF show nearly identical spatial distributions
to each other at each characteristic velocity over a range of excitation levels. We iden-
tified two cores of emission of the low-velocity component and two of the high-velocity
component among all the transition maps in Figure 4.10 and 4.11. The low-velocity
component has a extended distribution which is offset from the continuum emission
peak. The distribution of the emission cores of MF is described more completely
in Section 4.4.2 in a quantitative way using its chemical map, which is, in short, a
weighted composite transition map.

As outlined in Brouillet et al. (2015), the spatial distributions from interferometric
observations were suggested to be similar among transitions with similar excitation
conditions. However, we find that the morphology of MF is consistent across a wide
range of upper-state energy levels; i.e., the intensity maps obtained from v = 0 and

v =1 of MF are similar.

CH,OHCHO We generated the interferometric images of the 10 least blended
GLA transitions with upper-state energy levels ranging from 22 to 64 K for both
the low-velocity and high-velocity components, as shown in Figures 4.12 and 4.13,
respectively. In contrast to MF, there is substantial contamination among the spatial
distributions of GLA. While the LMH region line profiles are relatively clean, the N2
region suffers much more significantly from this.

Despite the contamination mentioned above, the remaining peak intensity images
of GLA are consistent with each other, including the low-velocity components of seven

transitions which are marked with “1” in Table 4.3 and the high-velocity components of
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Figure 4.10: Peak intensity images of the low-velocity component (64 km s_l) of the
10 MF transitions overlaid on the continuum emission at 85.9 GHz (background color
image). The integrated velocity range of the low-velocity component ranges from
59 to 68kms . The MF contours start at 3¢ and double in value up to the peak
value. Most of transitions of MF show consistent morphology. Spatial contamina-
tion source: panel (b) is contaminated with the high-velocity component of the MF
7(3,5) — 6(3,4) E transition at 86265 MHz.
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Figure 4.11: Peak intensity images of the high-velocity component (73 km s_l) of the
10 MF transitions overlaid on the continuum emission at 85.9 GHz (background color
image). The integrated velocity range of the high-velocity component ranges from
70 to 75kms”". The MF contours start at 3o and double in value up to the peak
value. We resolve the high-velocity component as the second velocity-component of
MF. Spatial contamination sources: panel (c): the low-velocity component of the MF
7(3,5) — 6(3,4) A transition at 86265 MHz; panel (e): the thioformaldehyde (H,*CS)
3(2,1) — 2(2,0) transition at 99086 MHz.
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four transitions marked with “h” in Table 4.3 respectively. From the uncontaminated
transitions, as evident in Figures 4.12 and 4.13, we resolved one emission core from
the low-velocity component of GLA with a source size smaller than 7' and one from
the high-velocity component with a source size ~4". The emission regions of GLA are
more compact that those of MF. A detailed comparison of the distributions of the
isomers is discussed in Section 4.4.2.

The result of a compact emission region of GLA is in contradiction with pre-
vious research on the spatial distribution of GLA. Hollis et al. (2001) mapped the
8(0,8) — 7(1,7) transition of GLA at 82470.67 MHz with the BIMA array and sug-
gested an extended distribution of GLA toward Sgr B2(N) with a source size of around
60". The difference found between the distributions from our study may be due to the
contamination of the transition detected by Hollis et al. (2001). In their study, only
one transition was mapped. Therefore, they could not distinguish if the transition
was contaminated by comparing maps from different transitions which is what we do
in the present study. In addition, the broad line width of the GLA 8(0,8) — 7(1,7)
transition imaged by Hollis et al. (2001), 24.3 km s_l, compared with 8.2 km s~! for the
MF line in their observations is also consistent with the existence of contamination.
Thus, the conclusions reached by Hollis et al. (2001) are most likely inaccurate given

the fact that it is probably based on a blended transition of GLA.

CH3;COOH Figure 4.14 shows the peak intensity images of AcA for the five tran-
sitions listed in Table 4.4. The upper-state energy levels range from 26 to 266 K.
Because there is no emission with S/N > 1 in the ~73 km s regions, we only resolve
one low-velocity component of AcA (64 km s_l). In addition to the limited number of
clean emission transitions, AcA also suffers from severe spatial contamination. The

least contaminated three transitions are marked with “I” in Table 4.4.
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Figure 4.12: Peak intensity images of the low-velocity component (64kms ") of the 10 GLA tran-
sitions overlaid on the continuum emission at 85.9 GHz (background color image). The integrated ve-
locity range of the high-velocity component ranges from 59 to 68 km s™'. The GLA contours start at
3 o and double in value up to the peak value. Despite the transitions suffering from spatial contamina-
tion, GLA shows consistent distribution among different transitions. Spatial contamination sources:
panel (a): the high-velocity components of the acetone ((CHz),CO) 19(10,10) — 19(9,11) AA tran-
sition at 86604.63 MHz, and the gauche-ethanol (g—CH3;CH,OH) 5(3,3) — 4(3,2) transition at
86604.34 MHz; panel (g): the high-velocity component of MF 8(2,6) — 7(2,5) E at 103466 MHz;
panel (h): the (CH3),CO 6(5,2) — 5(4,1) EE transition at 110401 MHz.
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Figure 4.13: Peak intensity images of the high-velocity component (73kms ') of the 10 GLA
transitions overlaid on the continuum emission at 85.9 GHz (background color image). The integrated
velocity range of the high-velocity component ranges from 70 to 75 km s™'. The GLA contours start
at 3o and double in value up to the peak value. We resolve the high-velocity component near
the N2 region as the second velocity-component of GLA. Spatial contamination sources: panel
(a): a weak and unidentified emission feature; panel (c): a strong emission from g—CH;CH,OH
6(2,5) — 5(1,5) at 90503 MHz; panel (d): unidentified; panel (f): unidentified; panel (j): the low-
velocity component of the strong emission feature from the formic acid (HCOOH) 5(3,2) — 4(3,1)
transition at 112467 MHz.
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Figure 4.14: Peak intensity images of the five AcA transitions overlaid on the contin-
uum emission at 85.9 GHz (background color image). The integrated velocity range
of the high-velocity component ranges from 59 to 67 km s™'. The AcA contours start
at 30 and double in value up to the peak value. We only resolved one velocity com-
ponent of AcA (~64kms™') and have limited number of the transition maps of AcA.
Spatial contamination sources: panel (b) is contaminated by a weak emission feature
toward the N2 region contributed by the high-velocity component of the GLA tran-
sition 24(7,18) — 23(8,15) at 100859 MHz; panel (d) is probably contaminated by
the high-velocity component of a transition with a rest frequency of ~108606 MHz, of
which the low-velocity component was also observed toward LMH as a strong emis-
sion line. However, this transition is not found in any public database and, as such,
remains unidentified; panel (e) is contaminated by the high-velocity component of
the overlapping transitions of trans-ethanol (t—CH3;CH,OH)-12(7,6) — 13(6,7) and
12(7,5) — 13(6,8))-at 111510 MHz in the north region.

Given these limitations, the morphology of AcA cannot be accurately determined
based on the limited number and the spatial contamination of the transition maps.
But we can still see that the emission peaks are co-spatial among all the transition
maps. Besides, Mehringer et al. (1997) mapped Sgr B2(N) with the OVRO array in
two transitions of AcA at 90246 MHz and 100855 MHz and Remijan et al. (2002) did
the same at 111507 MHz and 111547 MHz. Although the two transitions, 90246 MHz
and 111547 MHz, are are known to be contaminated toward LMH and the distribution
of the transition at 111507 MHz is spatially contaminated toward the N2 region, the
AcA emission peak resolved with the previous observations is consistent with our
study. The peak positions are all at o = 17°47719.9(0.1)°, 839000 = —28°22'19(1)"
within 1" which confirms the assertion that the AcA lines are coming from a common

source (Remijan et al., 2002).
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4.4.2 Chemical Maps of C,H,O,

Because the uncontaminated transitions covering an extensive range of upper-state
energies show similar morphology, the effect of excitation conditions is ruled out and
the morphology of these transition maps is determined by the true distribution of
molecules. For this reason, with an increased number of unblended transitions with
similar morphologies, we can combine the transition maps to achieve mm chemical
maps for the C,H,O, isomers. A chemical map is obtained by stacking the peak
intensity images of transitions which are mostly free of contamination. In the stacking
process, we used the inverse-variance weighting for each transition, where the variance
is the square of the noise of each data cube. Compared with a single transition map,
the chemical map allows us to infer molecular distributions at a high S/N. Tt is
worthwhile noting that the intensities in a chemical map represent the joint properties
of both the detected emission and the sensitivity of the observation. Nonetheless, the
S/N value at each location indicates the detection significance and, hence, provides
the relative molecular abundance. In order to obtain information about the absolute
abundance, spectral fittings at each location need to be performed individually.

For MF, we stacked the peak intensity images of the nine least contaminated
transitions marked with “I” in Table 4.2 to obtain the low-velocity component and
the eight transitions marked with “h” in Table 4.2 for the high-velocity component
of the chemical map of MF. Figure 4.15 (left panel) shows the chemical maps of MF
in green with solid lines representing the low-velocity component and dashed lines
the high-velocity component over the 85.9 GHz continuum emission. Compared with
transition maps, we can better quantify the distribution of the emission cores with
the chemical map. In the chemical map of MF, four distinct emission cores of MF are

resolved. The low-velocity component contains two emission cores marked as MF1
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Figure 4.15: Emission contours from the chemical maps of MF (left), GLA (middle)
and AcA (right) overlaid on the continuum emission at 85.9 GHz (background color
image) toward Sgr B2(N). The solid lines represent the low-velocity component, while
the dashed lines correspond to the high-velocity component. The contour levels start
at 50 and double in value up to the peak value, with ¢ ~ 1.7mJy beam ™ for MF,
~2.0mJybeam ™" for GLA and ~2.5mJy beam ™" for AcA. The emission cores of each
molecule are marked by a cross and labeled MFnyypEr, GLANUMBER @nd AcANUMBER
correspondingly.

and MF2, which are connected with each other over a distance of 3.8" and located
within the cloud. The other two emission cores, MF3 and MF4, with high velocity,
are separated by around 8.1". The coordinates of the four cores are summarized in
Table 4.5. The overall distribution of MF is offset from the continuum emission and
more extended than that of GLA and AcA. The two emission peaks of MF with
low velocity are offset from LMH by ~2.9" for MF1 and ~2.4" for MF2 respectively,
while MF3 and MF4 are spatially coincident with the N2 core and N3 core defined
in Bonfand et al. (2017), respectively.

The chemical map of GLA is represented in Figure 4.15 (middle panel), which is
stacked with the transition maps of the seven transitions marked with “I” in Table 4.3
for the low-velocity component and the four transitions marked with “h” in Table 4.3
for the high-velocity component. With the chemical map of GLA, we can better
examine the spatial distribution features of GLA that are not clearly resolved in

its transition maps. GLA also has distinct high- and low-velocity components. For
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the low-velocity component, we locate the major emission core (GLA1) at ajggg =
17h47m19.9s, 19000 = —28°22'19.3" and resolve an extended feature to the north-east.
An emission core with high velocity (GLA2) is resolved and co-spatial with the MF3
core. GLA2 is ~5.9" north of GLA1. Compared with MF, the distribution of GLA is
more compact and spatially consistent with the continuum emission. The GLA1 core
is offset from the LMH peaks by only ~1.2" while the GLA2 core is co-spatial with
the N2 continuum emission core (Bonfand et al., 2017).

Each of the transition maps of AcA are quite different from each another, perhaps
due to the low S/N of the most uncontaminated lines. The difference, as well as the
limited number of the unblended transitions, 5 in total, make the morphology of AcA
difficult to characterise. But, we can gain insight as to its distribution by looking
at its chemical map with increased S/N. In the chemical map of AcA as shown in
Figure 4.15 (right), AcA only emits from the region within the low-velocity cloud and
has one emission core (AcAl). We do not resolve any high-velocity component for
AcA. In addition, the emission region of AcA appeared to be, interestingly, coincident
with the distribution of the low-velocity component of GLA, and the spatial separation
of AcAl and GLA1 is smaller than 0.5". As with GLA, we find the emission region
of AcA to be compact and spatial coincident with the continuum emission. AcAl is

offset from the LMH peaks by only ~1.0".

4.5 DISCUSSION

Our observations indicate that the three isomers of C,H,O, have distinct mor-
phologies, as shown in Figure 4.15. The question remains as to why the three isomers
have such different distributions compared to each other despite their identical atomic
composition. Here, we discuss the possible mechanisms that could contribute to this

difference.
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Table 4.5: Positions of the LMH Region and the Molecular Emission Peaks of the
C,H,0, isomers

Source Coordinate Vier
17"47™ —28°22' kms™'
LMH (centroid) 19.930° 18.200" 64
MF1 19.776° 16.158" 64
MF?2 19.806° 19.934" 64
MF3 19.855° 13.357" 73
MF4 19.252° 15.002" 73
GLA1 19.899° 19.294" 64
GLA2 19.871° 13.379" 73
AcAl 19.881° 18.926" 64

Although different observations could bias the result of imaging and contribute
to spatial difference, this is not the case in our study. Because we self-consistently
analyzed these three isomers in the same observations, we can rule out any differences
caused by observations with different facilities, techniques, or frequency regimes. In-
stead, there are both physical and chemical causes, which could be interwoven, to
explain the spatial difference.

Different physical conditions and therefore different excitation conditions inside
the source might lead to the diversity in morphology. While our best fit to the
observed data suggests the T, of MF toward LMH to be ~200 K, Bonfand et al.
(2017) derived a similar T,,, ~150 K, toward both N2 and N3, the two high-velocity
cores. Because the transition maps of each molecule are spatially similar across a large
range of upper-state energy levels, we can largely rule out the excitation temperatures
of the multiple components of Sgr B2(N) as the source of the distinct distributions. In
addition, the three species are similar in terms of both photo-absorption cross-sections

and ionization potentials (Puletti et al., 2010). Therefore, selective photo-destruction
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fails to account for the differentiation in these morphologies. Regarding cloud density,
Sanchez-Monge et al. (2017) characterized the small scale structures of Sgr B2(N),
which include the cores associated with the seven molecular emission peaks of the

three isomers, with various hydrogen densities in a range of 10" — 10" cm ™.

To
estimate n., we adopted a typical Hy collisional cross section ~107" cm? (Condon
& Ransom, 2016). Compared with n; of the CoH4O4 transitions listed in Table 4.2,
4.3 and 4.4, we indeed find ny, > ngy ~ 10°cm ™ for the detected lines so that
the transitions are probably all thermalized. We also noticed that absorption by the
extended material in the cold envelope can cause the offset of MF from the continuum
emission peak and should not be neglected. Finally, evolving source properties with
time may contribute to the differences in their spatial distributions. A more thorough
analysis of other physical properties of the sources would provide further insights into
addressing this point.

The morphological differences among the C,H,0O, isomeric family could be ex-
plained in part by the difference in their production mechanisms and the large energy
barriers for the isomerization among them. The grain surface formation routes origi-
nally suggested by Garrod & Herbst (2006) and Garrod et al. (2008) are accepted as
the most likely mechanisms to efficiently form LAMs during the warm-up phase of the
hot cores. Because thermal desorption is efficient in a warm region, a compact distri-
bution of warm molecules toward hot cores is usually associated with a grain-surface
formation scheme followed by thermal desorption, although, as discussed below, gas-
phase synthesis cannot be ruled out. In this scenario, the HCO radical becomes
mobile on grain surfaces and then reacts with the CH30 radical to form HCOOCH;3
or with the CH,OH radical to form CH,OHCHO. Recent laboratory studies show that
H-atom addition and abstraction reactions in ice mantles can lead to more reactive

intermediates, which enhance the probability to form MF and GLA through radical-
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Figure 4.16: Schematic diagram of the prevalent formation mechanisms related to the
CQH4OQ 1somers.

radical recombination (Chuang et al., 2016). Although the grain-surface formation
routes of MF and GLA are similar, as both involve HCO, the observed abundances
of MF and GLA may be influenced by the abundance difference of the CH30 and
CH,OH radicals on grain surfaces, which, as of yet, have not been measured. Al-
though direct measurements of the abundances of CH3;0 and CH,OH on grain by IR
absorption lines will be difficult to achieve, indirect determinations could be based
on possible future observation of gaseous CH,OH and chemical models.

While the radical-radical reactions of MF and GLA only involve primary radicals,
Garrod et al. (2008) suggested that AcA is assembled from the OH radical and the
CH3CO radical. Different from the dominant primary radicals, the CH3CO radical,
which is a secondary radical, is weakly produced and becomes mobile at higher tem-

peratures than primary radicals due to its complexity (Garrod et al., 2008). The
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involvement of the CH3CO radical makes the AcA formation route different from its
structural isomers.

If the scenario of radical-radical reactions on grain surfaces (Garrod et al., 2008)
is the main formation mechanism of the three isomers, it is reasonable to expect
that the spatial distribution of MF and GLA would be similar to each other, since
their precursors are HCO and the isomeric radicals that both form from methanol
photolysis (Laas et al., 2011), but different from that of AcA. However, the spatial
separation of gaseous MF from its isomers and the spatial coincidence of gaseous GLA
and AcA make this scenario insufficient for an overall explanation of the observational
result. Additionally, there are other pathways involving other surface radicals to form
GLA and AcA. GLA could also be formed from the reactions of the HCO radical with
the H,CO and H on grain surfaces (Beltran et al., 2009), which was suggested to be
the most probable formation mechanism of GLA at low temperature (Woods et al.,
2012). Bennett & Kaiser (2007) also proposed that AcA could form via the association
reaction of the HOCO radical and the CHj radical on grains. But the effectiveness of
these proposed pathways is still not fully understood and requires further studies.

In addition to grain chemistry, it was suggested that MF could be also formed via
gas-phase processes (Laas et al., 2011; Balucani et al., 2015). Balucani et al. (2015)
outlined a possible mechanism for the synthesis of MF with gas-phase reactions in
cold environments. Therefore, it is a natural outcome that molecules formed in the
gas possess extended distributions (Hollis et al., 2001) but there remains the excep-
tion that non-thermal desorption can eject molecules formed on cold grain surfaces
into a cold gas, as for the case of methanol formation (Watanabe & Kouchi, 2002).
Nevertheless, in the gas-phase model, dimethyl ether (CH;OCH3, DME) works as
the precursor of MF via the loss of a hydrogen atom to form the CH;0OCH, radi-

cal followed by reaction with atomic oxygen. In addition, an up-to-date scheme for
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the gas-phase synthesis of GLA and AcA was proposed, where GLA and AcA were
both formed from ethanol (CH3CH,OH) (Skouteris et al., 2018). With H-abstraction
from ethanol, two different reactive radicals, CH,CH,OH and CH3;CHOH, form and
further react with atomic oxygen to produce GLA and AcA respectively. Based on
this formation scheme involving ethanol, Skouteris et al. (2018) predicted a higher
abundance of AcA than GLA, which agrees well with our findings.

As a test of the different gas-phase formation pathways, the distributions of the
chemical precursors could work as proxies to interpret the different morphology of
these isomeric and related interstellar molecules. If there are either correlations or
anti-correlations between the spatial distributions of the precursors and those of the
corresponding products, that could be evidence to support the related chemistry.
Therefore, we further imaged the chemical maps of the two proposed precursors,
DME and ethanol, involved in the gas-phase reactions. We find that DME is co-
spatial with MF, which is consistent with their distributions toward another star
formation region, Orion KL (Brouillet et al., 2013). The correlation of MF and DME
could also be explained with the common precursor, the surface CH30 radical, in their
grain-surface formation pathways (Oberg et al., 2010). We also suspect that ethanol,
the precursor of GLA and AcA, should have a similar distribution to GLA and AcA.
However, the distribution of ethanol is co-spatial to MF and DME proving that no
relationship between the triplet of CoH4O, and the proposed gas-phase precursors
could be determined.

Different desorption behaviors of the three isomers could also contribute to the
spatial separation between MF and the other isomers. In the warm-up model, desorp-
tion begins at different temperatures (Garrod et al., 2008). Thus, temperature, which
can be a substitute for time in the model, could be related to differing distributions.

Burke et al. (2015) found via a Temperature Programmed Desorption (TPD) analysis
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that MF desorption starts at a lower temperature, ~70 K, compared with the des-
orption of the other two isomers, ~110 K. This different behavior during the thermal
processing could account for the extended distribution of MF compared with GLA
and AcA. A neglected drawback with the analysis presented in Burke et al. (2015),
however, is that they assumed identical grain-surface abundances of the isomers. To
connect the effect of the desorption property to the morphological features, taking
into account a chemical model, with which the abundances of the isomers could be
constrained, seems to be required.

Future research is essential to understand the relative role of the gas-grain chem-
istry of these three isomers of C,H,0O,. By carrying out detailed model calculations,
involving both grain-surface reactions and the newly proposed gas phase pathways
of these three molecules (Balucani et al., 2015; Skouteris et al., 2018), we hope to
constrain the formation mechanisms of the isomers. Observations of the C,H, O, and
other isomers toward a large sample of interstellar sources could help to constrain the
relative importance of their formation pathways and explain the spatial distribution

of different molecular isomers.

4.6 SUMMARY

In this paper, we report an intensive spectral and morphological analysis of the
CyH40, isomers towards Sgr B2(N) with sensitive ALMA Band 3 observations (Bel-
loche et al., 2016).

We developed quantitative methods to identify weak and mostly uncontaminated
transitions which are critical to automatically detect interstellar molecules within a
source that has a dense spectrum and a high level of spectral confusion. From these
methods, we identified the 26 least contaminated transitions for MF, 10 for GLA and

5 for AcA and further imaged the peak emission maps of these clean transitions. We
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stacked all of the consistent transition maps of each molecule to obtain their chemical
maps, which show more reliable distributions of the molecules with higher S/N ratios.
From the high spatial resolution millimeter chemical maps of the three isomers, we
find that they have distinct morphologies. Four emission cores of MF are resolved, in
which two of them, MF1 and MF2, are connected to each other and located within the
portion of the cloud with the low Vj, of ~64 km s~'. For this velocity component, the
distribution of MF is extended and offset from the continuum emission. The other two
emission cores of MF, MF3 and MF4, with the high Vi, ~73km s_l, are separated by
around 8.1" from each other. GLA also displays two velocity components, while the
Viee of GLAT1 is ~64 km s~ and of GLA2 is ~73kms ™. Only one velocity component
of AcA, AcAl at ~64km s_l, is resolved. In contrast to MF, the overall distribution
of GLA and AcA are more compact and co-spatial with the continuum emission.
Because the distributions in the transition maps of each isomer are spatially con-
sistent across a wide range of upper level energies, we rule out excitation conditions
as the source of the distinct distributions of the CyH,O4 isomers. The dissimilar
morphology of MF compared with GLA and AcA suggests that MF has a differ-
ent formation mechanism than do GLA and AcA. Through a thorough investigation
into the prevalent formation mechanisms involving both grain-surface and gas-phase
routes, however, we find that the current existing chemical theory as summarized in
Figure 4.16 can not explain the observed spatial distribution of the CoH,O, isomers.
In addition, different desorption behaviors of the three isomers could contribute to
the spatial distributions of the CoH,0O, isomeric family. Therefore, more observations
of the three isomers toward a larger sample of astronomical objects might help to con-
strain the morphological features and to probe the chemical formation mechanisms

in these environments.
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4.8 TABLES OF THE C;H,O5 TRANSITIONS ABOVE

THE 30 LEVEL

Tables 4.6, 4.7 and 4.8 list the transitions of the CoH,O, isomers that are detected
above the 3o level toward Sgr B2(N). P and D factors are calculated based on the
observed spectra toward LMH and the simulated spectra assuming an excited tem-

perature of 190 K. Comments in these tables acknowledge the reference observations.
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CHAPTER 5
MOLECULE IN DIFFERENT ENERGY
LEVELS - VIBRATIONALLY EXCITED
(vt = 1,2) ACETIC ACID TOWARD

NGC 63341

Vibrationally excited states of detected interstellar molecules have been shown to ac-
count for a large portion of unidentified spectral lines in observed interstellar spectra
toward chemically rich sources. Here, we present the first interstellar detection of
the first and second vibrationally excited torsional states of acetic acid (v; = 1,2)
toward the high-mass star-forming region NGC 63341. The observations presented
were taken with the Atacama Large Millimeter /submillimeter Array in bands 4, 6,
and 7 covering a frequency range of 130 — 352 GHz. By comparing a single excita-
tion temperature model to the observations, the best-fit excitation temperature and
column density are obtained to be 142(25) K and 1.12(7) % 10" em ™ respectively.

Based on the intensity maps of the vibrationally excited CH3COOH transitions, we
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found that the CH;COOH emissions are compact and concentrated toward the MM1
and MM2 regions with a source size smaller than 2". After locating the emission from
different CH3COOH transitions, which cover a large range of excitation energies, we
are able to explain the variation of the CH3COOH emission peak within the MM2
core by invoking continuum absorption or outflows. The following chapter is primar-
ily reproduced from Xue, C.; Remijan A. J.; Brogan, C. L.; Hunter, T. R., Herbst
E., McGuire, B. A. Astrophysical Journal 2019, 882, 118.

5.1 INTRODUCTION

Although more than 200 individual molecular species have been detected in both
galactic and extragalactic interstellar and circumstellar environments to date
(McGuire, 2018), a substantial number of unidentified spectral lines in the observed
spectra toward a host of molecule-rich regions continue to plague observational as-
trochemistry. While many of these features are certainly due to as of yet unidentified
new species, the carriers of these unidentified lines could also be isotopologues or vi-
brationally excited states of already known molecules (Daly et al., 2013; Lopez et al.,
2014; Miiller et al., 2016). As such, studying the vibrationally excited states of known
molecules is essential to characterizing the observed spectra and interstellar chemical
inventories (Sakai et al., 2015).

Acetic acid (CH3COOH) is a LAM and of increasing interest to study from both
an astrochemical and an astrobiological point of view (Remijan et al., 2003). The first
detection of interstellar CH;COOH was toward Sgr B2(N) as reported by Mehringer
et al. (1997) and later confirmed by Remijan et al. (2002). To date, CH;COOH
has been detected in its vibrational ground state toward a variety of high- and low-
mass star forming regions (Cazaux et al., 2003; Remijan et al., 2003; Shiao et al.,

2010). Since this initial detection, additional theoretical and experimental spectro-
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scopic studies of the excited torsional states of CH3COOH have provided the data
needed to search for CH;COOH in its first three torsional states (v, = 0,1,2) up
to 400 GHz (Ilyushin et al., 2001, 2003, 2013). Here, we present a search for the
vibrationally excited rotational transitions (v; = 1,2) in an appealing target: NGC
63341.

NGC 63341 is a massive star-forming core located at the northeastern end of the
NGC 6334 molecular cloud (Beuther et al., 2008) with a distance of ~1.3kpc (Reid
et al., 2014). The millimeter continuum emission maps have spatially resolved NGC
63341 into nine distinct sources, with most of the hot core molecular line emission
originating from the two brightest continuum sources, MM1 and MM2 (Hunter et al.,
2006; Brogan et al., 2016). MMT1 is furthered characterized as a hot multi-core which
comprises seven components and exhibits a high-velocity bipolar outflow (Brogan
et al., 2016, 2018). NGC 63341 is complex not only in physical structure but also in
chemical composition (Bggelund et al., 2018). Rich spectral line emission originates
from this region (McCutcheon et al., 2000; Schilke et al., 2006), as exemplified by
interferometric line surveys with the Submillimeter Array (SMA) (Zernickel et al.,
2012), and the Atacama Large Millimeter/submillimeter Array (ALMA), the latter
of which led to the first interstellar detection of methoxymethanol (CH;OCH,OH)
(McGuire et al., 2017b, 2018b).

Recent observations of glycolaldehyde at ALMA Band 10 in this source showed
bright emission lines from rotational states with upper state energies (£,) in the range
of 530 — 631 K (McGuire et al., 2018b). Combined with the high dust temperatures
of MM1 (up to 450K; Brogan et al., 2016), sufficient energy may be available to
populate energetic low-lying vibrational states of LAMs that can then be detected
through their rotational transitions within these excited states. Following the detec-

tion of CH3COOH in the vibrational ground state toward NGC 63341 (El-Abd et al.
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2019, under revision), NGC 63341 is clearly an ideal region to search for emission
features of the vibrationally excited transitions of CH3COOH, particularly because
of its relatively narrow lines.

In this paper, we report the first interstellar detection of vibrationally excited
CH3COOH (v, = 1,2) toward NGC 63341 with ALMA in Bands 4, 6 and 7. The
observations are described in Section 5.2. The process of line identification and spatial
imaging is presented in Section 5.3. In Section 5.4, the spatial distribution is discussed
with respect to the complicated structure of the dust emission cores, MM1 and MM2.

The results are summarized in Section 5.5.

5.2 OBSERVATIONS

The detection of the first and second vibrationally excited states of CH;COOH
was achieved with three data sets involving ALMA Bands 4, 6, and 7 ranging from
130 to 352 GHz. The Band 6 data are first presented in this paper, while a detailed
description of the Band 4 and 7 data have been presented elsewhere (McGuire et al.,
2018b; Hunter et al., 2017; McGuire et al., 2017b). The Band 6 observation was
performed on 2017 December 28 (project code 2017.1.00370.S). A synthesized beam
size of 0.18"x0.15" was achieved with a baseline range from 15 m to 2.5 km. The salient
observational parameters for the Band 6 data are summarized in Table 5.1. The Band
4 data (project code 2017.1.00661.S) were taken in Cycle 5 with a spectral resolution
of 0.488 MHz and an rms noise of ~0.8 mJy beam ™" (McGuire et al., 2018b). The Band
7 data (project code 2015.A.00022.T') were taken in Cycle 3 with a spectral resolution
of 0.977 MHz and an rms noise of ~2.0mJy beam™' at 1.1 mm and 3.3 mJy beam™ " at
0.87mm (Hunter et al., 2017; McGuire et al., 2017b).

The data have been analyzed with the CASA. The relatively line-free continuum

channels were selected with the techniques described in Brogan et al. (2018) and used
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Table 5.1: Observational Parameters for the Band 6 ALMA Data

Parameter

Band 6 (259 GHz)

Observation Date

Cycle

Project Code
Configuration

Time on Source (minutes)

Phase Center (J2000 RA, DEC)
SPW Center Frequency (GHz)

SPW Bandwidth (MHz)
HPBW Primary Beam (')
Gain Calibrator

Bandpass and Flux Calibrator

Phase Calibrator
Spectral Resolution (MHz)
Angular resolution “(" x ")

RMS per Channel (mJy beam ™)

28th Dec 2017
5
2017.1.00370.S
C43-5/C43-6
48
17:20:53.35, -35:47:01.5
251.4, 251.8, 266.3, 270.7
468.75
0.37
J1713-3418
J1517-2422
J1733-3722
0.244
0.18 x 0.15
4.0

“ The angular resolution is achieved with a Robust weighting parameter of 0.5. The images are
further smoothed to 0.26" x 0.26" for consistency between all observations.

to subtract the continuum emission in the UV-plane. The Briggs weighting scheme

and a Robust parameter of 0.5 for the Band 4 and 6 data and 0.0 for the Band 7 data

were used in the TCLEAN task of CASA for imaging, which resulted in elliptical beam

shapes. The images were smoothed to a 0.26" uniform, circular beam size from the

image plane for consistency among the 3 datasets. The spectra presented in this paper

were extracted toward MM1 from a single pixel centered at ayppe = 17"20™53.374°,

19000 = —35°46'58.34".
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5.3 ANALYSIS AND RESULTS

5.3.1 Line Identification

The dense molecular spectra of NGC 63341 as described by Zernickel et al. (2012)
indicate a high degree of spectral contamination, i.e., a substantial proportion of
spectral lines are overlapped and blended with adjacent lines of either the same or
another species. To positively identify a vibrationally excited CH3;COOH line from
this highly contaminated spectra, we adopt the five criteria for line identification
proposed in Snyder et al. (2005) (hereafter, the Snyder criteria): (1) accurate rest
frequencies, (2) take into account beam dilution effect, (3) frequency agreement, (4)
intensity agreement, and (5) presence of transitions with detectable intensity. Because
the processes for analyzing following the Snyder criteria in this study are similar with
those in Xue et al. (2019b), we will highlight the main points here, and refer the
reader to Section 3.1 in Xue et al. (2019b) for more detail.

The emitting area of most LAMs toward NGC 63341 is over an extent of ~5"
(McGuire et al., 2017b), while that of glycolaldehyde (CH,OHCHO), a structural
isomer of CH;COOH, has a source size ~2.5" x 0.8" (McGuire et al., 2018b). Ac-
cordingly, it is reasonable to assume that the spatial distribution of the CH;COOH
emission is more extended than the angular resolution used in this study (0.26"), and
therefore, the beam dilution effect is negligible. On the other hand, it is very unlikely
that the source size of CH;COOH would exceed the maximum recoverable scale of the
ALMA observations presented in this study (~3"). If there is a large-scale emission of
CH3COOH, it should be observable with single dishes but CH3COOH has never been
detected toward NGC 63341 with single-dish observations. Moreover, the CH;COOH

emission display a compact morphology in many other hot molecular cores (Remijan
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et al., 2003), which further support our assumptions.

McGuire et al. (2018b) showed that a single-excitation temperature can well de-
scribe the spectra of most LAMs across the full range of ALMA wavelengths (Bands
3-10) toward the MMI region, in which ny, > 10° cm™ (Brogan et al., 2016). Af-
ter estimating the critical density for the CH;COOH transitions in the vibrationally
excited states, we found that n.4 of the v, = 1 and v, = 2 transitions are at most
~10°em™®. The upper limit of n is given by a lower limit of the collisional cross
section, which is ~107" cm2, the cross section of Hy. It is noted that the cross section
of HCOOCHj3, a molecule that has similar complexity with CH3COOH, is significantly
larger than that of H, (Faure et al., 2014). Hence, while being conservative, the up-
per limit of ng estimated here is well-grounded. As ny, > ng, it is reasonable to
assume that these CH3COOH transitions are thermalized toward MM1.

Following the convention of Turner (1991), we simulated the spectrum of
CH3;COOH in each state with the assumption that the transitions of CH;COOH
are thermalized, as in McGuire et al. (2018b). Constant background continuum tem-
perature (7}4) is considered in each frequency range covered by the datasets. In
particular, based on brightness temperature measurements, Ty, is estimated to be
115K, 274K, 33.9K and 43.1 K for the Band 4, Band 6, Band 7 1.1 mm and Band
7 0.87 mm datasets respectively. The spectroscopic data of the vibrationally excited
states in the 130 —352 GHz frequency range are taken from Ilyushin et al. (2013). The
torsional vibrational states of CH;COOH have the following excitation energies: the
v, = 1 state lies at around 74cm™" (or 107 K) while the v, = 2 state lies at 127 cm™" (or
184 K) above the ground state (Ilyushin et al., 2001). Within the observed spectral
range, the criterion of accurate rest frequencies is fulfilled by the small uncertainties
associated with the transitions, which are smaller than 0.2 km s_l, compared with the

observed linewidth (~3 km s_l). The torsional-rotational partition function @), is ap-
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proximated by fitting the total internal partition function as a function of temperature

(T') using a sixth order polynomial (Ilyushin et al., 2013):

Qu(T)=-8838x10"7T° +1.03x 107" T°
~5.02%x107° T +1.34x 107 T° (5.1)

+783%x 107 T% +49.0T — 139.

By assuming T, to be 135 K (McGuire et al., 2018b), 40 spectral emission features
for v, = 1 and 17 spectral emission features for v, = 2 are expected to be over the
detection threshold, i.e, with S/N > 3, in this study. Only a few of these line features
are individual transitions, while the others are an ensemble of multiple transitions.
We find all these emission lines to be present and no lines to be missing in the observed
spectra if we take into account the contaminated lines, as shown in Section 5.8.

Xue et al. (2019b) describe a way to quantitatively measure the agreement be-
tween the modeled spectra and the observations by, first, selecting an appropriate
spectral range for comparing line profiles from the observation and simulation and,
second, computing the P (Product) and D (Difference) factors (see equations (1)-(2)
of Xue et al., 2019b). The P factor is based on the product of the observed and
modeled line profiles to characterize how close the observed line is located to the
expected rest frequency. The D factor is based on the difference of the integrated
intensities between the spectra, which compares the modeled line intensities to the
astronomically observed values. Instead of setting an absolute threshold for the P
and D factors, it is more relevant to compare the derived factors among each emission
feature; overall, features with higher P and D factors are more likely to be “clean”.
Therefore, the two factors serve as tools to assist and accelerate the line identification

process by eliminating features that are buried under or strongly contaminated by
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other emission features. This greatly reduces the number of emission features to be
visually examined and provides a feasible and crucial strategy for line identification
over large bandwidth. Due to the success of uniquely identifying lines in Xue et al.
(2019b), the same approach is adopted here.

We identify a total of six v, = 1 features and three v, = 2 features, as shown
in Figure 5.1. All of these CH3COOH features are a collection of four transitions.
The observational results of the clean emission features are summarized in Table 5.2,
while the detailed spectroscopic parameters of the pertaining transitions are listed in
Section 5.7. Note that the 281789 MHz line complex has a broader line width than the
others, which may be due to the presence of a weak blended emission feature located
near the wing of the 281789 MHz feature, as will be discussed in Section 5.3.2.

The excitation temperature (7,,) and the column density (Nr) are determined
by fitting a single excitation temperature model to the observed data. The observed
results of the clean emission features are used to constrain the line width (AV') and
source velocity (Vi,), which are in good agreement among all the clean features.
Therefore, AV is fixed to the median of the FWHM of the clean line complexes and
Vi is fixed to the median value. X2 fitting is performed to statistically optimize
the model and determine T}, and Np. Rather than considering all of the detectable
emission features, the fitting procedures are performed with the clean features only.
The process is also described in Xue et al. (2019b, see section 3.3).

The AV is fixed to 2.72kms " and the Vi, is fixed to —6.90kms™". A T, of
142(25) K and an Ny of 1.12(7) x 10" cm™? minimize the y° value and best fit the
observations. The values of AV and V., characterized here are consistent with the
values obtained from the spectrum of glycolaldehyde emission, AV = 3.2km s and
Vie = —7Tkms™ (McGuire et al., 2018b). The Nyt and T, also correlate fairly well

2

with El-Abd et al. (2019), who measure an Nt of 1.24 X 10" em™ and a T.. of



134

135K derived from the CH3COOH transitions in the ground state toward the MM1
region. The uncertainties quoted here are the standard deviations (1 ¢) of the best-fit
model, which include the fitting error derived from the inverse of the Hessian matrix
and the error propagation from the rms noise of the observed spectra. We want to
emphasize that the uncertainties listed here might be underestimated as we have not

incorporated the systematic uncertainties introduced by continuum subtraction.
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5.3.2 Spatial Distribution

We can only be confident in the spatial extent and morphology for those spectral
regions where the extracted spectra fulfill the Snyder criteria. Thus, there remains
the possibility of a problem of spatial contamination toward other regions of the same
source, i.e., contamination from other molecules may be present in the regions where
the spectra are not examined. Nonetheless, the chance of the maps being contami-
nated by molecules with a similar spatial distribution pattern is unlikely. If a similar
morphology is displayed among most of the transitions of a given molecule, odds are
that it represents the intrinsic spatial distribution of that molecule. Therefore, the
spatial distribution coherence can serve as an additional criterion for securing the
morphology determination (Brouillet et al., 2015).

The continuum emission features at Bands 4, 6, and 7 have different flux densities
but display consistent morphology toward MM1 and MM2. In this study, we use the
continuum emission map at 287 GHz from the Band 7 observations as representative,
which is shown in contours in Figure 5.2. All the 9 peak intensity maps of vibra-
tionally excited CH;COOH within the Vi, range of —3 to —9km s are presented in
color. However, the right two maps in the bottom row are discarded from the follow-
ing analysis because of spatial inconsistencies and possible contamination as described
below. The broad line width and relatively extended distribution of the 281789 MHz
feature suggest the existence of contamination, which might be attributed to the
propanal 26(7,19)-25(7,18) transition at 281787 MHz. The 282044 MHz map is spa-
tially contaminated by the emission of the nearby line complex peaked at 282039 MHz
(assuming a Vi, at —6.8 km s_l), which is the superposition of $**0, c—HCCCH and
SO, lines. Apart from the two contaminated maps, the seven remaining peak inten-

sity maps of vibrationally excited CH3COOH present a coherent distribution with
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Figure 5.1: Band 4, 6, 7 spectra of NGC 63341 extracted toward the MM1 region
are shown in black. The best-fit simulated spectra are overlaid in red and cyan for
v, = 1 and v, = 2 respectively. The best-fit parameters are T,, = 142K, Ny =
1.12 x 10" em 2, and AV = 2.72kms . The horizontal axes are the rest frequency
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are shown in this figure. Refer to Section 5.8 for the other transitions with detectable
expected intensities.
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Figure 5.2: The peak intensity maps over the velocity range of —3 to —9km s of the
clean lines of vibrationally excited CH3COOH overlaid with the 287 GHz continuum
emission in contours. The resolved quantum numbers represented by asterisks in the
legends are listed in Section 5.7. The contour levels correspond to 46, 92, 184, 368
and 736 mJy beam ™. The images are smoothed with uniform circular beam size of
0.26" x 0.26", as shown in the bottom left corner. The open circle, triangle, and
square markers denote the CH3COOH molecular emission peaks. The inconsistency
seen in the morphology of the 281789 MHz and 282044 MHz maps compared with the
others suggest the two maps suffer from spatial contamination from other molecular
emission.
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each other over a range of energy levels.

As is clear from the seven remaining maps, the emission from
CH3COOH is mainly distributed over both MM1 and MM2. The reported coor-
dinates of MM1 and MM2 are (agapoo = 17"20™53.412°, 032000 = —35°46'57.90") and
(Agagoo = 17"20™53.185°, 830900 = —35°46'59.34"), respectively. The source size of
vibrationally excited CH3COOH, estimated at half peak flux density, is resolved to
be ~2" x 1.2" toward MM1 and ~1" x 0.4" toward MM2. Although its compact dis-
tribution is consistent with the continuum emission on a larger scale, they do not
exactly coincide. There is an offset between the molecular emission and 287 GHz
continuum emission peaks with a closest distance <0.36". We resolved three promi-
nent CH;COOH emission peaks throughout all the clean line complexes. The AcAl
and AcA2 emission peaks, denoted by an open circle and triangle markers in Fig-
ures 5.2 and 5.3, are within MM1, whereas the AcA3 emission peak marked with an
open square is located toward MM2. The observed parameters, including the coordi-
nates, intensity, and the distance between the molecular and continuum emission, of
all the CH3COOH emission features are listed in Table 5.3. The individual CH;COOH

peak positions can vary by at most 0.3" from one transition to another.

5.4 DISCUSSION

The multiple hot cores revealed toward NGC 63341 themselves exhibit complex
structures and heterogeneous temperature distributions (Brogan et al., 2016). Con-
sidering that the compact CH3;COOH emission is concentrated toward the MM1 and
MM2 regions, we will discuss below the locations of the CH3COOH emission peaks
with regard to the sub-components of the two hot cores, MM1 and MM?2.

Seven dust clumps were resolved toward the hot core MM1, namely MM1A-G,

with associated dust temperatures ranging from 116 to 450 K (Brogan et al., 2016).
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Table 5.3: Vibrationally Excited CH;COOH Emission Peaks

Emission Features Peaks Coordinate Dist “  Intensity Markers
(MHz) 17"20™  =35°46' (") (Jybeam)
130306 AcAl 53.395° 57.870'  0.21 0.0493

AcA2  53.422° 576300 0.30 0.0405
AcA3  53.190° 59.340'  0.06 0.0303

144791 AcAl 53.392° 57.900'  0.24 0.0628
AcA2 53.431° 57.690 0.31 0.0455
AcA3  53.192°  59.280°  0.10 0.0371
144975 AcAl 53.395° 57.9000 0.21 0.0633

AcA2 53.436° 57.690'  0.36 0.0490
AcA3  53.190° 59.310'  0.07 0.0353
251599 AcAl 53.395° 57.875  0.21 0.1374
AcA2 53.428° 57.775  0.23 0.1382
AcA3  53.171° 59.575  0.29 0.2974

266285 AcAl 53.391° 58.0000  0.27 0.1255
AcA2 53.436° 57.825  0.30 0.1452
AcA3  53.169° 59.550'  0.29 0.2382
270849° AcAl 53.380° 58.025  0.31 0.1545
AcAl 53.393° 57.675  0.32 0.1584
AcA2  53.440° 57.775  0.36 0.1513
AcA3  53.167° 59.575  0.32 0.2364
281447 AcAl 53.392° 58.020 0.27 0.1298
AcA2 53.429° 57.840° (.22 0.0997

opboopbooopoopoopbooponopPoO

AcA3  53.170°  59.580'  0.30 0.1490

“ The distance to the nearest 287 GHz continuum emission peaks, aja000 = 17"20™53.412°, 639000 =
—35°46'57.90" at MM1 and a0 = 17"20™53.185%, 619000 = —35°46'59.34" at MM2.

® The open circle, triangle, and square markers refer to the markers used in Figure 5.2 and
Figure 5.3.

“ The 270849 MHz image has two emission peaks close to the AcA1 position.
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Figure 5.3: The peak emission positions for each of the seven spatially consistent
transitions and the associated continuum emission cores. The peak emission posi-
tions close to AcAl, AcA2, and AcA3 are marked by circles, triangles, and squares,
respectively. The colors of the markers represent the upper state energy of each tran-
sition. The error bars are the 50 position uncertainties estimated by equation (1)
in Reid et al. (1988). The dotted lines connect the markers in ascending E,. The
ellipses mark the extent of the dust cores MM1A, MM1B, MM1D and MM2A-core
and -halo taken from Brogan et al. (2016). Note that the 270849 MHz map has two
emission peaks close to the AcAl position.



142

As illustrated in Figure 5.3, all the AcAl emission peaks are associated with the
densest core MM1A, which has ng, ~ 7.2 X 10 em ™. The individual positions of the
AcA1 peaks among different rotational states are scattered in a region the size of a
synthetic beam. While the AcA2 emission peaks also show a dispersed distribution,
they lie between the MM1B and MM1D compact components, which are the hottest
dust sources of MM1 with Ty, at 442K for MM1B and 305K for MM1D (Brogan
et al., 2016). A distribution that lies in between cores is an atypical phenomenon
of LAMs. Another example of a molecule with this kind of distribution is acetone
((CH3),CO), which is located between the hot cores and compact regions in Orion
KL (Peng et al., 2013). While the different peak positions versus F, may indicate
additional unresolved structures that are smaller than the beam, the complexity of the
MM1 core makes the explanation and generalization of the positions of the CH;COOH
emission peaks difficult.

In contrast, a core-halo structure was suggested for MM2, within which the dust
temperature of the core was estimated to be ~152K (Brogan et al., 2016). Different
from AcA1l and AcA2, which show dispersed distributions, the AcA3 peaks toward the
MM2 cluster into two groups depending on their energy levels, which are separated
by 0.3". In particular, whereas the AcA3 emission peaks pertaining to the lower
excited states of CH3COOH are located toward the core region, the higher energy
transitions peaks are located in the MM2 halo toward the south-west. This offset
could be explained in part by the dust opacity. We have noticed that there is deep
contaminating absorption from continuum emission at the high frequency bands (i.e.,
Bands 6 and 7). With the absorption toward the continuum peak becoming strong,
the observable molecular emission toward the continuum peak would decrease and,
consequently, the molecular emission peaks would deviate from the continuum peak.

The effect of the strong contaminating absorption from continuum emission on our
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study is that the AcA3 emission peaks of the Band 6 and 7 transitions, with v >
250 GHz, would be offset from the continuum peak, whereas the AcA3 peaks of the
Band 4 transitions, where there is almost no continuum absorption, are located toward
the core region. Additional support for this explanation is provided by the existence
of another CH;COOH emission peak located to the southeast of the AcA2 peaks and
close to the MM1C continuum core, which is only seen in the three Band 4 images.
The disappearance of the emission peak from the higher frequency images could be
explained well by the dust opacity in a similar fashion to the case of the AcA3 position
shift.

Only a few studies have focused on spatially mapping vibrationally excited
molecules and comparing the morphological differentiation of a molecule in differ-
ent energy levels. The HCOOCH; observation toward Orion KL made with ALMA
indicated that the distributions of different vibrationally excited HCOOCH; states
resemble each other with a consistency of peak positions (Sakai et al., 2015). In con-
trast, the work by Peng et al. (2017) with the same set of data showed a trend of
the displacements among the HC3N emission peaks. The HC3N observation revealed
that the emission peaks of its vibrationally excited lines are displaced from the south
of the hot core region to the northeast as the F, increases, which is coincident with
the major axis of the SiO outflow (Peng et al., 2017). Accordingly, the variation of
the positions of the AcA3 peaks might also hint at an outflow structure proceeding
in the southwest direction within MM2. Indeed, based on the ALMA CS 6 — 5 ob-
servation, Brogan et al. (2018) found a one-sided blueshifted component from MM2
extending in the southwest direction. However, there is also a northeast—southwest
outflow originating from MM1, and both the MM2 core and the one-sided outflow
from MM2 are projected onto the large-scale blueshifted lobe of the MM1 outflow

(Brogan et al., 2018). Even though it is hard to constrain which one, or both, of the
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outflows is causing the shift of the AcA3 peaks, we can not rule out the role that F,
might have on the change in the AcA3 positions caused by outflows.

Although both of the mechanisms could account for the change in the AcA3 peak
positions, the one that invokes dust opacity would lead to a correlation between
positions and line frequencies, while the one that invokes outflows would lead to
a correlation between positions and F,. With the current data, we are not able
to constrain which one of the two is the dominant mechanism that causes the peak-
position variations due to the limited number of clean lines and the coincidence that all
the high F, lines happen to be found at high frequencies. Nonetheless, the degeneracy
could be resolved by imaging lines with low F, and high frequencies, or vice versa.
Moreover, our analysis is limited to the range of energy levels (154—324 K). Therefore,
our data are probably not sufficient to exactly determine the dependence of peak
positions on E,. Future work touching on precisely locating the emission region of
more LAMs with a wider range of excitation energy is necessary, which could advance

our knowledge to verify and understand this trend.

5.5 SUMMARY

Based on ALMA observations of NGC 63341, we have identified and imaged the
first and second vibrationally excited states of CH3COOH for the first time in the
interstellar medium. More than 100 transitions attributed to vibrationally excited
CH3COOH contribute to the emission features in the 130 —352 GHz spectra, although
the majority of them are blended. It appears that vibrationally excited states of the
detected interstellar molecules certainly account for a significant number of unidenti-
fied lines in the observed spectra toward hot core regions in molecular clouds.

The observed spectrum was well-fit with the single excitation temperature model

of CH3COOH at the vy = 1 and v; = 2 states. Through comparing the observed and
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modeled spectra, six features were assigned to the v, = 1 state while three features
were assigned to the v, = 2 state. The best fit yields an excitation temperature of
142(25) K and a resulting column density of 1.12(7) x 10" ¢cm™>.

We further imaged the peak intensity images of the 9 features that suffer least
from contamination by other species. Through imaging multiple transitions, we elimi-
nated spatial contamination in our analysis of the distribution of vibrationally excited
CH3COOH. Based on the intensity maps that show consistent morphology, we found
that the CH3COOH emissions are compact and concentrated toward the MM1 and
MM2 regions. There is a global overlap of the CH;COOH emission with the contin-
uum emission, but, with a displacement between the molecular emission peaks and
the continuum emission peaks. Three emission peaks of CH3COOH were resolved.
The AcAl peaks are located toward the MM1A clump, and the AcA2 peaks lie be-
tween the MM1B and MMI1D cores, while the AcA3 peaks are located toward the
MM2 region. By locating the CH3COOH emission from different values of E,, we
found that there is not an obvious dependence of the positions of the AcA1 and AcA2
peak on excited energy levels, while the change of the AcA3 peak positions could be
explained either by the effect of dust opacity or outflows. Our study does reveal the

importance of the observation of a sufficient number of uncontaminated lines, which

prevent our analysis from being biased by spatial contamination.
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5.7 SPECTROSCOPIC PARAMETERS OF THE RELATED

TRANSITIONS

Table 5.4: Spectroscopic Properties of the Most Uncontaminated Transitions for Vi-
brationally Excited CH;COOH

Rest Frequency Quantum Number E, log;, %
(MHz) (K)

130306.8457 v, =1 11(1,10) —10(2,9) A  154.261  -4.52
130306.8458 v, =1 11(2,10) —10(2,9) A " -5.82
130306.8462 v, =1 11(1,10) —10(1,9) A " -5.82
130306.8462 v, =1 11(2,10) —10(1,9) A " -4.52
144791.7911 v, =2 13(0,13) = 12(1,12) E 246.132  -4.41
144791.8037 v, =2 13(1,13) = 12(1,12) E " -5.19
144791.8596 v, = 2 13(0,13) — 12(0,12) E " -5.19
144791.8722 v, =2 13(1,13) —12(0,12) E " -4.41
144975.0345 v, =2 13(0,13) —12(1,12) A 226.084  -4.48
144975.0422 v, =2 13(1,13) = 12(1,12) A " -4.82
144975.0594 v, =2 13(0,13) = 12(0,12) A " -4.82
144975.0672 v, =2 13(1,13) —12(0,12) A " -4.48
251599.6383 v, = 2 23(0,23) —22(0,22) A 323.807  -3.77

" vy =2 23(1,23) —22(1,22) A " -3.77

Table 5.4 continued
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Table 5.4: Spectroscopic Properties of the Most Uncontaminated Transitions for Vi-
brationally Excited CH;COOH (continued)

Rest Frequency Quantum Number E, log;, %
(MHz) (K)
" vy = 2 23(0,23) —22(1,22) A " -4.04
" v, = 2 23(1,23) —22(0,22) A " -4.04
266285.3833 vy =122(3,19) — 21(4,18) A 274.159 -3.79
" v =122(4,19) —21(3,18) A " -3.79
" v =122(3,19) —21(3,18) A " -3.99
" vy =122(4,19) — 21(4,18) A " -3.99
270849.2061 vy = 122(3,19) — 21(4,18) £ 270.833 -3.71
[ vo=122(4,19) = 21(3,18) B " -3.71
" v, =122(3,19) — 21(3,18) E " -4.09
" v, =122(4,19) — 21(4,18) E " -4.09
281447.5805 vy = 123(3,20) —22(4,19) £ 284.341 -3.63
" vy = 123(4,20) —22(3,19) E " -3.63
" vy = 123(3,20) —22(3,19) £ " -4.10
L vo=123(4,20) — 22(4,19) B " 410
281789.7257 v = 124(2,22) —23(2,21) £ 287.659 -3.99
" vy = 124(3,22) —23(3,21) E " -3.99
" vy = 124(2,22) —23(3,21) E " -4.11
" vy = 124(3,22) —23(2,21) " -4.11
282044.2002 vy = 125(1,24) —24(2,23) £ 289.904 -3.61
" v, =1 25(2,24) —24(1,23) E " -3.61
" v, =125(1,24) —24(1,23) E " -3.97
" vy = 125(2,24) —24(2,23) E " -3.97
NOTE — Relevant spectroscopic data of the transitions corresponding to the

nine clean emission features in Table 5.2 taken from Ilyushin et al. (2013).
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5.8 SPECTRA OF ALL DETECTED EMISSION
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Figure 5.4: The observed spectra of NGC 63341 extracted toward the MM1 region are
plotted in black with the single-excitation temperature model spectra of vibrationally
excited CH;COOH in red for v, = 1 and cyan for v, = 2. Asterisk makers mark the
clean spectral features, of which the blowups are shown in Figure 5.1. The best-fit
parameters are T,, = 142K, Ny = 1.12 X 10" cm_Q, and AV = 2.72kms™". The
horizontal axes are the rest frequency with respect to a radial velocity of —6.9 km s
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CHAPTER 6
MULTI-WAVELENGTH INVESTIGATION

ON MOLECULAR MASERS

This chapter presents a detailed mapping of maser signals from CH,NH, CH3NH,,
and CH30H Class I masers toward the Sagittarius B2(N) massive star-forming re-
gion. At the centimeter wavelength, the single-dish observation, PRIMOS survey,
has suggested that Sgr B2 hosts weak maser emission from complex molecules, in-
cluding CH,NH, HNCNH, and HCOOCH; (McGuire et al., 2012; Faure et al., 2014,
2018). Following these studies, the interferometric observations performed with the
Very Large Array (VLA) now enable us to resolve the region where the maser emission
originates and constrain the pumping mechanisms. While the detection of CH;OH
Class I masers has been previously reported in the 44 GHz transition, the relatively
rare 84-GHz maser are observed toward SgrB2(N) for the first time. Alongside the
discoveries of two CH30H Class I maser transitions, we also characterized their dis-
tribution at millimeter wavelength. By comparing the distribution of several maser
emissions, it is revealed that the new maser species, CH,NH and CH3NH,, have a

close spatial relationship with the CH;0H Class I masers. This relationship serves as
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observational evidence to suggest a similar collisional pumping mechanism for these
maser transitions. Benefited by the information of source size of maser emission and
the calculated collisional rate coefficients, we also perform a detailed spectral analysis
to model the maser spectra and assess the quantitative characteristics of the observed
spectral profiles. Because masers often trace specific conditions within the massive
star-forming regions, finding new maser transitions and species provides critical in-

sights into the physical structures hidden behind the thick dust.

6.1 INTRODUCTION

Molecular masers have been shown with compelling roles in anchoring complex
dynamics in both the start and end stages of stellar evolution. While molecular masers
can arise in the winds and outflows of evolved stars interacting with the molecule-rich
circumstellar atmospheres in the late stage of stellar evolution (e.g Yates et al., 1995;
Richards et al., 2014; Menten et al., 2018), masers also offer a mean to discover stars
in their embryonic stage, which are embedded in the dust of surrounding molecular
clouds (e.g., Minier et al., 2001; Hunter et al., 2004; Minier et al., 2005; Brogan et al.,
2019). The energetic events (e.g., outflows and collimated jets) and infrared radiation
surrounding massive protostars provide energies to overpopulate the upper energy
level of specific molecular transitions and amplify the molecular emission intensities
(Moscadelli et al., 2016; Sanna et al., 2016). The common molecular species exhibiting
maser emission include but not limit to OH, SiO, H,O, H,CO, NHj, and CH;OH.
Maser emissions from these species have supplied critical insights into the kinetic
properties of young stars and even monitored the accretion process (Hunter et al.,
2018, and reference therein). Recently, a new maser species HNCO was found to
be associated with accretion flows and helped build an arm-spiral-structure model of

high-mass young stellar objects (Chen et al., 2020). An empirical taxonomy based
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on pumping mechanisms classifies molecular masers into two categories (Batrla et al.,
1987; Cyganowski et al., 2009); the Class I CH30H and HyO masers are excited via
collisions and tend to reside in shocked materials around outflows and expanding H 1T
regions (e.g. Baudry et al., 1974; Elitzur & Fuqua, 1989; Voronkov et al., 2014; Towner
et al., 2017), while the Class II CH30H and OH masers are excited via radiation and
are generally close to the exciting young stellar objects and infrared sources (e.g.,
Sobolev & Deguchi, 1994; Sobolev et al., 1997; Cragg et al., 2002, 2005).

Maser emission also provides a tremendous role in probing the evolutionary phases
of massive star formation by comparing emissions from diverse species and pumping
mechanisms. A survey toward 74 star-forming regions statistically found that the
H;O and OH masers appear in the evolutionary sequence with the isolated H,O
masers representing the earliest stages of star formation (Forster & Caswell, 1989).
While Class IT CH;0H masers share a similar radiative pumping characteristic to OH
masers, they typically arise before the OH masers and ultra-compact H 1T (UC H II)
regions turn on but have a significant overlap with HyO masers (Walsh et al., 2003;
Szymczak et al., 2005).

However, within the picture of massive star formation, the position for Class I
CH3;0H masers in this evolutionary sequence is less clear. In comparison with the
mid-infrared properties of the sample sources, Ellingsen (2006) suggested that the
Class I CH30H masers signpost the earliest stage of massive star formation, even prior
to the HyO masers. In contrast, a detailed mapping of multiple Class I CH;OH maser
transitions toward a luminous young stellar object, IRAS16547-4247, led Voronkov
et al. (2006) to argue that Class I CH30H masers may appear earlier than the Class
IT masers and last long enough to coexist with the OH masers. Later, observations
toward a massive protocluster G18.67+-0.03 further suggested that the Class I CH;OH

masers might associate with both young sites and relatively evolved UC H II regions
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within the same protocluster (Cyganowski et al., 2012).

The high mass star-forming region, Sgr B2(N), is the richest known source for
molecular detections, contributing 69 new species (~30%) to the known interstellar
molecular inventory (McGuire, 2021). In addition to the chemical richness, Sgr B2
displays interesting maser activities from diverse complex molecules. The single-
dish spectral survey, the PRebiotic Interstellar MOlecular Survey (PRIMOS), has
identified numerous species masering at centimeter wavelengths. The discovery of
interstellar carbodiimide (HNCNH) was achieved with its maser emission (McGuire
et al., 2013). The radiative transfer calculations also revealed that most emission lines
of both methyl formate (HCOOCH;3) and methanimine CH,NH detected in PRIMOS
were weak maser emission amplifying the background continuum radiation of Sgr
B2(N) at cm wavelengths (Faure et al., 2014, 2018). However, the large ~2.5' X 2.5'
observation field of PRIMOS accommodated both the North and Main clumps of Sgr
B2, complicating the interpretation of the spectral profiles. Therefore, it is crucial to
have interferometric observations to disentangle in detail the various components of
maser emission.

In this chapter, we present a rigorous mapping study of maser emission from
CH,NH, CH3NH,, and CH30H Class I masers toward Sgr B2(N) leveraging the in-
terferometric observations at both centimeter (cm) and millimeter (mm) wavelength
regime. We described the observations in Section 6.2. Section 6.3 presents both the
spectra and distribution per maser species. The spatial correlation and pumping
mechanisms for the new maser emission were discussed in Section 6.4. Lastly, the
single-dish measurement of the centimeter maser was compared against the interfer-

ometric observations using morphological information.
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6.2 OBSERVATIONS

The interferometric data used here were acquired from two data sets involving
VLA C-band observation and ALMA Bands 3 observation, wavelength coverage rang-
ing between 6 cm and 3mm. The VLA observations were performed on 2016 May 27
(project code: 16A-076) with the C-band receiver. The correlator was configured to
observe 15 spectral windows with channel width ranging between 0.485km s and
2.31kms ™" depending on the corresponding bandwidth and observed frequency. De-
tailed observation parameters of each spectral window are presented in Table 6.1. The
phase center of the observation was targeted toward Sgr B2 (N), with the field center
at agogpp = 17h47m19.808, 019000 = —28°22'17.00". The bandpass and absolute flux
calibrator were 3C286, while the phase and amplitude calibrator were J1744-3116.
The array was in the B configuration with 27 antennas, which covered baselines from
250m up to 11km and resulted in the largest angular scale structure of 25" at 6 GHz
and 37" at 4 GHz.

The CASA software (version 5.6.1) was used for data reduction and imaging anal-
ysis of the VLA observation. For each spectral window, the continuum emission was
subtracted in the UV-plane before imaging the spectral cubes. For all VLA data sets,
we used the tclean task for imaging with the Natural weighting scheme and a cell
size of 0.27". The resulting size of the synthesized beam (HPBW) of each data cube
has a median value of ~3.8" x 1.5". The median of resultant typical RMS noise levels

is ~0.9mJy beam ™.
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The ALMA observation data were acquired from the ALMA Science Archive of
the EMoCA survey. A detailed description of the EMoCA data has been presented
in Section 4.2. In this study, two measurement sets, spectral window 0 of setup S1
and spectral window 0 of setup S4 (Table 4.1), were used for imaging the 84-GHz
and 95-GHz CH,OH transitions. The resultant synthesized beam size is 2.14" x 1.56"
at 84 GHz and 1.82" x 1.40" at 95 GHz with a median RMS value of 4mJy beam ™.
Different from Chapter 4, we used the tclean task with the auto-masking algorithm

for the imaging analysis, consistent with the VLA imaging process.

6.3 RESULTS

Multi-wavelength observations are leveraged to provide a complete picture of the
physical and chemical environment of Sgr B2; the ALMA observation at the mm
wavelength regime characterizing the hot and compact emission while the VLA ob-
servation at the cm regime characterizing cold and extended regions. Figure 6.1 shows
the continuum emission of Sgr B2(N) observed at 6.8 cm and 3.5mm. The free-free
continuum emission concentrations at cm include four arcsecond cores, K1 - K4, and
the two 10-arcsec bow-shaped H 1I regions, K5 and K6 (Corby et al., 2015, marked
in green in Figure 6.1). At mm, dust continuum emission were resolved into three
main cores, N1 - N3 (Bonfand et al., 2017, marked in orange in Figure 6.1). In ad-
dition, the reported maser locations in this region were shown with + symbols. The
Class II CH30H maser spot at 6.6 GHz spatially associated with the N3 mm core
(Caswell, 1996; Caswell et al., 2010). Six OH maser spots have been identified with
a VLA survey of hydroxyl masers with the brightest spot being associated with the
K3 cm core (Argon et al., 2000; Qiao et al., 2014). Another survey performed with
the Australia Telescope Compact Array (ATCA) characterized 30 H,O maser spots

where the majority of them located within the N1-K2-K3 region (Walsh et al., 2014).
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Figure 6.1: Continuum emission toward the Sgr B2(N) region obtained with VLA at
6.8cm and ALMA at 3.5mm. The centimeter emission concentrations are indicated
by green dashed lines and circle markers whereas the millimeter emission cores are
indicated by organ triangle markers. The + symbols mark the location of Class II
CH30H masers in blue, the brightest OH maser spot in purple (Argon et al., 2000),
and the brightest H,O maser spot in magenta (Walsh et al., 2014).
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6.3.1 Class I CH30H Masers

Class I CH30H masers are prevailing in massive star formation regions and the
most extensively studied maser lines are the 4(—1) — 3(0) F transition at 36 GHz,
the 7(0) — 6(1) A transition at 44 GHz, and the 8(0) — 7(1) A transition at 95 GHz
(e.g. Plambeck & Menten, 1990; Liechti & Wilson, 1996; Voronkov et al., 2014; Yang
et al., 2017). In particular, the 44-GHz maser line were observed toward Sgr B2 at
3" resolution (Mehringer & Menten, 1997). In contrast, there is limited information
about the 5(—1) — 4(0) E Class I CH;0H maser at 84 GHz, a member of the same
J +1(-1) = J(0) E-type transition family with the 36-GHz line (Breen et al., 2019,
and references therein). Even rarer are the interferometric observation of the 84-GHz
line.

Here, we present the first interferometric observation of the rare 84-GHz CH3;0H
masers at a resolution of 1.5" with ALMA as well as the first detection of the 84-GHz
maser toward Sgr B2. The spread of 84-GHz maser spots is manifest in the channel
images shown in Figure 6.2. In total, eight maser knots with velocities ranging from
50 to 86kms " were resolved for the 84-GHz maser. The brightest maser spot is
located ~3.6" west of the K4 core with a brightness temperature (T) of 407.5 + 0.2
K. In addition to the brightest 58-km s spot, another maser knot associated with
the K6 H II region is also identified with a Vi, of 84 km s_l, which will be discussed
along with other masers in Section 6.4.

Alongside our observation of the Class I 84-GHz CH3OH maser, we were also able
to observe another CH;OH transition at 95 GHz (Figure 6.3). The channel maps
revealed the brightest 95-GHz emission peak being co-spatial with the N1 core with
a peak Ty of 109.1 + 0.2 K. In light of the similar spatial distribution for the 95-GHz

line to that for other thermal molecular lines, as well as the fact that the Tg ek is
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Figure 6.2: Channel maps of the Class I CH;0OH maser at 84 GHz overlaid on the
continuum emission observed at 6.8 cm. The contours levels are 40, 65, 106, 173, 282,
459, 749, 1220 0. The peak value is 7.95 Jy beam ™.
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comparable with N1’s source temperature (150 K), it is challenging to determine the
excitation mechanism for each 95-GHz emission spot toward Sgr B2(N). This emission
could be either weak maser, thermal, or a combination of both. While the 95-GHz line
exhibits maser activity toward several famous star-forming regions (e.g., Orion—KL
(Plambeck & Wright, 1988), DR 21 (Plambeck & Menten, 1990), and W51 (Pratap
& Menten, 1993)), it is noteworthy that Mehringer & Menten (1997) attributed the
44-GHz emission, a consecutive transition of the J + 1(0) — J(1) A series with the

95-GHz transition, to both masers and quasi-thermal emission component in Sgr B2.

6.3.2 CH,NH Masers

The maser activity of the 1(1,0)—1(1,1) CH,NH transitions has been revealed to-
ward both galactic center and extra galaxies, although with no position measurement
(Faure et al., 2018; Gorski et al., 2021). The VLA observation enabled us to resolved
the CHy,NH maser emission at 5.29 GHz into three velocity components with a Vi,
of 64, 73, and 84 km s™'. For the illustration of the multiple velocity components,
Figure 6.4 shows a spectrum extracted from an aperture of 10", which is large enough
to accommodate the majority of the 5.29-GHz CH,NH emission. In addition to the
three velocity components, we also simultaneously fitted six hyperfine components of
the 1(1,0) — 1(1,1) transitions, with the F =1 -0 and F = 2 — 2 blending together.

The emission region for each component is shown in Figure 6.5 respectively. The
84-kms™" and 64-kms~' components are both associated with the K6 H II region.
While the brightest 84-km s component displays a more compact distribution, the
64-kms™" component consists of a cluster of spots distributed along K6. The 73-
kms component is concentrated toward the K5 region. The Ty of the 5.29-GHz
CH,NH maser is 66.6 £ 9.4, 89.3 £ 9.4, and 121.7 + 9.4 K associated with the 64-, 73-,

and 84-kms~" components, respectively.
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Figure 6.3: Channel maps of the Class I CH;0OH maser at 95 GHz overlaid on the
continuum emission observed at 6.8 cm. The contours levels are 15, 23, 36, 56, 88,
137, 212, 330 0. The peak value is 2.06 Jy beam ™.



163

0.003 -

0.002

0.001

I, (Jy/beam)

0.000 - ”'[H

-0.001 | , . . . . . . h
5287.0 5287.5 5288.0 5288.5 5289.0 5289.5 5290.0 5290.5 5291.0

Frequency (MHz)

Figure 6.4: VLA spectrum extracted from an aperture with a diameter of 10" shown in
black. The best-fit simulated spectra of CH,NH with hyperfine splitting are overlaid
in red, brown, and yellow for the 64-, 73-, and 84-km s components, respectively.
The sum of all three velocity components is overlaid in green.

o

9 T T T LU U U U U U U U | LU U U U U UL | 04

=T 1[ 1[ ]

g [ 1f 73 km/s 1 | 64 km/s ] _

a1 1k 1t 10373
3 ST &) ) ‘:%r
8 &) 11 . L 0 o022
g | ! ! <
v V) V) o
05 i i 013

N r T r Il T r Il T 3

=o : 0 1 1 1 ] : 0 1 1 1 ] 0 1 1 1 OO

M T17h47M215 208 195  17M47™M21s 203 195  17M47™M215 20 195

RA (J2000) RA (J2000) RA (J2000)

Figure 6.5: Peak intensity maps for each velocity component of the CH,NH maser at
5.29 GHz superimposed on the continuum emission observed at 6.8 cm. The contours
levels start at 4 0 and up to the peak value with a step size of 20. The peak value is
12.1, 8.86, 6.60 mJy beam™" for the 84-, 73-, and 64-km s components, respectively.
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Figure 6.6: Spectra of the CH;NH, maser at 4363 MHz. See Figure 6.4 caption for
details.

6.3.3 CH3;NH, Masers

The 2(0) — 1(1) E CH3NH, transition displays analogous maser emission with
the 5.29-GHz CH,NH transition. Three velocity components were resolved for the
CH3NH; maser emission at 4.36 GHz, with a high degree of morphological consistency
with the CH,NH maser. However, the intensity ratios between the 4.36-GHz-CH3;NH,
and 5.29-GHz-CH,NH line vary among the three velocity components. The brightest
component for the 4.36 CH;NH, maser is the 64-kms™ component, displaying an
clongated distribution along the K6 shell with a length of 15" in extent (Figure 6.7).
1

A Ty of 75.8£9.3, 49.3+9.3, 59.1 £ 9.3 K was reported for the 64-, 73-, and 84-kms™

components, respectively.
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Figure 6.7: Peak intensity maps of CH3NH, maser at 4.36 GHz superimposed on the
continuum emission observed at 6.8cm. The contours levels start at 40 and up to
the peak value with a step size of 2. The peak value is 5.85, 4.88, 7.50 mJy beam ™"
for the 84-, 73-, and 64-km 5! component, respectively.

6.4 DISCUSSION

The majority of the molecular lines observed toward the K4, K5, and K6 re-
gions in Sgr B2(N) is in absorption (and reference therein Corby et al., 2015). The
rotational temperatures constrained by these absorption features were reported to
be <10K (Hollis et al., 2006; Loomis et al., 2013; Zaleski et al., 2013; Thiel et al.,
2017). In contrast, specific transitions of certain species cause emission in centimeter
spectra (McGuire et al., 2012; Corby et al., 2015). The question was whether these
emissions were thermal or maser. Empirically, a Ty much greater than the source’s
physical temperature is considered as an indication for a maser emission rather than
a thermally-excited line (Voronkov et al., 2006; Gargaud et al., 2011). Based on
non-LTE radiative transfer models, the best-fit kinetic temperature for the Sgr B2
region was found to be ~30 K Armijos-Abendario et al. (2020), comparable to its dust
temperature (Etxaluze et al., 2013). In the case of the molecular emission at cm

wavelength reported in this study, as summarized in Table 6.2, the observed Ty are
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Figure 6.8: The 84-km s components of the 5.29-GHz CH,NH maser, 4.36-GHz
CH3NH, maser, and 84-GHz Class I CH30H are shown in red, orange, and blue
contours respectively, superimposed on the 6.8-cm continuum emission. The arc-like
K6 H II region is marked with green dotted line.

higher than both the cold rotational temperature and physical temperatures. Also,
the emission spectral profiles deviate substantially from the thermal model, suggest-
ing the observed non-thermal molecular emissions in the K4, K5, and K6 H II regions
are astronomical masers.

By scrutinizing the VLA and ALMA observation, we found that the K6 source
harbor maser emission of CH,NH at 5.29 GHz, CH3NH, at 4.36 GHz, and Class I
CH30H at 84 GHz (Figure 6.8). A CH30H-rich gas that is energetic and moderately
dense — just dense enough to turn on collisional pumping but well below the critical
density for approaching LTE — can trigger Class I CH30H maser activities. The 84-
kms~ knot of the CH,NH and CH3NH2 maser at K6 remarkably resemble those of
the Class I CH30H maser. Their consistent morphology serves as strong evidence
to support a similar collisionally pumping mechanism for the CH,NH and CH3;NH,
maser with the Class [ CH3;0H as well as a common physical condition for triggering
these masers. Therefore, these maser activities indicate that there are energetic events

happening in the arc-like K6, which is far from strong infrared sources and has been
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thought of as the ionization front of the H II regions (Gaume et al., 1995).

In addition to locating the regions where the masers emit, high-resolution images
also provide information on the maser source sizes, which is critical for assessing the
spectral profiles, i.e. proper treatment on beam dilution effects. While the single-
dish PRIMOS observation had blended all components within the 2.5" spatial scale
into one single spectrum, we have resolved the distributed maser emission into three
components with diverse source sizes toward Sgr B2(N). To connect the two cm
observations, it is worth comparing the VLA spectra for the maser transitions with
the corresponding spectra observed with GBT.

We first converted a VLA aperture-averaged specific intensity I, vy, into bright-

ness temperature 7p yi,o using

2 41n?2
Tgvra = IV,VLA%—T‘_Q o (6.1)

where 6,0, is the VLA synthetic beam size. Following that, to relate a GBT observed

Ty with that of VLA, we considered the different beam dilution effect caused by

difference in GBT beams and VLA aperture sizes. An undiluted Tgfg]igllifed is obtained

undiluted Q( BT SS

Tgcer = Ipcer X 2 (6.2)

. . diluted . . .
while an undiluted T];%ILX “* is obtained using

undiluted QVLA
Tgvia = Tpyvra X SRS (6.3)

where Qgpr and Qyp,a are the GBT beam and VLA aperture sizes and ss” is a source

size. Since the source size of the maser emissions reported in this study is much smaller

undiluted undiluted .

than the GBT beam, by relating T gy and Ty ypa  in Equations (6.2) and (6.3),
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we can get the conversion factor

Tevia _ Qgpr

= ) 6.4
Tgaer  Slvia (64)

Figure 6.9 shows example spectra of the CH,NH 5.29-GHz maser transition ob-
served with GBT and VLA (with an aperture of 16" x 16"). In this example, the
conversion factor between the GBT spectrum and VLA spectrum is ~80. The two
observed spectra match to a large extent, although with non-trivial excess in the PRI-
MOS observation at 64kms™". The excess can be assigned to several sources since
the observation field of GBT at 5.29 GHz is composed of both the North and Main
clumps of Sgr B2 with overlapping velocity ranges. One of the possible sources is Sgr
B2 (M), which has a Vi, of 64 km s (Pols et al., 2018); its emission could manifest as
the excess. This excess might also be explained by that PRIMOS single-dish spectra
have additional thermal contributions at the same Vi, that are resolved out in the
VLA interferometric observations. For example, the hot core N1 has a similar velocity
of 64kms™'. Thermal and maser emissions are not mutually exclusive to the each
other. In some case, the thermal emission can coexist with non-thermal emission,
further adding complexity to the multi-velocity components observations. Leverag-
ing the theoretical calculations on collisional rate coefficients and cross sections, the
spatial information will be incorporated into non-LTE spectral fitting and therefore

assess the maser models.

6.5 SUMMARY

We reported multi-wavelength interferometric observations of maser transitions
toward Sgr B2 using ALMA and VLA. Enabled by the ALMA observation, we re-
ported the first detection of the Class I CH3;0OH maser at 84 GHz toward Sgr B2.
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Figure 6.9: Observed spectra of the CH,NH 5.29-GHz maser emission shown in grey
for the VLA observation and in black for the GBT survey (i.e. PRIMOS). The
VLA spectrum was extracted with an aperture of 16" x 16, larger than that used
for Figure 6.4. See Figure 6.4 caption for details of the best-fitted spectra shown in

colors.
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Eight 84-GHz maser knots were resolved with the brightest spot located ~3" west of
the K4 free-free continuum emission core. Its peak brightness temperature reached
407.5 £ 0.2K. Informed by the VLA observations, we reported the CH,NH maser
emission at 5.29 GHz with a peak brightness temperature of 121.7 + 9.4 K as well
as the CH3NH, maser emission at 4.36 GHz with a peak brightness temperature of
75.8 +£9.3 K. The asymmetric line profiles with multiple peaks revealed three compo-
nents with distinct velocities for the CH,NH and CH3NH, maser. The peak intensity
maps further enabled us to characterize the spatial origin and extent of maser emis-
sion in detail. The three velocity components display distinct fine-scale structures
associated with the K5 and K6 bow-shaped H II regions.

We found a definite association between the maser emissions and the K6 H II
region for the 5.29-GHz CH,NH, 4.36-GHz CH3;NH,, and 84-GHz CH3;OH masers.
The spatial correlation between the three maser emissions suggested the CH,NH and
CH3;NH, masers were pumped by intense collisions, analogous to the Class I CH;0OH
maser. By exploring the nature of the maser emission toward the galactic center,
these preliminary results also demonstrate the thermal and non-thermal excitation

regimes co-existing toward massive molecular clouds.
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Conclusion
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CHAPTER 7

CONCLUSION

There is no denying that the molecular abundances are powerful tools for constraining
the formation and chemical evolutionary processes. Many studies of large interstellar
molecules have investigated the abundances of these species in both astrochemical
observations and models and, in turn, used it to constrain chemical models. While
the great contributions from these approaches are undeniable, information about the
characteristic spatial distributions of molecules was less available, mostly due to the
low abundance of these molecules, the poor spatial resolution of previous observations
and the complexity of the majority of star-forming regions. Nevertheless, with the im-
proved capabilities of modern telescopes, high-resolution images of complex-molecule
emission regions open up a new field of astrochemical researches.

In this thesis, we investigated the molecular inventory of complex molecules in
space and their spatial distribution through both single-dish and interferometric ob-
servations and chemical modeling. We detailed methods that process both dense and
sparse spectra and uncovered very weak molecular signals, often buried under noise.
This opens up the possibility of finding and understanding complex molecules in the

most exotic environment.
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7.1 MAJOR CONCLUSIONS

7.1.1 Molecular Census

In Part II, we leveraged the GOTHAM high-sensitivity and high-spectral-
resolution survey as well as cutting edge spectral line stacking and match filtering
techniques to conduct molecular census towards TMC-1. We discussed one of the
many first detections — HC,NC — in Chapter 2 and the confirmation of HyCsS in

Chapter 3. In particular:

e We reported the first astronomical detection of HC,NC, the most complex iso-
cyanide detected in the interstellar medium to date, in Chapter 2 and confirm
the detection of Hy,C3S in Chapter 3. We identified a total of four distinct veloc-
ity components in both cases and provided the best-fit abundance, excitation
temperatures, velocities, and line widths obtained from MCMC analysis. In the

analysis, a strong degeneracy was found between abundance and source sizes.

e We found the spectra of HC,NC best-fit with a total abundance of

3.29t§j§8 x 10" cm_Q, an excitation temperature of 6.71’8:2 K and a line width of

0.120f8j81§ kms™'. The velocities of the four components range from 5.628t8:8§g

+0.044 -1 . +11 +20
to 6.009 932 kms ~ and the source sizes range from 9_5 to 62_5, arcsec.

e The abundance of HC,NC and its cyanopolyyne counterpart HC;N was com-
pared against a chemical network constructed by considering dissociative re-
combination, ion-molecule reactions, reactions with atomic carbon, as well as
other less dominant reactions. In turn, the rather less bounded reaction rates,
branching fractions, and elemental abundance were constrained by fitting the

simulated abundance to the observed abundance within an order of magnitude.
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e The H,C,S family for n = 1, 2 and 3 was investigated systematically in Chap-

ter 3. We were able to confirm the detection of HyCS and HyC3S while an upper
limit for HyCsS was derived. The total abundance of HyCsS was derived to be
(4.17+0.40) X 10" em™>; the best-fit excitation temperature and line width are
8.8 + 0.2K and 0.125 + 0.003kms " respectively. The four components have
velocities ranging from 5.576 + 0.025 to 6.020 + 0.012km s~ and source sizes

ranging from 69.9" to 259.5".

A complication in the confirmation of the detection of HyC3S due to a tentative
detection of DCC™CN J = 3 — 2 transition blended with a HyC5S transition
was examined. By considering the DC3N:HC3N and HCC™CN:HC;N ratios, we
derived the expected abundance of DCC™CN that nicely matches the residual

spectrum after subtracting the contribution from HyC3S.

Analyzing the distinct emission-line profiles of HyCS and H,C3S concluded the
variation of sulfur chemistry among the four velocity components, which once
again underlines the importance of spatial or morphological information of the

sources.

7.1.2 Molecular Spatial Distribution

In Part III, three separate projects that utilized ALMA and VLA interferometric

observations were discussed. We obtained and analyzed the spatial distribution of

both thermal and maser emission towards two hot cores, Sgr B2 (N) and NGC 6334 I.

More specifically:

e In Chapter 4, we described a quantitative data-filtering method that serves as a

tool to assist and accelerate line identification by eliminating strongly contami-

nated features from a dense spectrum and a high level of spectral confusion over
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a large bandwidth. This method is then applied on a spectrum extracted from
ALMA Sgr B2 (N) and identified 26 least contaminated transitions for MF, 10
for GLA, and 5 for AcA.

We imaged the peak emission maps of the clean transitions for each molecule,
eliminated the spatially contaminated maps by comparing their morphology and
stacked the remaining to obtain their chemical maps, which show more reliable
distributions of the molecules with higher S/N ratios. From this, we found
MF displays an extended distribution offset from the continuum emission. In
contrast, GLA and AcA are more compact and co-spatial with the continuum

emission.

Four emission cores of MF are resolved, in which two of them, MF1 and MF2,
have a V, of ~64 kms™ and the other two, MF3 and MF4, have a V|, of
~73kms”'. GLA displays two velocity components, with GLA1 at ~64 km s
and GLA2 at ~73kms . Only one velocity component of AcA, AcAl at

~64 km s_l, is resolved.

Through a thorough investigation into the prevalent formation mechanisms in-
volving both grain-surface and gas-phase routes, we concluded that the current
existing chemical theory can not explain the observed spatial distribution of the
CyH 40O, isomers. In addition, different desorption behaviors of the three isomers

could contribute to the spatial distributions of the C,H,O, isomeric family.

In the next chapter, we identified the first and second vibrationally excited
states of CH3COOH for the first time in the interstellar medium based on ALMA
observations towards NGC 63341. More than 100 transitions attributed to vi-

brationally excited CH;COOH contribute to the emission features in the 130 —



176

352 GHz spectra, which seems to indicate that a large portion of unidentified
spectral lines in observed interstellar spectra near chemically rich sources can

be attributed to vibrationally excited states of detected interstellar molecules.

e We imaged the peak intensity map and pinpointed the emission regions of this
molecule with a wide range of excitation energy toward NGC 63341. Three
emission peaks (AcAl, AcA2, AcA3) were identified. While there is not an
obvious dependence of the positions of AcAl and AcA2 on the excited energy

levels, that of AcA3 could be explained by the effect of dust opacity or outflows.

e In the last chapter, we looked into the maser emissions of several complex
molecules utilizing multi-wavelength observations towards Sgr B2 using ALMA
and VLA. We reported the first detection of the Class I CH;OH maser at 84 GHz

as well as CH,NH and CH3NH, maser emissions at 5.29 and 4.36 GHz respec-

tively.

e Enabled by interferometric imaging, we were able to characterize the spatial
origin and extent of maser emission and associate them with the K5 and K6
bow-shaped H II regions. Their spatial correlation also suggested all the masers

were pumped by collision like the Class I CH3;0H maser.

7.2 FUTURE WORK

7.2.1 Molecular Spatial Information in Dark Clouds

Recent single-dish observations with improved spectral resolution have demon-
strated that the dark cloud, TMC-1, is not a quiescent and isotropic cloud as previ-
ously thought, but actually has multiple cloud components with distinct systematic

velocities (e.g. Dobashi et al., 2018; Loomis et al., 2021, and Chapter 3). The dis-
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cussion in Part II elucidated that the lack of spatial information poses a problem in
estimating the abundance of molecules. Thus, to anchor the chemistry in this earliest
stage of star formation, the spatial dependence of the chemistry must be considered.

A direct extension of the spectral analyses presented in this dissertation is to con-
duct a morphological investigation on TMC-1. Future interferometric observations
are paramount to disentangling the detailed distribution of the underlying heteroge-
neous substructures inside TMC-1. While single-dish mosaic maps have explored the
large-scale structures toward this source (Langston & Turner, 2007; Dobashi et al.,
2019), TMC-1 CP has been the subject of virtually no attempts at high-resolution
mapping, despite the fact that the CCS emission images toward other cores of the
TMC complex obtained with EVLA indicated the existence of compact substructures
(Roy et al., 2011).

7.2.2 From Molecular Clouds to the Solar System

Despite being the earliest stages of stellar and planetary formation, the com-
plex molecular inventory of interstellar molecular clouds exhibits a great degree of
similarity with those of comets and meteorites, particularly in terms of the large or-
ganic molecules relevant to life. In particular, methyl formate (HCOOCHSj3), ethylene
glycol (HOCH,CH,OH), ethanol (CH3CH,OH), glycolaldehyde (CH,OHCHO), and
formamide (NH,CHO) have been detected toward both interstellar molecular clouds
and comets (e.g. Zuckerman et al., 1975; Hollis et al., 2002; Crovisier et al., 2004;
Biver et al., 2015). These species contain the same functional groups as the biotic
building blocks of sugars, lipids, proteins, and other bio-macromolecules.

While molecules might be destroyed and undergo chemical evolutionary processes
along with star-formation, the chemical ingredients in the dense molecular clouds, par-

ticularly the biologically related organic molecules, might survive during the voyage
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of planetary assembly. These molecular species can enter the planetary system either
as fresh streams of materials supplied from the interstellar medium or by residing in
primitive meteorites that will eventually be incorporated into planets (Ehrenfreund
& Charnley, 2000; Hsieh et al., 2020). In particular, studies enabled by the Rosetta
Mission revealed that the comet 67P/C-G may have an origin in presolar clouds (Ru-
bin et al., 2020). Hence, the chemistry in dense molecular clouds gives us clues to the
origin of biological molecules in the Solar system.

There are a number of connections between interstellar and cometary chemistry,
such as the overall bulk elemental budget and molecular contents. With the refined
elemental ratios and the expanded molecular inventory in cold interstellar molecular
clouds revealed by this dissertation, a detailed comparison of these properties with
those in cometary particles and chondrites in the future will provide crucial informa-
tion for examining the interstellar-heritage scenario. This line of research, namely
tracing the full life cycle of the organics along the path from interstellar clouds to
comets and meteorites, is essential to completing the picture of the origins and evo-

lution of biotic chemical complexity.
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