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Abstract

This dissertation explores the challenges and advancements introduced by the arrival of
new-generation radio telescopes for understanding the physical and chemical structure of
the Interstellar Medium (ISM). New-generation broadband radio instruments, and particu-
larly broadband interferometers, provide the opportunity to obtain a comprehensive view
of the coupled physical and chemical structure of the interstellar medium (ISM). This is
required in order to transform the field of astrochemistry into a predictive science with
diagnostic power for astronomy.

However, significant challenges are posed by the new wealth of data, and in order to ex-
tract even a reasonable fraction of the capacity of these data sets, automated data handling
is necessary. This work addresses the challenge with scripts written to perform automated
spectral line fitting and semi-automated line identification in order to fully characterize
broadband data sets. Besides providing scientific results from the spectral analysis, the
spectral characterization is a required first step needed in order to interpret spatial distri-
bution information. We test the performance of the scripts on spectral line data from 4 to
6 GHz and 30 to 50 GHz towards the most complex spectral line source in the Galaxy,
namely the high mass star forming region Sagittarius B2 (Sgr B2).

Additionally, the results of the automated line fitter are coupled with image data to
constrain the physical and chemical conditions in gas located in Sgr B2(N). This material
contains multiple exotic molecules of prebiotic relevance, and the gas conditions include
moderate densities, warm temperatures, and a complex mechanical and radiative environ-
ment with shocks and turbulence as well as strong UV, X-ray, and cosmic ray irradiation.

Finally, we utilize broadband single dish and interferometric data to explore the coupled
physical and chemical structure of material in diffuse and translucent clouds located in the

Galactic Center and disk. The data reveal systematic differences in the chemical content



v
and physical structure between Galactic Center and disk clouds. Furthermore, interfero-
metric data collected for a different purpose directly observes the inhomogeneous structure
of the diffuse and translucent media, opening up new opportunities for understanding the

layered physical and chemical structure of the diffuse and translucent ISM.
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Chapter 1

Introduction to Astrochemistry at Radio

Wavelengths



1.1 Historical Context

While astronomy is an ancient science, our contemporary understanding of the Uni-
verse has been shaped very recently. It inspires awe to note just how young many of the
basic tenants of modern astronomy are. For example, only in the mid-1920’s did it become
apparent that objects existed outside of our Galaxy (Hubble 1926), opening up entirely
new realms of astronomical research, including galaxy formation and evolution and cos-
mological evolution. It is even more recently that astronomers have amassed observational
evidence for other extreme states of matter and forms of energy, including neutron stars
(Shklovsky 1967; Hewish et al. 1968), black holes (Sargent et al. 1978; Young et al. 1978),
dark matter (Zwicky 1933; Rubin & Ford 1970), and dark energy (Riess et al. 1998). Yet
these states are now integral to our cosmological perspective.

Another paradigm shift has resulted from the development of radio antenna technology
in the 1930’s. Prior to this time, astronomy research was most closely focused on starlight
visible at optical, near-infrared, and UV wavelengths, and on mid-infrared emission from
planets and other solar system bodies. With the advent of radio telescopes we began to
see a new set of physical processes that are as essential to the nature of the universe as are
stars. Whereas stars shine brightest at optical wavelengths, radio telescopes are sensitive
to interstellar gas. As a result, radio telescopes have made very significant contributions to
our understanding of the interstellar medium (ISM), the gas and dust that fills galaxies. It
is now apparent that the ISM is critically involved in the formation of stars, the evolution
of galaxies and their central black holes, and even the formation of life.

Still less than 50 years ago, it was first discovered that polyatomic molecules exist in
the ISM, and this discovery has yet again drastically altered the way we conceive of our
Universe and our origins within it. Before their detection, it was generally assumed that

space was inhospitable to polyatomic molecules. Under the extremely low densities (the
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densest regions of the ISM are ~1 trillion times less dense than the air we breathe), it
was believed that molecules should not form in great yield. If they did manage to form,
common reasoning suggested they should not survive the harsh UV, X-ray, and cosmic ray
(CR) irradiation. Observations demonstrated this to be incorrect.

In 1968, a group led by Charles H. Townes detected the first interstellar polyatomic
molecule, namely ammonia (NHs), through spectral line emission at radio wavelengths
(Cheung et al. 1968). A year later, interstellar formaldehyde (HoCO) was discovered (Sny-
der et al. 1969), proving that simple organic molecules form and survive in the extreme
conditions of interstellar space. By the mid 1970s, new interstellar molecules were being
detected at an average rate of four per year, and this rate has been sustained through today.
Thus, we have now directly detected more than 190 molecules, predominantly using ra-
dio telescopes. While the known chemical inventory involves many household molecules
(for instance, ammonia, formaldehyde, and acetic acid or vinegar), many of the detected
molecules are highly unstable and are not present in considerable amounts on earth. The
ISM is increasingly believed to hold the seeds of life; essential prebiotic species (probable
precursors to biomolecules) have been detected (e.g. Rubin et al. 1971; Lovas et al. 2006;
Remijan et al. 2002; Loomis et al. 2013), and biomolecules including amino acids are be-
lieved to be present (Garrod 2013), just beyond the detection limit of the last generation
of telescopes. Besides providing access to the molecular inventories in interstellar regions,
the spectral lines produced by molecules provide tools for understanding the physics of in-
terstellar gas clouds, providing measurements of the systematic and internal motion within

clouds and of the physical temperatures and densities.



1.2 (Not Yet) Understanding Interstellar Chemistry

Since these detections, great strides have been made towards accounting for the ob-
served chemistry by constructing networks of reactions believed to be important in the ISM
and applying approximate models of a gas cloud’s evolution. The first chemical models ap-
peared shortly after polyatomic species began being detected (Solomon & Klemperer 1972;
Aannestad 1973; Herbst & Klemperer 1973) and have grown to consider many thousands of
chemical reactions involving hundreds of molecules. In the past 25 years, the models have
expanded to include reactions on the surfaces of dust grains and the ice mantles that cover
them (Hasegawa et al. 1992; Garrod et al. 2008). Most of the complex organic molecules
observed in the ISM are believed to be formed on the ice mantles that coat the grains. Al-
though the models can account for the observed abundances of some molecules in a few
environments under reasonable assumptions about the cloud’s evolution, they cannot yet
provide a comprehensive understanding of the chemistry, and have not produced notable
predictions that have been confirmed observationally. Rather, the model predictions have
in some cases been refuted by observations (Garrod et al. 2008; Garrod 2013; McGuire
et al. 2015). Nonetheless, the chemical models provide a noteable framework that may
prove powerful for making predictions and interpreting observed chemical abundances as
constraints to the models improve.

Many different issues may contribute to the shortcomings of the chemical models, and
I highlight two. First, there is an incredible amount of uncertainty in the reaction rates,
activation energies, and branching ratios. As different reactions occur in the ISM than
on Earth, reaction kinetics, including reaction rates, activation energies, and branching
ratios, have been measured for an extremely small number of relevant reactions; this is
among the many symptoms of the strong terrestrial bias that the discipline of chemistry

has. However, our incapacity to explain observed molecular abundances is now spawning
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rapid expansion in theoretical and laboratory astrochemistry research, with growing interest
in high-level kinetics theory for relevant reactions, and in designing new laboratory setups.
In fact, multiple laboratories have recently or will very soon become operational in order
to test ice surface chemistry under varying radiative conditions (Ioppolo et al. 2013; Allodi
et al. 2013; Paardekooper et al. 2014), chemistry on bare carbonaceous or silicate surfaces
(e.g. Loeffler et al. 2016, and references therein), and radical-driven gas phase kinetics
(C. Endres 2015, private communication). As the measurements from these experiments
become available, they can be included in models. Perhaps the performance of the models
will improve drastically as reaction rates are constrained; perhaps instead, we will learn of
qualitatively new processes that need be included.

The second major barrier to understanding may come from our limited observational
data. While a substantial amount of observational work has been completed, the parameter-
space that has been explored is tiny compared to the amount of information present. In-
terstellar chemistry is among the most multidimensional problems known in the Universe.
The abundance of each of the hundreds of molecules present in an interstellar region is
intimately dependent on the abundance history of the numerous other species involved in
the formation chemistry. And the abundances can be highly sensitive to the temperatures,
densities, and radiation fields in the cloud, each of which may vary substantially over the
history of the cloud. This precisely points out the power that astrochemistry may have for
astronomy: if we are able to compile a comprehensive and therefore predictive understand-
ing of the chemical pathways and abundance evolution, we will be able to read the history
of an astronomical region from its molecular chemistry.

But it is impossible to solve such a multidimensional problem without a sufficient num-
ber of constraints and without sufficient precision. At present, this phase space is very

poorly filled in; temperatures, densities, radiation fields, and local molecular inventories
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are incompletely determined for a handful of astronomical sources and largely uncon-
strained for hundreds of other potentially interesting objects. Even within the most well
studied sources, incredible uncertainties persist. We are, at present, obtaining incredible
observations that illucidate the structure of the ISM. The observations show, as an exam-
ple, molecular gas organized in filaments aligned by magnetic fields (Contreras et al. 2016;
Rathborne et al. 2015). The data show streaming motion along these structures (Peretto
et al. 2013), and shocks and turbulence in stages immediately associated with star for-
mation (Fernandez-L.opez et al. 2014; Contreras et al. 2016). The data show substantial
inhomogeneities within gas, with neighboring patches having different temperatures and
densities, and very different abundances (Guclin et al. 2008; Corby et al. 2015). They show
us that it is not reasonable to adopt average abundances over the distinct regions, as the av-
erage values are not truly representative of the conditions in either. Therefore our models
attempt to account for abundances that are not present.

The recent observational results therefore imply that in order to make progress towards
understanding the chemistry, we require high spatial resolution observations capable of
resolving the distinct environments, and we require precise measurements of the abun-
dances of many different molecules. Again, further extra-dimensionalizing the problem,
each abundance measurement requires observing multiple transitions of the molecule and
treating the excitation appropriately. Thankfully, we stand on the brink a vast expansion
in our capacity to achieve this. A new generation of radio telescopes have very recently
become available, providing tremendous increases in the simultaneous bandwidths of tele-

scopes.



1.3 New-Generation Broadband Radio Instruments

Data obtained through broadband radio astronomy can truly revolutionize our under-
standing of interstellar chemistry and physics. In the last five years, multiple broadband
instruments have become available, many of which are currently in the final stages of
commissioning. Among these are existing single dish telescopes (which provide poor
spatial resolution but greater sensitivity to extended emission) with upgraded spectrom-
eters and/or receivers, including the Robert C. Byrd Green Bank Telescope, the Effelsberg
Telescope, and the 30—meter telescope of the Institut de Radioastronomie Millimétrique
(IRAM). Additionally, many radio interferometers (which provide high spatial resolution
measurements), including the Karl G. Jansky Very Large Array (VLA) and the Australia
Telescope Compact Array (ATCA), have undergone upgrades that increase the simultane-
ous bandwidth capabilities by 22 orders of magnitude; additional existing interferometers
will undergo substantial upgrades, including the Plateau de Bure Interferometer (PdBI)
which will become the NOrthern Extended Millimeter/sub-millimeter Array (NOEMA).
Finally, by an incredible international effort (but mostly by Tony’s will alone), the Ata-
cama Large Millimeter/submillimeter Array (ALMA) has made previously impossible sci-
ence achievable in only minutes of observation. Furthermore, the interferometers can be
used in conjunction with one another to cover an incredible span in wavelengths, from a
hundred centimeters to 0.3 millimeters, and can have matched spatial resolution over much
of this range.

Whereas previously, observations typically targeted only a few spectral lines in one
tuning, it is now possible to observe tens up to hundreds of spectral lines at once; it is
therefore straightforward to compile information on many hundreds of molecular lines in
a reasonable amount of observing time. With the new wealth of information available,

however, come new challenges in data analysis. In order to extract a reasonable fraction of



8

the information present in these data sets, automated methods of data analysis are required.
To date, these are not adequately developed, and large scale efforts to provide improved
visualization and analysis tools for rich spectral line data cubes are under way (Teuben

et al. 2013).

1.4 Astronomical Environments

In this work, I focus on observational data taken towards one of the most exhaustively-
studied sources in the Galaxy, namely the high mass star forming region Sagittarius B2
(Sgr B2), located in the Central Molecular Zone of the Galaxy. Yet, as the work demon-
strates, we have a highly incomplete understanding of this source, with major gaps in our
observational constraints on the structure at high spatial resolution. In the spectra towards
Sgr B2, we additionally observe diffuse clouds (with low densities and warm temperatures)
and translucent clouds (with moderate densities and incomplete shielding of UV radiation)
that intersect the line-of-sight. Many of the clouds observed are also located in the Central

Molecular Zone of the Galaxy, and others are located in the Galactic spiral arms.

1.4.1 The Central Molecular Zone

The Milky Way’s Galactic Center is a fascinating and bewildering environment. As it
is, by a significant margin, the most proximate galactic nucleus, it provides our most de-
tailed view of the central region of a galaxy. We have incredible observational data on this
region, and the new-generation instruments provide immense potential for understanding
the physics and chemistry in the Galactic Center. In this region, we observe star formation
in the immediate vicinity of a supermassive black hole (Blank et al. 2016), extended non-

thermal radio filaments (Lang et al. 1999), and expanding superbubbles (Ponti et al. 2015),
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among many other interesting structures. Magnetic fields are believed to be involved in
many of the more bizarre physical features of the Galactic Center. The Galactic Center
also hosts Giant Molecular Clouds (GMCs) with extreme physical conditions, including
the most massive cloud in the Galaxy, Sagittarius B2 (Sgr B2), which is actively collaps-
ing to form stars, and the highest density cloud, G0.253-0.016 (also called “the Brick™),
which appears to be supported against collapse by strong magnetic fields (Rathborne et al.
2015). Our evolving understanding of these systems suggests that GMC-scale star forma-
tion proceeds differently in the Galactic Center than in the disk, perhaps only occuring at
the positions of resonances like the X-2 orbit (Molinari et al. 2011, Longmore et al. in
prep).

The central 300 pc of the Galaxy is also commonly referred to as the Central Molecular
Zone (CMZ) as the molecular gas surface density in this region is enhanced by about a
factor of a hundred over that present outside of this region (Morris & Serabyn 1996). In
addition to CO, emission from CoH, HCO™, HCN, and HNC entirely fill the observed area
of the CMZ (Jones et al. 2012). While the highest brightness temperature emission occurs
at the positions of GMCs, most of the area is not associated with larger molecular clouds.
While larger clouds exhibit circular motion around the central position, the multitude of
weaker emission sources exhibit highly non-circular motions. It remains unclear precisely
how this material is structured, but it is clear that the physical conditions are quite distinct
in the CMZ than in the Galactic disk. Diffuse clouds in the Galactic Center have cosmic
ray ionization rates that are two to four orders of magnitude larger than diffuse clouds in
the Galactic disk (Le Petit et al. 2016), and X-rays are more pervasive (Amo-Baladron
et al. 2009). Additionally, widescale shocks and supersonic turbulence are observed to be
nearly ubiquitous in the CMZ (Martin-Pintado et al. 2001; Martin et al. 2008). CMZ gas

temperatures are measured to be elevated, at 50-80 K (Morris & Serabyn 1996), compared
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to molecular gas in the Galactic disk (at 15-25 K). In spite of the high gas density in the
CMZ, however, dust temperatures are not coupled to the gas temperatures, with quite low
dust temperatures of ~15-20 K observed throughout the Galactic Center (Ginsburg et al.

2016).

1.4.2 Sagittarius B2

The most massive cloud in the Galactic Center, and in fact in the Galaxy, is Sagittarius
B2 (Sgr B2). Sgr B2 is an order of magnitude more massive, at ~3x10% M, (de Vicente
et al. 1997), than most star-forming Giant Molecular Clouds. As is expected from its
location in the CMZ, Sgr B2 has more extreme physical conditions than any other star
forming GMC in the Galaxy, with pervasive shocks, high magnetic field strengths, and
strong X-ray and cosmic-ray (CR) irradiation (Crutcher et al. 1996; Terrier et al. 2010; van
der Tak et al. 2006).

Due to the high hydrogen column densities, Sgr B2 presents an exceptional case for
studying the molecular chemistry, and more than half of all molecules observed in the ISM
were first detected in Sgr B2. In fact, Sgr B2 hosts the most diverse and complex molecular
chemistry observed anywhere outside of the solar system.

The most line-dense position in Sgr B2 corresponds to the location of the Large Molecule
Heimat (LMH; Heimat means home in German) hot core (Snyder et al. 1994). A hot core
is a short-lived phase of the gas surrounding massive stars in the process of formation, and
is defined by having warm temperatures of 100 < 7" < 300 K and high densities of n > 10°
cm~3. Not only is the LMH the most line-dense position in Sgr B2, but it is the most line-
rich source observed anywhere in the ISM, and is exceptional amongst hot cores, as it is
the most massive and dense hot core in the Galaxy (Belloche et al. 2008).

The LMH and a second, somewhat less prominent hot core termed “h” in this work



11

are located in the northernmost star-forming core present in Sgr B2, namely Sgr B2(North)
(Sgr B2(N)). Whereas the LMH and “h” hot cores produce dust continuum emission at
sub-millimeter wavelengths (Qin et al. 2011), Sgr B2’s star-forming cores are defined by
their radio continuum emission. Namely, the North (N), Main (M), and South (S) cores are
each separated by about 45 arcsec (1 degree = 60 arcmin = 3600 arcsec) in the north-south
direction (Figure 1.1). The cores consist of clusters of HII regions, in which the strong
UV radiation emitted by young, hot (O and B type) stars ionizes the surrounding gas. In
total, more than 50 HII regions are observed in Sgr B2, with varying size scales from
hypercompact (~0.1 arcsec =~ 800 AU), to extended (=5 arcsec ~ 0.2 pc) cometary shaped
Hi11 regions (Gaume et al. 1995; De Pree et al. 2015). In Sgr B2(N), two shell-shaped
HII regions are apparent, as are four other compact HII regions.

In addition to line emission produced by the LMH and “h” hot cores, spectral line
absorption is observed in the foreground of the HI1 regions at radio wavelengths. While the
absorbing molecular gas components have lower line-densities than the hot cores, multiple
complex molecules have been observed in this material but not detected in the hot cores
(Hollis et al. 2000; Zaleski et al. 2013; Loomis et al. 2013), including arguably the most
important molecules yet detected in the ISM from a prebiotic standpoint.

While Sgr B2 has been targeted by spectral line surveys from centimeter to sub-millimeter
wavelengths (Turner 1989; Nummelin et al. 1998; Neill et al. 2012; Belloche et al. 2013;
Neill et al. 2014), the data and analyses presented in this work have much to contribute to
understanding the physics and chemistry of this highly complex region. Most surveys of
Sgr B2 have been conducted with single dish telescopes at frequencies > 80 GHz. At these
frequencies, there is significant line confusion (a single feature can be assigned to multiple
possible known or yet unknown carriers) and line blending (a single feature consists of

multiple transitions of known molecules), as the data are line confusion limited rather than
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noise limited. The centimeter wave spectra of Sgr B2 on the other hand, are noise limited
and contain significantly less line confusion and blending, enabling more confident line
identifications and measurements of spectral line parameters (i.e. shape, velocity, width,
and flux) (McGuire et al. 2012). While the centimeter wave spectrum of Sgr B2(N), as
sampled in the PRebiotic Interstellar MOlecular Survey (PRIMOS; Section 2.2), has made
tens of important contributions in astrochemistry, only a very small fraction of the informa-
tion present in the survey has been transferred to scientific journals. Thus, the centimeter
wave spectrum is not plagued by the same hurdles as millimeter and sub-millimeter line
observations, can be used for different science than higher frequency observations, and is
largely unexplored.

Additionally, high spatial resolution (6 <5 arcsec) observations of Sgr B2 will be criti-
cal for understanding the detailed spatial structure of the source. Although many lines have
been mapped at low spatial resolution (=40 arcsec) in the extended envelope of Sgr B2
(Jones et al. 2008, 2011), until very recently, only a few molecular transitions had been im-
aged with interferometers at the spatial resolution required to resolve the distinct chemical
environments in the star forming cores of Sgr B2 (<5 arcsec) (Liu & Snyder 1999; Hollis
et al. 2003; Belloche et al. 2008). As it is now possible to construct images of perhaps
thousands of spectral features in a reasonable amount of observing time, this is quickly

evolving.

1.4.3 The Diffuse and Translucent ISM

The line-of-sight to Sagittarius B2 (Sgr B2) is known to contain diffuse and translucent
clouds observable by molecular line absorption against the background continuum of Sgr
B2 (Greaves & Nyman 1996). The clouds arise in different regions of the Galaxy, including

the Galactic Center, the Bar, and the spiral arm clouds of the Galactic disk. Thus, obser-
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vations in this line-of-sight can reveal details of the kinematics, chemical composition,
and physical structure of this material, potentially demonstrating systematic differences
between different regions of the Galaxy.

Understanding the structure and chemistry of the diffuse interstellar medium (ISM) is
essential for understanding the processing of gas within galaxies, as this material is a sig-
nificant reservoir for the gas in a galaxy (Ferriere 2001). Diffuse clouds refer primarily
to material in the Cold Neutral Medium (CNM), in which hydrogen is in its neutral state
and physical conditions include low densities of 50 < n < 500 cm™3 and warm tempera-
tures of 80 < T}, < 300 K. This material contains high abundances of many light hydride
molecules, and beyond a considerably small extinction threshold of Ay,~ 0.2 to 0.4, mul-
tiple heavier molecules including c-C3H,, CS, and HCN (Snow & McCall 2006). The
observed molecular abundances are much greater (by many orders of magnitude for some
species) than predicted by standard chemical models. Recent chemical models that include
episodic turbulence have improved the predictions substantially, although some molecules
remain underpredicted (Godard et al. 2009, 2014).

Translucent clouds are defined as having moderate extinction conditions, with central
extinctions of 1 <Ay<2.5. In this range, UV irradiation can affect the chemistry signif-
icantly, but there is sufficient self-shielding to enable enhanced molecular hydrogen frac-
tions, with more than 50% of the hydrogen atoms in molecular form (Snow & McCall
2006). Translucent clouds are embedded within diffuse clouds, and their physical condi-
tions include higher densities, typically 500 < n < 5000 cm™3, and lower temperatures
than diffuse clouds, of ~25 K. In the Galactic Center however, the translucent clouds can
have much higher temperatures, of 50 - 80 K and densities up to 10* cm™=3 (Greaves &
Nyman 1996).

Both diffuse and translucent clouds have typically been treated assuming homogeneous



15

distributions over fairly large size scales, of tens of parsecs for diffuse clouds and =5 pc
for translucent clouds, and the translucent clouds are typically treated as cohesive clouds.
The small scale structure of molecular absorption lines has not been well tested, despite
observational evidence of substantial clumping in HI clouds due to the presence of “tiny-
Hi clouds” (Heiles 1997). The broadband datasets produced by new-generation instruments
reveal much about the coupled physical and chemical structure of material in the diffuse

and translucent ISM.

1.5 Document Structure

This work utilizes broadband radio data at centimeter wavelengths in order to highlight
the capabilities and address the challenges presented by new-generation radio instruments.
The data are further used in order to advance our understanding of the coupled physical
and chemical structure of material in Sgr B2 and in diffuse and translucent clouds along
the line-of-sight to Sgr B2. The remainder of the document is structured as follows. Chap-
ter 2 describes the data featured in this work, as the data sets feature in multiple chap-
ters. Chapter 3 describes and demonstrates the performance of automated line fitting and
identification routines designed to characterize broadband data sets efficiently. Chapter 4
constrains the physical environment and structure of gas in Sgr B2 that is observed to host
exotic molecules of prebiotic importance. Chapter 5 utilizes spectral data to determine
molecular abundances and discuss the distribution of small molecules and complex organic
molecules in diffuse and translucent clouds in the line-of-sight to Sgr B2, and Chapter 6
discusses the spatial structure of translucent cloud material in the Galactic Center and Bar.
Finally, we summarize key results and discuss future prospects for new-generation data sets

in Chapter 7.



Chapter 2

Observational Data



17

Summary Statement

The remaining science chapters utilize three observational data sets all collected to-
wards Sgr B2(N); as the data sets appear in multiple chapters, we describe the data col-
lection and reduction here and refer to it throughout the work. The three data sets were
conducted with the Australia Telescope Compact Array (ATCA), the Robert C. Byrd Green
Bank Telescope (GBT), and the Karl G. Jansky Very Large Array (VLA). In brief summary,
the ATCA data completely covers 29.8 - 50.2 GHz with 3 - 12 arcsec spatial resolution and
somewhat poor spectral resolution, varying from 6 to 10 kms™!. The PRebiotic Inter-
stellar MOlecular Survey (PRIMOS) conducted with the GBT provides the most sensitive
broadband survey at centimeter wavelengths, with nearly complete coverage of the 1 - 50
GHz frequency range. Finally, the VLA data includes selected windows covering nitrile
(-C=N) and imine (—N=H) molecules from 18 to 20.5 GHz with ~1 arcsec spatial and 1

km s~! spectral resolution.

2.1 A 7-mm Band Survey of Sgr B2(N) with the ATCA

We conducted a 7-mm band survey with the ATCA to fully cover the 29.8 to 50.2 GHz

range towards Sgr B2(N). The data provide:
1. the largest catalog of radio recombination lines observed with an interferometer.

2. the 30 - 50 GHz spectrum of the most line-rich interstellar source in the Galaxy,

namely the LMH hot core.

3. a comprehensive picture of the chemistry, excitation, and kinematic structure of

clouds of molecular gas in Sgr B2.
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4. new insight into the chemistry and structure of diffuse and translucent clouds clouds

observed in the line-of-sight towards Sgr B2.

Continuum images and continuum-subtracted spectral line data cubes are available at http://cdsarc.u-
strasbg.fr/viz-bin/qcat?J/MNRAS/. Additionally, spectra extracted from five positions, in-
cluding the LMH and “h” hot cores and three HII regions are made available at https://github.com/jfc2113/)

and in the supplemental material to Corby et al. (2015).

2.1.1 Telescope Configurations

The ATCA observations were conducted with the Compact Array Broadband Backend
(CABB) (Wilson et al. 201 1) in broadband mode (CFB 1M-0.5k), providing two simultane-
ous spectra with 2048 channels of 1 MHz width. Eleven different tunings with a separation
of 1.85 GHz were required to cover the full 30 - 50 GHz range available with the 7-mm re-
ceiver (Table 2.1). The 1 MHz channels provide a velocity resolution of 10 - 6 kms~! from
30 - 50 GHz. Even given the broad linewidths in Sgr B2, the spectral resolution is sub-
optimal, so that lines may not be Nyquist sampled. However, the broadband mode of the
CABB was selected as it makes a line survey over the whole 7-mm band feasible within a

relatively short observing time.

Table 2.1 — Log of ATCA observations showing the arrays and CABB tunings.

UT Date Array Freq. A1 Freq. A2 Freq. Bl Freq B2
(GHz) (GHz) (GHz) (GHz)
2011 Oct21  H75 47.40 49.25 43.70 45.55
2013 Apr3 H214 30.75 32.60 34.45 36.30
2013 Apr4 H214 38.15 40.00 41.85 43.70

The observations were made in three ~8 hour sessions in 2011 October and 2013 April,
with hybrid arrays H75 and H214, respectively, as shown in Table 2.1. In each session, two

pairs of tunings were observed, and the 43.70 GHz tuning was repeated in each configura-
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tion. The H214 hybrid array enables good (u,v)-coverage of Sgr B2(N), providing sufficient
resolution to separate the LMH from the shell-shaped HII regions without losing significant
surface-brightness sensitivity. The H75 array is more compact than ideal but this is some-
what countered by using this array for the highest frequency tunings. Resulting angular
resolutions, ranging from 3.4 to 13 arcsec are provided in Table 3.1.

The telescope was pointed towards Sgr B2(N) at o = 17747m2(84, § = —28°22'12"
(J2000). We observed a cycle of one minute on the complex-gain calibrator (1714-336),
ten minutes on source, one minute on the gain calibrator with one pair of tunings (Al and
A2 in Table 2.1) and then repeated the calibrator-source-calibrator cycle with the second
pair of tunings (B1 and B2). The telescope pointing was updated approximately every hour
towards the gain calibrator. Uranus and 3C 279 were observed as the primary flux and

bandpass calibrators respectively.

2.1.2 Data Reduction

The raw data were reduced into calibrated data cubes using mostly standard techniques
of bandpass, absolute flux, and complex gain calibration in the MIRIAD package (Sault et al.
1995). To produce continuum-free line data, the continuum was subtracted in the (u,v)-
domain and the fitted continuum was output into separate files. A single continuum image
was generated from each of the three observing sessions and deconvolved with the CLEAN
algorithm. The CLEAN model was input to determine a phase-only self-calibration solution,
which was then applied to the line data and the continuum data. A final continuum image
was generated using the CLEAN algorithm from the 7.5 GHz bandwidth data obtained in
each observing session.

As this is among the first spectral line surveys completed with a broadband interferome-

ter, we highlight our method for baseline subtraction and challenges for bandpass stability.
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We performed baseline subtraction using the MIRIAD task UVLIN, generating a linear fit
to the baseline of each 2 GHz tuning in the (u,v)-domain. The continuum images were
generated from the continuum solutions output by UVLIN. Because Sgr B2 has a very high
line density and because it is difficult to define line-free channels in the (u,v)-domain, we
only excluded channels covering strongly masing lines from the fit. As very strong lines
covered a small fraction of the bandwidth of each image, this had a very small effect on the
continuum subtraction, resulting in a ~1 mJy/beam offset that is <0.1% of the continuum
level. Such a small effect might be deemed negligible in most data sets, however given the
sensitivity of this data, it is non-negligible.

A larger effect was noticed in the form of a baseline wiggle in the images with a max-
imum amplitude of <1.5% of the continuum strength. This resulted from a limited band-
pass stability due to the very large bandwidth in each tuning. The bandpass shape is quite
complex, and while the selected bandpass calibrator was very strong (~25 Jy), the strong
continuum of Sgr B2 (~1 Jy) made it difficult to model the continuum to the dynamic range
(about 3 orders of magnitude) required. Furthermore, the continuum positions of Sgr B2(N)
and (M) are the positions that contain most of the molecular line features, so that the resid-
ual continuum preferentially affected areas that are important for the line study.

To correct for these effects, we applied a continuum correction to the data in the image
domain. Lines were masked at the 30 level, and each 2 GHz cube was fitted with a high
order polynomial to make a baselevel offset spectrum which was subtracted from the data
cube. We describe further processing of the baseline applied to the published spectra in
§3.3.1.

We note that the CABB flagged a consistent set of channels in each observation. In
the publicly released images, in which the first and last 50 channels of each 2 GHz wide

module are cut, the zero-indexed channels affected include channels 0, 1, 78, 106, 206,
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462, 590, 718, 974, 1102, 1126, 1230, 1358, 1486, 1742, 1870, and 1947. All data
cubes and continuum images are available at the CDS database (Genova et al. 2000) via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-
bin/qcat?J/MNRAS/. The continuum-subtracted data cubes provided do not have a pri-
mary beam correction applied. Models for the ATCA primary beam can be computed from
information provided in the ATCA documentation.

The resulting line survey contains over a thousand spectral features towards the most
line-dense region of the spectrum, and a few hundred spectral components at the positions
of the HII regions. Figure 2.1 shows the spectra observed towards five positions in the

ATCA data.

15 - .

10 padih AL

[LMH+ 10 mJy asec 2]

Ll ll.l

J y y

h+5 mJdy asec—

_5 L - |I I 'hljrll'l llr‘%‘_l LJ q‘l —-
L-5mdyasec—* I ! I [

—10 bbbl '|,L e
K6-10 mJy asec—* T

Specific Flux Density (mJy arcsec?)
=

—15F , o
30 35 40 45 a0
Frequency +64km s~! (GHz)

Fig. 2.1 — Spectra observed towards five positions in Sgr B2 demonstrate the line density at
7-mm and the high sensitivity of the ATCA survey.
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2.2 The GBT PRIMOS Data

The PRebiotic Interstellar MOlecular Survey (PRIMOS)! is a key science project of the
GBT that provides the deepest, most frequency-complete centimeter-wave spectral survey
completed to date. For all observations, the telescope was pointed towards the position of
the Large Molecule Heimat (LMH) at o = 17"47™1938, § = —28°22/17". The GBT beam,
which varies from 13 arcmin at 1 GHz to 15 arcsec at 50 GHz, is sensitive to absorption in
the foreground of the free-free continuum structure of Sgr B2(N) as well as emission from
the LMH over the full range of frequencies (Figure 2.2). At very low frequencies (of <8
GHz), the beam contains Sgr B2(M) as well. Most of the data were collected over the full
year of 2007, with some observations performed in 2002, 2005, and 2013. All observations
were performed in position switching mode, with an OFF position located 1 degree E in
azimuth. Over most of the frequency range (of >3 GHz), four spectral windows of 200
MHz bandwidth and 8192 channels were observed simultaneously; 50 MHz windows were
observed at frequencies of <3 GHz. Most windows were observed for ~10-15 hours,
resulting in 77 ~5 mK rms noise levels in most of the frequency range.

The data were reduced using standard procedures for position switched data in the
GBT data reduction package GBTIDL. For the full C-Band (4 - 6 GHz) data provided in
Chapter 3, the data is presented in the 77} scale and has been baseline subtracted. At low
frequencies observed in the Galactic Center where sources have very strong continuum
strengths, very complex baseline patterns are present upon completing standard reduction
procedures (Hollis 2005). To improve the baseline subtraction, I wrote a script to perform
baseline subtraction by a method that uses a Hodrick-Prescott (HP) filter, described in
Schlicht (2009). An HP filter is a commonly used tool for removing long-term growth

trends from economics data and is similar in function to a high-pass filter. It is ideal for

'PRIMOS is publicly available at http://www.cv.nrao.edu/~aremijan/PRIMOS/.
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application to broadband data sets because it does not degrade at the band edges like a

polynomial fit, and can fit a broad frequency span at once. The script operates as follows:

1. Determine an approximate baseline shape using the HP filter with a frequency cutoff

specified by the user.

2. Determine the root-mean-squared (rms) residual between the data and the baseline

solution.

3. Detect spectral lines as channels with higher than 3 o,.,,s and select a tunable number

of neighboring channels.

4. Interpolate over line channels and iterate through steps 1-3 with a higher frequency

cutoff. The sensitivity to lines should have improved significantly in this iteration.

5. Edit line selection if desired, before again interpolating over line channels and iterat-

ing through steps 1-3 with the same higher frequency cutoff.
6. Subtract the baseline and output data.

The final data selection and baseline subtraction are illustrated in Figure 2.3.

The data used in the diffuse and translucent cloud analysis (Chapter 5) span the full fre-
quency range of the GBT. The absorption profiles are carefully baseline subtracted over the
narrow frequency ranges corresponding to about -400 to +250 kms~! using a polynomial
solution. For data with very stable baselines (typically Q-Band), we used a 1st order base-
line. For data with more highly varying baselines, we usually used a 4th order polynomial
fit over a typical velocity range of -400 to +250 kms~!. The data was then normalized by
the continuum, as the ratio of 77./1¢ is the fundamental value for characterizing the molec-

ular line absorption from the diffuse and translucent clouds. This ratio is independent of
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corrections to the atmospheric attenuation and the GBT aperture efficiency, which cancel

in the ratio of T1./T .

2.3 K-Band Data with the VLA

Interferometric observations were conducted with the Karl G. Jansky Very Large Ar-
ray (VLA) towards a single pointing centered on the Large Molecule Heimat (LMH) at
a = 1747198, § = —28°22'17". Observations were conducted in good weather dur-
ing the move from the CnB to the B array configuration in May 2012. Four hours of
on-source observing was completed in six hours of total observing. The quasar source
1331+305 (3C286) was used to calibrate the bandpass and absolute flux. We observed a
cycle of four minutes on the complex gain calibrator (J1713-2658), 15 minutes on source
and updated the telescope pointing (towards J1743-0350) approximately every hour. The
data were calibrated using standard techniques of bandpass, absolute flux, and complex
gain calibration with the CASA software package, and the continuum was subtracted in
the (u, v)-domain prior to imaging. Phase-only self-calibration solutions were determined
with continuum images and applied to the data before performing continuum subtraction
in the (u, v)-domain. Imaging was performed using the Cotton-Schwab CLEAN algorithm.
To suppress sidelobes and imaging issues related to the strong extended flux in Sgr B2,
we applied a Briggs weighting scheme with a robust parameter tending towards natural
weighting. Specifically, robust parameters were set to 0.5 for images featured in this body
of work, resulting in a ~1 arcsec synthesized beam. This data is thus at significantly higher
resolution than the ATCA survey, and is capable of clearly resolving the main structures
present in Sgr B2(N).

We used VLA capabilities offered through the Resident Shared Risk Observing pro-

gram in the 2012 observing cycle to observe 2 x 1 GHz basebands with 8-bit sampling
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at K-Band (18-26 GHz). The correlator was set up in order to cover 13 transitions of ni-
trile (with -C=N) and imine (with -N=H) molecules with 1 kms~! channel resolution.
The setup included nine subbands placed in the frequency ranges of 18.2 to 19.2 GHz and
19.8 to 20.8 GHz, as illustrated in Figures 2.5 and 2.4. Targeting these lines with matched
channel resolution and sensitivity with the VLA prior to the upgrade would have required
an order of magnitude longer observing time. Due to the broadband correlator setup uti-
lized, ~20 additional transitions appear in the final data products. In this dissertation, we
feature the line absorption from HC3N and CH3CN. Rather than focus on the strong line
emission and absorption from Sgr B2 itself, we focus on line absorption from foreground
clouds associated with translucent clouds. While the original scientific motivation behind
the observation did not include this material, the broadband capabilities enabled a serendip-
itous observation of the structure of the diffuse and translucent ISM in the Galactic Center
(Chapter 6). Prior to the VLA upgrade, spectral line observations targeting the HCsN and
CH;CN lines would not have covered the translucent cloud absorption. This highlights the
significant advancement in the versatility and potential for serendipity when the observa-

tions utilize the broadband capabilities of the instruments.

2.4 In the Context of New Generation Data Sets

Each of the three data sets highlights a different aspect of new-generation broadband
radio observations. The ATCA data demonstrate the depth and incredible complexity of
data that can now be obtained in a very reasonable amount of observing time of 24 hours.
More sensitive instruments with higher collecting areas are becoming available, so that
similar work can be completed in even less time. While the GBT data featured here were
collected with the older GBT spectrometer rather than the VErsatile GBT Astronomical

Spectrometer (VEGAS), the broad range of projects that they have been used for (e.g. von
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Prochazka et al. 2010; Neill et al. 2012; McGuire et al. 2012; Loomis et al. 2013; Faure et al.
2014) demonstrate the versatility of single dish spectral surveys at centimeter wavelengths.
With the new instrumentation on the GBT, this data could be collected significantly more
efficiently, with more than an order of magnitude reduction in the observing time, and
much of the frequency range could be covered even more efficiently with the Effelsberg
Telescope. PRIMOS is thus a pathfinder for centimeter-wave spectral surveys. The VLA
data was observed using a mode of the correlator that was highly experimental in 2012.
Today, it is standard, and in fact, the VLA is capable of obtaining a much greater number of
sampled data points, which allows users to easily sample four times the frequency coverage.
Yet the observation that we completed would not have been possible ten years ago, and the
new capabilities enable new methodologies for observing with an interferometer; the VLA
data featured here is among the first interferometric data sets collected that simultaneously
targets an entire family of molecules and includes deep images of dozens of lines at high

spatial resolution.



Chapter 3

Automated Data Handling of Broadband

Interferometric Data

Note: This chapter is adapted from the published work: “An ATCA survey of Sagittarius B2 at 7 mm:
chemical complexity meets broad-band interferometry”, Corby, J. F., Jones, P. A., Cunningham, M. C.,
Menten, K. M. et al. (2015), The Monthly Notices of the Royal Astronomical Society, 790, 3696.
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Abstract

We present scripts written to characterize broadband spectra of complicated spectral line
sources. The scripts perform automated spectral line fitting and semi-automated line iden-
tification for complex spectra with a detection limit specified by the user. We describe the
line-fitting and identification procedures and test their performance on spectra extracted
from the positions of three HII regions in a 30 - 50 GHz survey of Sgr B2(N) conducted
with the ATCA, and on GBT data at 4 - 6 GHz. The spectra contain recombination line
emission and molecular line absorption at multiple velocity components. Towards the most
line-dense region characterized in the ATCA data, we detect ~500 spectral line compo-
nents of which ~90% are confidently assigned to H and He recombination lines and to
53 molecular species and their isotopologues. In this chapter, we report the line identifi-
cations and fit parameters, and evaluate the performance of the code by an anlysis of line

kinematics.

3.1 Motivation for Full Spectral Characterization

Full spectral characterizations are increasingly requisite for appropriately interpreting
radio data, particularly as instruments become more sensitive and have greater broadband
capabilities. In order to study the weaker lines in a survey, which comprise the majority of
detected lines (Figure 3.1) and often have less obvious molecular carriers, it is necessary to
consider the full spectrum in order to mitigate misassignments and verify consistency. In
molecule-rich sources, interferometric observations can help to mitigate line confusion and
blending, as lines from different molecules can peak at distinct positions, but in order for
this to be effective, the spectra must be characterized at each of the positions. Full spectral

characterization is even more essential for interferometric data sets containing sources with
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complex physical structure. In this case, we would want to characterize spectra extracted
from multiple different positions in the field of view, potentially corresponding to distinct

physical environments. In order to assign line identifications, we ask questions including:
e Do we detect other lines of the same molecule at the same spatial position?

e [s the upper or lower state energy associated with the transition in the same range as
most other detected transitions? If not, is there a reason to expect this transition to be

present?

e [f the line is from transition A, is the line profile consistent with the kinematics

observed in other lines at the same spatial position?

To answer these we characterize the kinematics of the source, the chemical inventory of
gas in localized spatial regions and kinematic components, and the excitation of the gas. In
a survey containing many lines, we can do so using large number statistics. The spectral
characterization is important for doing any further analysis on the data cubes, including
making moment 0, moment 1, and moment 2 images of specific lines and interpreting of

molecular spatial distributions. This is discussed further in Section 3.6.

3.2 Automated Spectral Line Fitting and Identification

The line fitting routines operate on baseline-subtracted 1-d spectra, containing fre-
quency and intensity axes. The fitting and identification are accomplished in two separate
scripts, where the line-identification script utilizes the output of the fitting script. The line

fitting script operates by the following basic procedure:

1. Identify “detected” features as those with a single-channel flux I.pa, > @ Oregions

where 0cgion 1 the root-mean-squared (rms) noise of line-free sections of a region’s
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Fig. 3.1 — The distribution of line strengths in the ATCA survey shows that the majority of the
spectral lines detected are near the detection limit, while fewer strong features are present.
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extracted spectrum and a is a user-specified threshold. The value of oyion 18 deter-
mined independently for each frequency tuning, with the spacing between tunings
also specified by the user. The fitter selects channels that meet this criteria and 5
channels on either side. In most cases, a threshold of 3.5 0,cion 1S recommended, in
which case one channel in 2149 should be a false detection assuming perfect baseline

subtraction and constant noise within an image.

. If desired by the user, perform data interpolation within channels selected in step (i),
using Fourier-domain zero padding. This is useful for data with poor spectral sam-
pling compared to the source line width, and is recommended for data with fewer than
four channels within the full width at half maximum (FWHM) line width. Interpola-
tion will generate data with three channels sampling the frequency range originally
covered by a single channel. While the number of independent data points remains
the same, this triples the number of points used to constrain the fits, improving the
fits significantly for poorly sampled data. For example, if a line profile is sampled by
two channels and surrounded by a zero-value baseline, one can imagine many differ-
ent Gaussian profiles capable of fitting the data perfectly with highly varying heights

in particular.

. Fit one or more Gaussians to each feature iteratively. The spectral line fitter first
determines an unconstrained best-fit Gaussian to a spectral line using a least squares
routine. The best-fit parameters are then used as input guesses for the least squares
fitter to re-fit a single Gaussian to the channels within 0.8 x FWHM of the line center.
A cutoff of 0.8 x FWHM is selected in order to minimize the effects of the baseline
uncertainty, which preferentially affects line wings. If a 1-component Gaussian shape

is appropriate, this includes 94% of the power of the line.
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4. Evaluate the 1-component fit against a set of criteria designed to determine whether
a multi-component fit is required. The criteria were determined empirically based on
performance of the line-fitter applied to spectra from ATCA data from 30 - 50 GHz,
and are described in Appendix A; the criteria appear to be robust at centimeter wave-
lengths based on the application of the code to PRIMOS data at 4 - 6 GHz, (§3.4). If
the segment of data meets the criteria, a 2-component fit is determined and evaluated.
In the event that neither a 1-component nor a 2-component fit is deemed sufficient,
the fitter grabs a slightly different segment to fit and re-attempts both a 1- and 2-
component fit. If the result remains insufficient, the reported fit is marked as poor,

pointing out where further attention is required.

5. The best 1- or 2-component Gaussian fit is then subtracted from the raw (as opposed
to the interpolated) data. If the residual spectrum contains channels with [.,, >
@ Oregion, the residual spectrum re-cycles through steps (ii)-(v). Non-Gaussian line
shapes (i.e. lines with wing broadening) are fit in this process, so that the iterative
solutions do not provide a full characterization of the line shape, but do adequately
account for the total flux of the line. The treatment of line wings is discussed further

in Appendix A.

6. Compare the Gaussian fit parameters to spectral line catalogue data'. At this stage,
all lines with reasonable kinematic agreement are output along with the line fit pa-

rameters.

'All line data were accessed through the online ALMA Spectral Line Catalogue - Splatalogue (available
at www.splatalogue.net; Remijan et al. (2007)); original line data were compiled in the Cologne Database
for Molecular Spectroscopy (CDMS; Miiller et al. 2005); the NASA Jet Propulsion Laboratory catalogue
(JPL; Pickett et al. 1998); the National Institute for Standards in Technology (NIST) Recommended Rest
Frequencies for Observed Interstellar Molecular Microwave Transitions - 2002 Revision (the Lovas/NIST
list; Lovas & Dragoset 2004); and the Spectral Line Atlas of Interstellar Molecules (SLAIM; E. J. Lovas,
private communication) and references therein accessible on Splatalogue.
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Because a large number of steps were required to obtain the resulting fits, we do not adopt
the errors to individual fits. Instead, we utilize the power of broadband line surveys to
derive upper limits to the errors empirically from the variation in line parameters amongst
a large number of fits (§3.3.2).

The line identification script then operates on this output in order to select the correct
line identification based primarily on the source kinematics. The user may also input a
set of lines that will be prioritized; these may include recombination lines, strong lines,
or lines that may appear at velocities atypical of the source, for example in diffuse or
translucent clouds. Because the code is optimized to this dataset, the line-ID component
is not very sophisticated, with the primarily kinematics-based rather than chemistry-based
consistency checks. The line identification code does not presently include a model for
the molecular composition and radiative transfer. This enables us to measure properties
of the gas purely empirically, which is particularly appropriate at centimeter wavelengths,
where a large number of lines from various molecules have been shown to be non-thermally
excited (Menten & van der Tak 2004; McGuire et al. 2012; Faure et al. 2014).

Both the line fitter and line identification scripts are written modularly, enabling adapta-
tion for different datasets. The PYTHON scripts are described in greater detail in Appendix
A and available at https://github.com/jfc2113/MicrowaveLineFitter and in the supplemen-

tal material to Corby et al. (2015).

3.3 Application to the 7-mm ATCA Survey

3.3.1 Sources and Spectrum Extraction

The ATCA line survey contains of order a thousand spectral lines with significant spa-

tial and kinematic structure. Although line confusion is not as problematic at centimeter
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wavelengths as it as at millimeter wavenlengths, line confusion does occur commonly in
this data set. Thus, any interpretation of the spectral cube data requires confident line iden-
tification and a robust treatment of the source kinematics.

To accomplish this, we apply the automated line fitting and identification scripts to
spectra extracted from physically distinct regions of Sgr B2(N). Thus, we first extracted
spectra from the elliptical regions shown in Figure 3.2. We extracted spectra over the entire
29.8 - 50.2 GHz bandwidth from a radio continuum peak along the K6 shell-shaped HI1
region, the cometary HII region L located 35 arcsec NE of Sgr B2(N), and the LMH hot
core. In the higher spatial resolution section of the spectrum (from 29.8 - 44.6 GHz due to
the observed configurations), we additionally extracted mean spectra towards K4 and “h”.
Figure 3.2 shows the elliptical regions from which the spectra were extracted and Table 3.2
reports their positions. Note that we did not vary the size of the elliptical regions in different
images depending on the beam size. The elliptical regions are typically larger than the
beam sizes in the high spatial resolution data (from 29.8 - 44.6 GHz), but smaller than the
beam sizes in the low spatial resolution data observed with the compact array configuration
(from 44.6 - 50.2 GHz). The spectra are sensitive to the spatial resolution; for example,
low spatial resolution data towards the K6 elliptical region includes flux originating on the
K5 shell and in the LMH as the regions are poorly resolved. In the case of the spatially
isolated source L, the elliptical region from which the spectrum was extracted is similar
to the source size of L and well matched to the ~5 arcsec beam size of the high spatial
resolution data (Gaume et al. 1995). In the low spatial resolution data, the flux is spread
over the larger beam, which has the effect of decreasing the flux in the low spatial resolution
section of the spectrum.

After extracting spectra, we interpolated over bad spectrometer channels listed in §2.1.2

using linear interpolation, and performed additional baseline smoothing by applying a
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Fig. 3.2 — Continuum image of Sgr B2(N) and L at 40 GHz showing the elliptical regions from
which spectra were extracted. The dashed line arcs point out the K5 and K6 shell-shaped Hi1
regions. The synthesized beam shape is shown in the lower left corner.

Table 3.1 — Root mean squared (10) noise level in spectra extracted from K6, L, and K4

Center Freq Beamsize orwms (1Jy arcsec™2)
(GHz) arcsec X arcsec K6 L K4
30.75 6.3 x 4.7 58 64 55
32.60 5.9x 44 54 71 54
34.45 5.7 x 4.0 61 74 51
36.30 5.2 x 4.0 70 80 62
38.15 5.1 x 3.7 72 105 66
40.00 4.7 x 3.6 100 124 81
41.85 4.6 x 3.6 82 131 76
43.70 44 %34 132 179 108
45.55 13.0 x 8.9 53 83
47.40 11.9 x 8.7 51 88
49.25 11.2 x 8.5 70 148

Table 3.2 — Coordinates of regions from which spectra were extracted.

Region Ellipse Shape
RA Center  Dec Center ARA ADec
(arcsec) (arcsec)

K6 1774720858 -28°22/13"2 4.9 3.3
L 17747m22568 -28°21'56""1 6.8 4.8
K4 17"47m20°07 -28°22'04"9 5.9 3.8
LMH | 17"47™19°93 -28°22'18"2 6.8 4.6
“h” 17"47m19387 -28°22'13"6 4.1 34
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Hodrick-Prescott filter to remove a low frequency baseline wiggle (Hodrick & Prescott
1997). Figure 3.3 shows the baseline with and without the HP filter applied. We used
a modified version of the HP filter, as described in Schlicht (2009), that can use datasets
with segments of missing data. This was useful in order to extrapolate over spectral lines,
particularly over broad spectral lines, such as the absorption feature of CH,CN at 40 230 -
40270 MHz. Applying the filter achieved a 10 - 25% reduction in the root mean squared
(rms) noise in the spectra extracted from different images. This improved the sensitivity of
the survey, enabling ~10% more line detections, and also reduced the false detection rate,
as sections of the spectrum with poor baseline subtraction were prone to meet the detection

criteria without an obvious line.
1.0 a LJJ
0.0 ﬂl th.Jn.JLW MIIL JMI.IJWA\.I“J[ il . |Iﬂ1d.1 d.mm‘ \Jllﬂl .|‘.M.
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Fig. 3.3 — A segment of the full spectral coverage towards K6. a. shows the spectrum extracted
from the data cubes and b. is the spectrum after baseline removal using a Hodrick-Prescott
filter.

We then converted from units of Jy beam™! to mean flux density per square arcsec (or
equivalently, specific flux density) in order to inspect images with distinct beam sizes on

the same scale. Finally, we performed a primary beam correction to the extracted spec-
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tra. We applied the beam correction to the extracted data instead of simply extracting the
spectra from beam-corrected images for the following reason. For each image, the stan-
dard technique in MIRIAD applies a single primary beam (PB) correction based on the
central frequency tuning of the image, and does not include frequency dependence within
the image. However, over the 2 GHz bandwidth of each image, frequency-dependence is
significant, especially towards L. To compute appropriate frequency-dependent beam cor-
rections, we compared the spectra extracted from the regions in the non-PB corrected cubes
to the spectra extracted from the same regions in PB corrected cubes. We fit a fifth order
polynomial to the ratio of PB corrected to non-PB corrected data across the 20 GHz of
bandwidth. The PB corrections determined from this fit are substantial (up to a factor of
2.6) for L but are very small (<1.04) for K4, K6, “h”, and the LMH.

Figure 3.4 shows a representative segment of spectra from all five regions from which
spectra were extracted. The half power beam widths at all frequency tunings and the rms
noise levels in the final extracted spectra are reported in Table 3.1. The supplemental
material to Corby et al. (2015) provides the extracted, HP-filtered, and PB-corrected spectra
towards all 5 regions, and the line fitting and identification PYTHON code described in §3.2.

This material is additionally available at https://github.com/jfc2113/MicrowaveLineFitter.

3.3.2 Spectral Line Results

We report the results of the application of the line fitting and identification scripts to the
spectra extracted from K6, L, and K4. Whereas line emission associated with high energy
(Ey 2 80 K) transitions is present towards the LMH and “h” (Figure 3.4), the spectra of
K6, L, and K4, contain molecular line absorption by primarily low energy (E; <20 K)
states and additionally hydrogen and helium recombination line emission associated with

the Hil regions. In addition, molecular line absorption was observed at velocities associated
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with diffuse and translucent clouds located in the Galactic Center, Bar, and disk. However,

we refrain from further discussion of this material until Chapter 6.
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Fig. 3.4 — A representative segment of spectra extracted from all five regions targeted in this
study. Whereas the LMH and “h” have line-dense spectra dominated by molecular line emis-
sion, K4, L, and K6 have lower line densities with molecular lines observed in absorption and
recombination lines in emission.

Of all detected features originating at the positions of K6, L, and K4, ~90% were confi-
dently assigned to recombination line or molecular carriers. The remaining 10% including
unidentified transitions and possible false detections are discussed in Appendix B. Figure
3.5 illustrates the raw data spectrum extracted towards K6 with the output of the line fitter
overlaid and line identifications labeled. Figures in this format containing the full spectra
towards K6, L, and K4 are provided in Appendix B. Additionally, tables providing line
identifications and Gaussian fit parameters, including velocity center, height, width, and
integrated flux towards K6, L, and K4 are available in Appendix C. We do not report er-

rors on individual Gaussian fits in the tables, but discuss errors in §3.3.2. As mentioned in
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3.2, lines with wing broadening are approximated by a primary Gaussian component and
additional components with lower amplitude. Wing components were required for ~10%
of the lines towards K6, and most of these are attributable to the non-Gaussian shapes of
H a lines towards K6; fewer features required wing components towards L. and K4. For
clarity, we only list the primary Gaussian component parameters in the tables, however, the
reported integrated flux values include wing components. It follows that the reported flux
is not always equivalent to what you would obtain from the primary Gaussian component

alone.

Recombination Line Kinematics

In order to assess the performance of the line fitting and identification routine, the out-
put of the code was evaluated using hydrogen and helium recombination lines towards
K6, L, and K4. Recombination lines, particularly at higher principal quantum numbers
(n >90), are not well described by simple Gaussian line shapes but exhibit Voigt profiles
(von Prochdzka et al. 2010). The line fitting routine applies only Gaussian shapes, which
adequately characterize the bulk motion of ionized gas via the velocity center, particularly
because the o and [ transitions have lower quantum numbers with less collisional broad-
ening. However, towards K6 in particular, most H « lines require primary components and
weaker components to recover the flux in the wings.

The hydrogen and helium 51-59a, 64-7503, 72-85~, 79-9346, 85-100¢, and 90 -
106 ¢ recombination transitions fall in the observed band, enabling measurements of re-
combination line strengths, widths, and HII region kinematic centers. Figures 3.6 and 3.7
present H and He o and f3 transitions towards K6, and Figures 3.8 and 3.9 present H and
He a transitions towards L and K4 respectively. Each panel shows the H and He data with

a single quantum number, with the Gaussian fits reported in Appendix C overlaid. The
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Fig. 3.5 — A sample page of the full data spectrum extracted towards K6 with line identifications
labeled and the output of the automated line-fitter overlaid. See Appendix B for full figures for

K6, L, and K4.
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final panel of each figure shows a composite averaged spectrum overlaid with a fit to the
averaged spectrum. The best fits to the averaged spectra are provided in Table 3.3. Ad-
ditionally, recombination line kinematic measurements generated from H « - y transitions
are provided in Table 3.4 and a histogram of the line centers is shown in Figure 3.10.

H and He a Recombination Lines: K6
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Fig. 3.6 — Hydrogen and Helium o recombination lines towards K6. Profiles of the H(59) -
H(53)«x transitions, extracted from high spatial resolution data, show a double peaked profile,
whereas the H(52) and H(51)« transitions are well fit by a single component. The averaged pro-
file is best fit by a Gaussian centered at 59 kms~! and a weaker component at 84 kms~!. The
solid and dashed vertical lines represent the H and He « transitions at 75 km s~! respectively.

Towards K6, the automated line fitting routine detected 64 hydrogen recombination
transitions including H « - H( and 13 helium transitions including He o - He /3 lines. The
ionized gas towards K6 has two primary velocity components, at ~59 and ~84 km s~ (Fig-
ure 3.6). The automated line fitter determined that a 2-component fit is required for all H v
transitions and for nearly all H 8 and He « transitions. Of the 25 unblended H « - y tran-
sitions for which the automated fitting routine used a 2-component fit, it obtained a mean
velocity of 58.9 4+ 0.8 kms™! and width 28.7 4+ 1.1 kms™? for the low velocity compo-
nent and a mean velocity of 84.74-0.8 kms~! and width 27.2 4+ 1.2 kms~! for the high

velocity component. The best fits to the composite averaged spectra of H « and H (3 transi-
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H and He 8 Recombination Lines: K6
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Fig. 3.7 — Hydrogen and Helium 8 recombination lines towards K6. Profiles of the H(75) -
H(66) §3 transitions, extracted from high spatial resolution data, show a double peaked profile,
whereas the H(65) and H(64)( transitions are well fit by a single component. The averaged pro-
file is best fit by a Gaussian centered at 60 kms~! and a weaker component at 84 kms~!. The
solid and dashed vertical lines represent the H and He /3 transitions at 75 km s~ respectively.
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Fig. 3.8 — Hydrogen and Helium o recombination lines towards L are best fit by a Gaussian
at 76.5 kms~!. The solid and dashed vertical lines represent the H and He 3 transitions at
75 kms~! respectively.
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H and He @ Recombination Lines: K4
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Fig. 3.9 — Hydrogen and Helium o recombination lines towards K4 show unusual line shapes
that are highly sensitive to the spatial resolution of the image from which they were extracted.
The lines are typically best fit by two primary components. In addition, a weaker wing com-
ponent appears at ~100 kms~!. The solid and dashed vertical lines represent the H and He 3
transitions at 75 kms~! respectively.

Table 3.3 — Best fits to the composite average of recombination line transitions. The errors
quoted are from the diagonal terms of the covariance matrix. However, the matrices contain
significant covariance terms, causing the error to be highly overestimated. Fits to the composite
average of Ha and Hf transitions agree to a precision that is significantly smaller than the
covariance matrix output.

-100 -50 0 50 100 150-100 -50 O 50 100 150-100 -50 O 50 100 150-100 -50 O 50 100 150

Species Gaussian Component 1 Gaussian Component 2 Height
Ratio
Height Velocity Width Height Velocity Width Hi/Ha
(mJy (kms™')  (kms™Y (mly (kms™Y  (kms™)
arcsec™2) asec”?2)
Keé6:
Ha 7.1£1.0 59.3+3.1 28.04+3.9 5.7 +£1.1 83.6+3.7 27.0£44 1.37
Hp 1.9+12 59717 30.0£24 14+19 842+20 272+£21 1.25
Hea 0.67+028 60.7+£10 235+21 051+035 856+12 19.8£23 1.31
L:
Ha 73£03 76604 249+1.0
Hp 20403 765+£1.6 253438
Hea 0.63£0.27 76.1+£48 224+11
K4:
Ha 25+03 650£25 284+58 035£026 1003+17 27.8+£44 7.1
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Table 3.4 — Mean parameters and standard errors of fits to Ha - y transitions. Parameters are
calculated from 1-component fits towards L, 2-component fits towards K6, and 1-component
fits towards K4.

Region | Number of Fits | Gaussian Component 1 | Gaussian Component 2 | Height Ratio
Velocity Width Velocity Width Hy/H,
(kms™1) (kms™) | (kms™Y) (kms™h)
K6 25 589+0.8 28.7+£1.1|847+£08 272+1.2 | 1.36+£0.10
L 26 763 +0.2 263 +0.7
K4 14 662+05 321+14
Hydrogen Recombination Line Velocity Centers: « - ~ Transitions
12 K6 10 S 12— ke
a b C { W1 Component
10 1 gl 1 101 Fits 1
¥ 2 Component
o8 1 6l | 8r Fits 1
S ! :
Yoy A | a
2 1 2 1 2
050 60 70 80 90 ‘I(I}O 110 050 éO 7I0 SIO 5;0 1(I}0 110 050 60 70 80 90 100 110

Velocity (kms™)

Fig. 3.10 — Velocity center of H « - y transitions fit towards L, K6, and K4. a. includes transi-
tions towards K6 that were fit with 2 Gaussian components; b. includes unblended transitions
towards L; ¢. includes all transitions towards K4. Components with v >80 kms~! towards
K4 are fitting a high velocity wing that is not a primary components of the line profile.
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tions are both consistent with these parameters (Table 3.3). As explored in Chapter 4, the
line shapes are sensitive to the spatial resolution, due to the spatial and kinematic structure
present in the data cubes. As is evident in Figures 3.6 and 3.7, hydrogen recombination
transitions at higher spatial resolution, (namely the H(56) - (53)a and H(70) - (66)( tran-
sitions) have more pronounced double-peaked line shapes than the moderate resolution
transitions (H(59) - (57)a and H(75) - (71)/3), which in turn are more double-peaked than
the lowest resolution transitions (H(52) - (51)a and H(65) - (64)5).

Towards L, the automated line fitting routine detected 52 hydrogen transitions from
Ha to HC and 8 He «v lines. As is evident in Figure 3.8, higher specific flux densities
are observed in the high resolution data, which covers the H(59) - H(53)a transitions,
due to the effect of the varying beam size discussed in §3.3.1. The automated line fitting
routine typically fit each recombination line with a single Gaussian. Of 26 unblended 1-
component H « - v lines detected by the automated fitting routine, the mean center velocity
is 76.34+0.2 kms~! and width is 26.3+0.7 kms~!, consistent with the Gaussian fit to
the composite average spectrum of H « lines (Table 3.3). Towards L, De Pree et al. (1995)
reported a recombination line velocity of 75.8 £0.3 kms~! and width 31.7 £0.7 kms™!,
so that the line widths in particular somewhat disagree with the ATCA data. This is a result
of the differences in spatial resolution. In the ATCA observations, L appears as a single
unresolved source; on the other hand, the higher spatial resolution observations in De Pree
et al. (1995) treat L and L.13.30 located ~3 arcsec E as separate sources. Towards L.13.30,
de Pree et al. obtain a velocity of 76.5 4 1.2 kms~! and width 20.6 2.8 kms~!. Our line
parameters are intermediate between those of the two unresolved sources.

Recombination lines are weaker towards K4 compared to K6 and L. As a result, primar-
ily H o - 7y transitions were detected (24 total) and only two He « transitions were detected.

As is apparent in Figure 3.9, the line profiles suggest a wing on the high velocity side of
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the line center, near 100 kms—'. Of the seven H « transitions from 30 - 44.6 GHz, only
H(56)c is known to be blended. Of the remaining six H « transitions, four required a 2-
component fit to the line emission from 40 - 80 kms~! (Figures 3.9 and 3.10). The other
two H « transitions (namely H(57) and H(55)«) did not meet the criteria for 2-component
fits, but 2-component fits appear more appropriate and the reported fits are adjusted from
the output of the line fitter. The H o line shapes appear to vary substantially towards K4,
suggesting a complex kinematic structure resulting in a line shape that is sensitive to the
beam size and precise placement of the elliptical region. This is further discussed in the
following chapter.

Although most of the H « transitions required a 2-component fit (primary) and a weaker
component in the high velocity wing (secondary), the composite line profile is adequately
fit by 1-component primary Gaussian fit at 65 kms~! and a weaker wing component (sec-

ondary) on the high velocity side at 100 kms™*

, as reported in Table 3.3. Using fits to
H 3 and H~ lines determined by the line fitter, we find that a 1-component treatment of
the recombination lines towards K4 has a velocity center of 66.240.5 kms~! and width
of 32.14+1.4 kms™!. The values we determine are in mild disagreement with those re-
ported by De Pree et al. (1995), who report a velocity of 63.9+0.8 kms™! and a width
36.04+1.9 kms~!. This may be because we are looking at different regions of K4. We
determined the shape and placement of the elliptical region towards K4 based on the con-
tinuum structure as sampled at 40 GHz by the ATCA, which is offset by ~1 arcsec SE of
the continuum peak at 22 GHz observed by De Pree et al. (1995). This is, again reflecting

a complex kinematic structure, with a kinematic gradient across the K4 HII region; this

effect can be accounted for the image data presented in the following chapter.
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Molecular Line Kinematics in Sgr B2

Towards all three regions, molecular lines were typically detected at two primary veloc-
ity components separated by ~20 km s~!. Figure 3.11 shows a histogram of the 25th - 90th
percentile Gaussian fit parameters of identified molecular lines, and Table 3.5 presents the

mean fit parameters, characterizing the kinematic structure of molecular gas towards these

positions.
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Fig. 3.11 — Kinematic parameters of molecular line fits output by the automated line fitter.
1-component fits shown include fits with a signal-to-noise ratio in the 25th to 90th percentile
of all unblended 1-component fits. 2-component fits shown include unblended transitions in
which the low velocity component has a signal-to-noise ratio in the 25th to 90th percentile of
the low velocity components of all 2-component lines.

Error Estimation

While many sources of error exist, calibration errors (including absolute flux calibration
and amplitude error from gain calibration) are small and fairly independent of frequency

and position. The main sources of error with which we are concerned include:
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Table 3.5 — Kinematic measurements of molecular gas towards K6, L, and K4 from lines in the
25th - 90th percentile signal-to-noise ratio.

Region Low Velocity Component High Velocity Component Height Ratio*
N Velocity Width N Velocity Width Hi/H,

Fits (kms™') (kms™!) | Fits (kms™!) (kms™)
K6 9 635+0.1 13.14+03| 39 819£02 11.0+£03 3.2+0.3
L 47 563+£02 141+£04 | 29 7594+03 12.0+£0.6 1.6 £0.3
K4 30 61.8+£05 149+0.7| 20 82.0£05 153+£0.6 1.0+0.1

*The height ratio is determined from lines that have both a high and low velocity component.

1. Spectral lines that are barely, or in some cases not, Nyquist sampled have poorly
constrained Gaussian line parameters. While the precision of line center and width
measurements are obviously limited, this introduces a ~10 - 15% uncertainty to the
line height. We adopt a 12.5% error to the line height for unblended lines. It addi-
tionally introduces substantial covariance in the fit parameters of 2-component lines

that are not well resolved. This applies to the 2-component recombination lines to-

wards K6 and K4 and to molecular lines that are broad due to saturation or blended

hyperfine components.

2. The baseline uncertainty, typically of order 0.05 mJy arcsec ™2, can increase the num-
ber of false detections and affect the best-fit Gaussian shapes. While we minimized
the baseline residual using a Hodrick-Prescott filter (Hodrick & Prescott 1997), it is
impossible to obtain a fully residual-free baseline, and the remaining baseline can
affect low signal-to-noise transitions significantly. This contributes uncertainty in
line heights and can artificially broaden the best-fit Gaussian. As discussed in §3.2,
we minimize the latter effect by fitting only the region within 0.8 x FWHM of line

center.

3. Frequency-dependent variations in noise level in data from a single spectral tuning
can generate false detections. Noise can also contribute significantly to error for low

signal-to-noise detections, particularly because the data is not Nyquist sampled.
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4. The spectrum extracted from a region can contain flux generated at a different spa-
tial position in low spatial resolution data. This applies primarily to the low spatial
resolution data (from 44.6 - 50.2 GHz) in the spectrum of K6, which contains flux

arising in the LMH and “h”. This effect is discussed further in Appendix B.

5. Towards the three regions that we characterize in this work, we observe molecular

L. For a few

gas with two primary kinematic components separated by ~20 kms™
low signal-to-noise transitions, the data does not significantly disagree with a single
Gaussian profile, so the line fitting routine returns a single fit at a velocity that is
intermediate between the two velocity components. We indicate fits for which we
suspect this has occured with “BC” for blended components. In these cases, the
Gaussian parameters are unreliable, but the qualitative statement of transition detec-
tion stands. As a primary aim of the study is to demonstrate the functionality of the
line fitting code, we correct few instances of this. However, researchers interested

in the separate contributions from the two gas cloud components should re-fit these

with the velocities and widths fixed to the mean values determined by the scripts.

Because there are many sources of uncertainty and a large number of lines detected in
the survey, the simplest method for evaluating the error is to derive it from the fits them-
selves. To do so, we assume that line radiation from all thermal molecular line transitions
originates at a consistent set of central velocities for each targeted spatial region, setting an
upper limit on the typical error of fits. With very few high signal-to-noise exceptions, this
assumption is supported by the data, as typical differences from the mean center velocity
are significantly smaller than the channel widths of 6 - 10 kms™?.

Using molecular line transitions with signal-to-noise ratios (determined as the ratio of

the Gaussian fit height to the noise level in the extracted spectrum) in the 25th - 90th per-

centile range, we determine the standard deviation of the line velocity centers and widths.
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The 25th - 90th percentile range excludes the strongest lines which typically have wing
broadening and the weakest quartile (with a signal-to-noise ratio < 5.4) which is prefer-
entially affected by baseline issues and noise. The distributions of velocity centers and
line widths towards all three regions is shown in Figure 3.11. Using 129 unblended transi-
tions towards K6 that fall in our target signal-to-noise window (including 51 1-component
transitions and 39 2-component transitions) we determine the standard deviation of the
center velocity to be 0, =1.1 kms~! and the standard deviation of the velocity width to be
oar,=2.3 kms™!. The standard deviations of both parameters are significantly lower than

the channel resolution of 6 - 10 kms™!

, indicating that the method performs rather well
given the limits of the dataset. We adopt 0, =1.1 kms~! and op,=2.3 kms™* as 1o errors
on the fit parameters of 1-component lines and spectrally resolved 2-component lines with
a signal-to-noise ratio >5.4. This includes unblended 1- and 2-component molecular lines
and 1-component recombination lines. These values are consistent with the standard devi-
ations of the parameters fit to high signal-to-noise recombination lines towards L (Figure
3.10b), further justifying their validity.

For 2-component recombination lines in which the components are not spectrally re-
solved, we determine 0, =3.6 kms~! and oa,=4.9 kms~! from 17 Ha and 3 lines to-
wards K6, and line height errors of each component are estimated at ~25%. Compared
to molecular lines, 2-component recombination lines have larger errors because the two
velocity components are poorly resolved, having line widths in excess of the velocity sep-
aration by (%N}z — Ul). While a 1-component fit does a poor job of matching these
profiles, a 2-component fit contains significant covariance between the six fit parameters.

Errors of the velocity center and width are approximately 40% higher for 2-component H~y

and ¢ lines, and the line heights have a ~40% estimated error.
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Table 3.6 summarizes the errors of the fit parameters that are adopted in this work and
recommended for further use of the ATCA results. Because the errors are significantly
smaller than the channel spacing, it appears that the code produces good results. Errors
could be evaluated by a similar method in other data sets. Further statistics including
the false detection rate and the number of fits that were poor or required adjustment are

provided in the Appendices to this chapter.

Table 3.6 — Recommended errors to fits to the ATCA data output by the automated line fitter.

Line Type S:N Regime Oy O Aw O Height
(kms™Y  (kms™') (%)

2-Component Recombination Lines

Primarily Hoe & HS S:N >15 3.6 4.9 25
Primarily Hv, Hé & Hea S5<SIN<I15 5.0 6.9 40
1-Component Recombination Lines | S:N >5.4 1.1 2.3 12.5
1- & 2-Component Molecular Lines | S:N >5.4 1.1 2.3 12.5

3.4 Application to GBT PRIMOS Data from 4 - 6 GHz

To further test the performance of the scripts, we applied them to C-Band data col-
lected with the GBT with higher spectral resolution of 1.5 kms~!, sufficient to resolve the
features. We do not provide an analysis of the line kinematics and errors, but can com-
ment that the typical center velocities and line widths obtained are similar to the results
of the ATCA data. The center velocities of line absorption features are at ~64 and ~82
km s~!, similar to what was observed towards K6 and K4, while FWHM line widths of 15
-20 kms~! are observed in the low velocity component and widths of 10 - 15 kms~! are
observed in the high velocity component. We provide figures showing the full C-Band
spectrum (Figures 3.12 - 3.16) with the fit overlaid and line identifications annotated. As

we have tested the performance at 4 GHz and at up to 50 GHz on data sets with quite dif-

ferent spectral resolutions, the code appears to be robust at centimeter wavelengths. Thus,
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the criteria established for determining whether a 1-component fit is adequate for a feature
or whether a 2-component fit is required, as well as the algorithm for selecting an optimal

range to consider for the fit both appear to be robust.

3.5 Limitations to Code Applicability

To date, the code has not been tested on deep spectral surveys at higher frequencies
(mm, sub-mm, and THz frequencies), particularly in sources like Sgr B2 with high molec-
ular diversities. Many higher frequency surveys are confusion-limited rather than noise
limited, so that the code must handle many overlapping components. It is quite possible
that the algorithm will perform well under these conditions as written. It is also possible
that the code might need to be adjusted in order to fit a larger number of Gaussians si-
multaneously. Fitting a higher number of Gaussians is trivial in theory; however it would
be challenging to establish a set of criteria by which the code determines whether a 2-
component fit is sufficient or if a 3-component, or perhaps a 4-component fit is needed.
Clearly, this could take us down a rabbit hole leading to over-fitting data. Thus, we prefer
to fit no more than two components simultaneously, and instead prefer to adjust the sensi-
tivity limit considered for the fit. For some highly complex line profiles in the ATCA data,
the fit results are not closely representative of the source kinematics. We expect that the
code will perform well at higher frequencies, returning an accurate characterization of the
source kinematics and line identities, if the specified detection threshold is greater than the
confusion limit. With a lower detection threshold, the kinematics returned for weaker lines
may not be reliable, however it may still be useful for line-identification.

Additionally, the line fitter applies only Gaussian shapes to the line fits. For sources
with common self-absorption or P Cygni profiles, the line identifications should perform

reasonably, while the measurements of the source kinematics may not be reliable. Ob-
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Fig. 3.12 — The C-Band spectrum from PRIMOS data with line identifications labeled and the

output of the automated line-fitter overlaid.
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Fig. 3.14 — The C-Band spectrum from PRIMOS data with line identifications labeled and the

output of the automated line-fitter overlaid.



0.6
0.4
0.2
0.0
—0.2
—0.4

—0.6

0.6
0.4
0.2
0.0
—0.2
—0.4

—0.6

0.6
0.4
0.2
0.0

T, K

—0.2
—0.4

—0.6

0.6
0.4
0.2
0.0
—0.2
—0.4

—0.6

0.6
0.4
0.2
0.0
—0.2
—0.4

—0.6

[ " CH,DOH? ]
2p5-141,€0
1
L H(133)3 u? ]
5160 5180 5500 5520 5540
[ ' H(166)3 H(132)3 ' ]
L ‘ 105)n d
. H(105). .
- H(151)~ )
5540 5560 5580 5600 5620
fraen, o - e gy
5620 5640 5660 3650 A700
[ ' H(131)3 ' ' ]
L /\_ 105)a ]
r H(104) r
5700 570 5710 5760 5780
[ ' ' H(130) ]
3 H(104)~ .
5780 5800 5820 5810 5860

Frequency (MHz)

60

Fig. 3.15 — The C-Band spectrum from PRIMOS data with line identifications labeled and the
output of the automated line-fitter overlaid.
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viously, this depends on the shape of the profile, including the relative widths of the ab-
sorption and emission components. The fitter would also not be appropriate for sources
characterized by pronounced two-horned profiles, although it would be reasonably straight-

forward to adapt the fitter to allow for a two-horned profile.

3.6 Future Directions

Full spectral characterizations are requisite for correctly interpreting data cubes, and
ideally, this or a similar code could interface with the data cubes directly. Up to this point,
the ATCA data have been inspected only via these few extracted spectra. One could imag-
ine applying a similar system to every pixel of the data cubes, or to improve the sensitivity,
to the mean spectrum within a beam-sized region around each pixel.

To first demonstrate the importance of the full spectral characterization for even simple
analyses of data cubes, we consider the construction of momemt images in the case of Sgr
B2. For Sgr B2 and other sources with complex chemistry, multiple physical environments
and complex kinematic structures, moment O (integrated intensity), moment 1 (center ve-
locity), and moment 2 (line width) images can misrepresent the data if constructed naively.
Moment 1 and moment 2 maps are particularly difficult for transitions with multiple kine-
matic components, particularly if the kinematics shift over the field. A moment 1 map of a
line in the ATCA data, for example, would return neither +64 nor +82 km s~! over most of
the absorbing gas, but an intermediate velocity, unless we isolated only the radiation from a
single component. If for instance, we hoped to make a moment 1 image of the low velocity
gas, it would not be possible to make a single moment 1 image that includes both L. and Sgr
B2(N) due to the shifted velocity field. This is also problematic for moment 0 images. For
example, it is not particularly meaningful to show a moment 0 image over a velocity range

that contains multiple distinct velocity components with different chemical environments,
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as this would not be representative of the line radiation in either environment. Furthermore,
if we wish to make a moment 0 map from a molecular line detected in the absorbing gas, a
moment 0 map constructed naively may contain line radiation produced in the hot core by a
different molecule entirely, and thus will not be representative of the transition distribution.
The problems become even more complicated for lines with hyperfine structure.

However, these problems could be addressed by interfacing code the full-spectral char-
acterization code with the data cubes. With a simple interface, the code would at minimum
point out where it is and is not fair to construct moment images. Moreover, it would of-
fer the possibility of constructing images of the fit solutions. This would enable filtering
of interloping lines and correctly accounting for the radiation from a specific component.
One can imagine cataloguing the identifications in a way that it could be straightforward to
view moment images of multiple transitions of a single molecule, or to perform stacking
for molecules with very weak transitions.

Whether the code featured here or code of a different composition is interfaced with the
image plane, these issues must be tackled in order to utilize even a reasonable fraction of
the data produced by new-generation radio interferometers; automation will be critical for

obtaining a comprehensive view of astrochemistry.

3.7 Conclusions

We developed spectral line fitting and line identification scripts written in PYTHON.
While the scripts can be applied over narrow frequency ranges, they are capable of han-
dling broadband data to provide a full spectral characterization. The code provides purely
empirical results rather than comparing with a model, as this was deemed most appropriate
at centimeter wavelengths where line radiation is often nonthermal, and performs line iden-

tification by comparing with output generated by Splatalogue or another line catalog after
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minor formatting. The code is described in §3.2, released in Appendix A, and available at
https://github.com/jfc2113/MicrowaveLineFitter and in the supplemental material to Corby
et al. (2015).

The code was applied to spectra towards Sgr B2(N), as observed at 4 - 6 GHz with the
GBT and at 30 - 50 GHz with the ATCA. In the ATCA data, the scripts were thoroughly
tested on spectra extracted from three unique spatial positions, namely K6, L, and K4,
characterized by recombination line emission and molecular line absorption at multiple
velocity components. The performance of the code was evaluated based on the handling
of 65 recombination line profiles and 90 molecular absorption lines, observed against the
free-free radio continuum emission. Typical errors on the fits were significantly lower than
the channel width in this survey. Approximate errors are summarized in Table 3.6.

While we have not thoroughly analyzed the output of the scripts applied to the 4 - 6
GHz GBT data, we have demonstrated that the kinematics output are consistent with the
source kinematics derived from the ATCA data. The fits appear quite reasonable, showing
that the algorithms are appropriate when applied over a broad range in frequencies, from 4
to 50 GHz. The code has not yet been tested on high frequency data to determine its utility
at the millimeter, sub-mm, and THz wavelengths observed by ALMA.

Future development may include interfacing the code with 3-dimensional data cubes,
in order to determine spatial patterns in kinematics, excitation, and chemistry with high

number statistics.

3.8 Appendix A: Automated Line Fitter Code Release

All scripts used for automated line fitting and semi-automated line identification are
provided in GitHub at https://github.com/jfc2113/MicrowaveLineFitter and in the online

supplemental material to Corby et al. (2015). Here, we provide instructions for use includ-
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ing a description of the input and output files and system requirements.

The scripts have been tested in IPYTHON version 0.12.1 with PYTHON 2.7.3, NUMPY
1.6.1, and MATPLOTLIB 1.1.1rc. PYTHON 2.7.3 includes the MATH and CSV modules that
are used in the scripts.

The packaged file provided in the journal includes eight scripts, spectra characterized
in this work, and csv files holding line data. Two of the scripts are run directly, namely
‘FullCode.py’ is run before ‘VelocityFileMaker.py’. After optional adjustments by the
user, ‘VelocityFileMaker.py’ uses the output of ‘FullCode.py’ to generate a final csv file
that contains Gaussian fits to the full spectrum and line identifications. Of the remaining
six scripts, five contain modules called in ‘FullCode.py’. The modules and their primary

purposes include:

e ‘LineFind.py’ grabs segments of the spectrum that contain lines, detecting “line-
channels” with single-channel intensity values greater than o,.,,; X an input threshold.
The module also selects a set number of channels on either side of line-channels. The
number of neighboring channels has a default value of 5, but can be adjusted when

LineFind is called.

e ‘FTinterp.py’ interpolates a segment of the spectrum, outputting a spectrum with a
factor of 3 improvement in the spectral resolution. It performs the interpolation by
Fourier-domain zero padding. This should only be used for data with poor spectral

resolution compared to the linewidths.

e ‘Gfit.py’ provides the most essential functionality; through ‘FullCode.py’, the func-
tion Gfit.GauFit is passed a single segment of the spectrum that contains one or more
lines. Gfit.GauFit returns a 1- or 2-component Gaussian fit to a spectral feature within
the segment. The script selects a specific portion of the line-containing segment and

first attempts a one-component fit. It then follows an algorithm to adjust the section
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of the segment used for line-fitting and re-fit 1-component Gaussians. It passes infor-
mation to ‘G2criteria.py’, which evaluates the fit against a set of criteria to determine
whether a 2-component Gaussian fit is justified. The output of G2criteria determines
whether Gfit.GauFit fits a 2-component Gaussian, following an algorithm to adjust

the section used for line-fitting and attempting 2-component Gaussian fits.

e ‘G2criteria.py’ determines if a 2-component Gaussian fit is required. Gfit.GauFit
provides G2criteria with information about the data and the best 1-component Gaus-
sian fit achieved; G2criteria then determines if the data differs significantly from
the 1-component fit, requiring a 2-component fit. G2criteria takes into account the
signal-to-noise ratio of the line in question and the degree to which the data differs
from the 1-component Gaussian fit. The primary factors considered include (1) the
difference between the position of the absolute maximum of the data and the posi-
tion of the 1-component Gaussian center; (2) the maximum residual between the data
and the fit, compared to the rms noise level at that frequency tuning; (3) the mean
residual between the data and the fit, compared to the rms noise level; (4) the width
of the fit compared to the typical width of features. The criteria, mostly empirically
determined, works very well for the two data sets described here. However, we ad-
vise inspecting results obtained on other datasets carefully and adjusting the criteria

if needed, as they may change with the parameters of the data.

e ‘LinelD.py’ provides semi-automated line identification of features fit over the full
spectrum. FullCode compiles the output of Gfit.py and passes it to LinelD, along
with one or two csv files containing spectral line catalog data. The input csv files can
quickly and easily be output from the ALMA Spectral Line Catalogue - Splatalogue?

after selecting a set of molecules that might appear in your spectrum.

2 Available at www.splatalogue.net; Remijan et al. (2007)
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FullCode manages the full data spectrum, compiles the results of Gfit.GauFit, and calls
LinelID to output the data. All of the modules except G2criteria are written to be easily
tunable, and the main parameters that users will want to adjust are specified and explained
in the first section of FullCode. These parameters include: whether the results should be
output; what plots should be produced; the names of input files; whether data interpolation
is desired; information about the source including guidelines for appropriate linewidths
and line velocities; and information about the data structure (e.g. how many separate data
sections are in a single spectrum; in this work, the line-fitter inspected a spectrum including
11 tunings, each of which had different o,.,,s noise levels. If all tunings have the same noise
level in the intensity units you are using, they can be treated as a single section).

FullCode requires a spectrum input in standard ascii format with frequency and base-
line subtracted intensity. The file ‘K6_fullSpec.txt’, provided with the scripts, is in the
correct format. If the user chooses to perform line identification, the script requires files
containing recombination line or molecular line data output in csv format from any spectral
line catalog. The line data should be formatted similarly to the files ‘recombLines.csv’ and
‘molecularLines.csv’, provided. If your source has recombination lines, we recommend
preserving the file name of ‘recombLines.csv’, but including lines that are relevant for your
frequency range. All csv files read into the code should be text csv files with UNICODE
UTF-8 characters and a colon (:) as the field delimiter. The code outputs csv file data with
this format as well.

FullCode plots the full data spectrum with the line fits overlaid, marking the locations
of lines from the input catalogue data that are near the fit frequency centers. The code can
output a csv file containing Gaussian line fits and possible line assignments. This output of
FullCode is named ALLFITS (r).csv, where (r) is the name of the source or region targeted.

It contains:
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e Gaussian line fit parameters (height, center frequency, and width in frequency units)

of all features.

e two measures of the quality of the fit. First, the rms residual between the data and the
fit; second, for 1-component fits, the file provides the offset between the frequency at
which the data has its maximum absolute value and the Gaussian center frequency.

Fits with abnormally large values may be suspect.

e the ‘bin’ indicates how the line was handled in Gfit.GauFit. Lines with bin = 0 are
I-component fits that were deemed appropriate. Lines with bin = 1 are 2-component
fits that were found to be reasonable. For lines with bin = 2, the data significantly
differed from the best 1-component fit obtained, however Gfit.GauFit was unable
to obtain a reasonable 2-component fit and therefore used the best 1-component fit
obtained. These should be inspected and possibly re-fit manually. For bin = 3 lines,
the residual between the data and the fit is significantly larger than the noise level of
the spectrum. These should be inspected and possibly re-fit manually. Bin = 5 lines
are entirely unreasonable, with very broad line widths or unreasonable line heights.
They are used as placeholders to enable the code to proceed, and they will need to
be re-fit. Of 617 components used to fit the spectrum towards K6, 360 have bin = 0,

242 have bin = 1, 1 has bin = 2, 12 have bin = 3, and 2 have bin = 5.

e possible atomic or molecular carriers of the detected Gaussian features. The output
file lists any transitions from the input recombLines.csv and molecularLines.csv files
that are within a specified velocity range of the detected features. It does not choose
the most probable line at this step, but does so when the second code is run. These

can be prioritized before running VelocityFileMaker.py to obtain the final line results.

Upon inspection of the results and manual updates to any bad fits, run VelocityFile-



69

Maker to generate a final output csv file containing line identifications and Gaussian fit
parameters, with parameters listed in velocity space. VelocityFileMaker generates an out-
put csv file entitled ‘velocity ALL _(r).csv’. The file contains line rest frequencies, species,
transitions, Gaussian fit velocities, heights, widths (in velocity units), center frequencies,
and line types.

Before running VelocityFileMaker, edit parameters in ‘velEDIT.py’. Specify the names
of the positions from which you extracted spectra, csv file input names, and velocity ranges
that are appropriate for different types of lines, including recombination lines, molecular
lines from the primary source, and additional lines observed in absorption by foreground
diffuse or translucent clouds. The latter are only relevant in some lines-of-sight.

The code implements primarily kinematics-based consistency checks for line identifi-
cations, and can use one or two optional input csv files to prioritize line identifications.
In order to minimize mis-identification, the final line-identification process operates on a

priority system as follows:

e Priority 1: The code first inspects identified recombination lines for kinematic con-
sistency and consistent line-intensities. This step requires a sufficiently large number
of recombination lines to work well (>10 high signal-to-noise lines or >20 lines
recommended), as it derives the mean Gaussian fit parameters and standard devia-
tions in order to evaluate consistency. Lines that are self-consistent with the mean
and standard deviations are output as firm line identifications, and assigned a “Line-
Type” of either “H Recomb” or “He Recomb”. The script is not presently equipped
to handle carbon recombination lines or absorption by recombination lines, but could
be easily adjusted to do so. Features that are inconsistent with recombination lines
include absorption lines, features that are significantly more broad or narrow than

the mean, features that are too far from the mean center frequency, and lines that are
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significantly too strong or weak (e.g. an H y line that is as strong as most H « lines).
These may be output as tentative line identifications, which the user should inspect
for line blending or data issues. If you do not have recombination lines, the code will

simply move to Priority 2.

Priority 2: The user has the option of specifying a file entitled ‘strongLines.csv’. (Of
course, the file name can be changed per the user’s preference). The file “strong-
Lines.csv” contains the strongest lines, which can be firmly identified prior to identi-
fying weaker molecular lines. Lines that fall within the velocity range set in the func-
tion VEDIT.strongVrange are output as firmly identified, and assigned “LineType =
strong”. Verify that the first two columns of your strongLines file are formatted the

same as the file included in the package.

Priority 3: The user can use a file entitled ‘SAClines.csv’, which indicates which
transitions that may be observed in foreground absorption by diffuse and translucent
cloud material, often referred to as Spiral Arm Clouds (abbreviated SAC). The fore-
ground absorption components are at velocities that are inconsistent with the targeted
cloud, and must be constrained in VelocityEditFile. Lines that fall within the veloc-
ity range set in the function vVEDIT.SACvRange are output as firmly identified, and
assigned the “LineType = SAC”. Verify that the first two columns of your SAClines

file are formatted the same as the file included in the package.

Priority 4: The code then assigns remaining lines tentatively assigned in ALLFITS (r).
In cases where multiple transitions are near the Gaussian center frequency, the line
with the best kinematic match to the velocity, as specified in VelocityEditFile, is
output. While this typically works well at centimeter wavelengths, we recommend

inspecting lines that have multiple line entries in ALLFITS (1), especially at higher
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frequency. If the code gets the “wrong” answer at this point, mark the line as blended,

and consider only keeping the preferred line in ALLFITS (r)

e Priority 5: Finally, the code outputs all fits that were not firmly identified in Priorities
1-4. These are given a Line Type of “Unidentified”. If a fit was associated with a
known transition in ALLFITS_(r), the transition parameters will be output so that the

user can decide whether or not to adopt the transition as identified.

While FullCode.py can fit most blended lines well, VelocityFileMaker does not handle
identification of blended lines with much sophistication; however the prioritization sys-
tem significantly improves the likelihood that most of the line radiation can be ascribed to
the identified carrier transition. The user is responsible for inspecting the output of ALL-
FITS (r) and velocity _ALL _(r) to ensure that any lines that may be blended (which should
have multiple transitions listed in ALLFITS (r)) are handled appropriately.

Within each priority, the script also handles wing components. As described in §3.2,
numerous spectral features are non-Gaussian, including recombination lines, strongly mas-
ing lines, and optically thick molecular lines. In FullCode, in which the line fitting is
conducted, after subtracting a best-fit 1- or 2-component Gaussian fits from the raw data
(called the primary component(s)), high signal-to-noise lines may have wing components
with intensities exceeding the detection threshold. Such wing features, which are typically
weak as compared to the primary 1- or 2-component fit, are fit to the residual. Velocity-
FileMaker selects these features to prevent them from incorrectly being assigned to other
molecular carriers or labelled as unidentified. Wing features are selected based on (1) their
separation from the primary line component as compared to the width of the primary line
component and (2) their height as compared to the primary line component. If a feature
meets either of the following criteria, it is identified as a wing of an identified line and the

velocity is calculated with respect to the rest frequency of that line. The criteria include:
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H;
L. H;;dm“:.z < 0.22 and UFeature — UPrimary < Avprimaf}’
o) Hee,
) Hll:idm“;;ey <0.05 and UFeature UPrimary <15 x Avpfimar}”

for the line heights, velocity centers, and FWHM widths H, v, and Avpgimary, respectively.
These are assigned “LineType = wing”. Within each priority, VelocityFileMaker identifies
the primary components, which must be consistent with the kinematic information input,
and then selects any wings associated with these lines. As such, the recombination lines
and wings of recombination lines are identified, followed by designated “strong lines” and

the wings of strong lines, etc.
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3.9 Appendix B: Full Spectra and Line Identification Fig-
ures

The raw data spectra extracted towards K6, L, and K4 are provided with the output
of the line fitter overlaid and line identifications labeled. All data are frequency shifted
to the nominal source velocity of +64 kms~'. The following conventions are used in all
figures. Tentative identifications are noted with a ‘?’, as are unidentified lines suspected to
be artifacts. Strong masing transitions are marked with ‘M aser’, blended lines are marked
with ‘Blend’, and line fits that have been adjusted from the output of the line fitter are
marked with ‘Adj’. In cases where the line-fitter determined a 1-component fit that we
suspect to be a 2-component transition with insufficient signal-to-noise to be identified as
such by the fitter, the species is marked with ‘BC".

For cases in which a transition has blended spectral structure (such as blended transi-
tions of A and E states), the listed transition indicates what components are expected to be
blended, with the first listed component corresponding to the state that is strongest or best
matches the expected source velocity. The transition listed first sets the rest frequency in
Column 1 in the table provided in Appendix C.

Recombination lines are marked at 75, 76, and 64 kms™! for K6, L, and K4, respec-
tively. Identified molecular line components are marked at the following velocity compo-

nents:

K6: Primary velocity components are at 64 and 82 km s~*; translucent cloud components

are at 6, -30, -73, and -106 kms~".
L: Primary: 56 and 76 kms~!; translucent cloud: 35, 20, -5, -35, -75, and -106 kms™!.

K4: Primary: 62 and 82 kms™!; translucent cloud: 2 kms™1.
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Tentatively identified velocity components of firmly identified transitions are marked
with a dashed pointer. For lines identified in the high velocity gas but not in the low velocity
gas, the low velocity component is marked with a dotted line. Figure 3.17 illustrates these

conventions.

3.9.1 Notes on U-lines, Tentative U-lines, and Line Contamination

The figures and tables in Appendices B and C include firmly identified features, con-
tamination from flux originating from other locations on the image (“contam”), tentatively
identified features (marked with a “?”’), unidentified lines (marked with “U” in figures and
tables and referred to as U-lines), and tentative U-lines (marked with “U?” in figures and
tables and referred to as “U?-lines”).

Nearly all instances of line contamination are present in the spectrum of K6 and are
lines that originate in the LMH or “h” hot cores. In spectra extracted from the high spatial
resolution data (29.8 to 44.6 GHz), the hot cores are sufficiently separated from the ellipti-
cal region placed on K6. As a result, the line emission from the hot cores does not generate
artifacts in the spectra towards the regions characterized here for frequencies v < 44.6 GHz.
In this region of the spectrum, we have carefully inspected the images and spectra to verify
that strong lines in the hot cores do not have imaging artifacts including negative bowls
that are detected in K6, K4, and L. In the spectra extracted from the low resolution data
(towards K6 and L), no imaging artifacts are observed towards L, while 30 imaging arti-
facts are present in the spectrum of K6. The authors have carefully inspected the images
and spectra to verify that these are properly handled. The instances of contamination occur
more frequently in the lowest resolution image (from 44.6 - 46.5 GHz) than in any other
image, as would be expected. In cases where line absorption is observed towards K6 and

line emission is produced in the LMH and/or “h”, the line profiles in the low resolution
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spectra will not be representative of the true line flux towards K6. For this reason, we
excluded low resolution spectra from the analysis of line ratios.

In addition to the imaging artifacts towards K6, a single feature is labeled as contamina-
tion towards L in the high spatial resolution portion of the spectrum. The methanol masing
transition at 36 GHz appears as an absorption feature in the spectrum of L. Inspecting the
image however, it is clear that imaging artifacts are implicated, as the very strong masing
transition has limited dynamic range and image fidelity. We have inspected the images and
spectra to ensure that the masing features identified towards K4 and K6 appear to arise
from these regions. No instances of line contamination were observed towards K4.

Tentative U-lines (U?-lines) are features that meet the detection threshold, but upon in-
specting the spectra and images, the authors remain unconvinced that a real line is present.
As noted in §3.2, with the established threshold of 3.50, one channel in 2149 line-free
channels should meet the detection threshold assuming perfect baseline subtraction and
frequency-independent noise within each tuning. With minor baseline residuals, it is rea-
sonable to expect an average of ~1 falsely detected feature per tuning. In the spectra of K6
and L, composed of 11 tunings, we report 11 and 10 U?-lines respectively consistent with
this expectation; in the spectrum of K4, composed of 7 tunings, we report 11 U?-lines. The
number in emission and absorption are similar, as would be expected for random noise and
baseline variations.

As is typical of line surveys of Sgr B2, unidentified transitions are detected in the spec-
tra towards all three positions. However, while a large fraction of detected lines are uniden-
tified in most surveys of the LMH hot core (see e.g. Belloche et al. 2013; Nummelin et
al. 1998), roughly 90% of all detected features are confidently assigned towards K6, L,
and K4. Of the 496 features detected towards K6 (excluding contamination from the LMH

and “h”), 89% are confidently assigned, while tentative assignments, U-lines, and U?-lines
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compose 2, 7, and 2% of the detected features, respectively. Towards K6, three of the U-
lines are observed at two velocity components, with velocities consistent with the 64 and
82 kms~! components characterized in §3.2. An additional 23 lines are observed in ab-
sorption at a single velocity component, and 4 are observed in emission. The fraction of
U-lines in emission is thus ~12%, significantly larger than the 1% and 2.5% observed for
firmly assigned molecular lines (excluding the methanol masing transitions) in the low and
high velocity gas, respectively.

Towards L, 93% of the 273 detected features (excluding contamination) are firmly iden-
tified. Tentative assignments, U-lines, and U?-lines compose 2.6, 1.1, and 3.7% of the tran-
sitions, respectively. Only three U-lines are reported towards L, and all are in absorption.
Two of the three U-lines in L are detected in absorption towards K6, and the third does not
meet the detection threshold in K6, but a clear absorption feature is present towards K6.
Excluding recombination lines and U?-lines, all detected molecular lines are in absorp-
tion towards L. Neither strong maser transitions nor weakly masing transitions are detected
towards L.

Of the 192 lines detected towards K4, 90% are firmly identified; tentative assignments,
U-lines, and U?-lines compose 1.6, 2.6, and 5.8% respectively. Weak masing constitutes
3 and 2% of the firmly identified molecular lines in the low and high velocity gas, respec-
tively, in K4, and one of the five U-lines observed towards K4 appears in emission. Two of
the absorbing U-lines detected in K4 are also detected in K6, but K4 and L have no U-lines
in common with one another. It is possible that the U-line observed in emission towards

K4 is produced by HoCS at the same velocity as the methanol masers towards K4.
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Fig. 3.17 — A segment of the spectrum towards K4 illustrates the marking conventions used in
this appendix. The t-CH3CH,OH transition is firmly detected at 82 kms~, indicated by the
solid line pointer. No emission or absorption is detected at 62 km s~!, although this component
is typically the most prominent. The dotted line marks 62 kms~! , at which we surprisingly
detect no line radiation. Additionally, a2 kms~—! component is tentatively detected, producing
a dashed pointer. The transitions of SO and NH3 each have three firmly identified velocity com-
ponents marked by pointers at 82, 62, and 2 kms~!. The position of CH3OCH3 at 62 km s~ lis
marked by the single pointer at 62 kms~!. Pointers for recombination lines are at 65 kms~?.
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Fig. 3.18 — Spectrum Towards K6.
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3.10 Appendix C: Line Identification and Gaussian Fit Ta-

bles

Line identifications and Gaussian fit parameters, including velocity center, height, width,
and integrated flux towards K6, L, and K4 are provided. The following conventions are
used in all tables. Tentative identifications are noted with a ‘?’, as are unidentified lines
(U-lines) suspected to be artifacts. Strong masing transitions are marked with ‘Maser’,
blended lines are marked with ‘B’, and line fits that have been adjusted from the out-
put of the line fitter are marked with ‘Adj’. In cases where the line-fitter determined a
I-component fit that we suspect to be a 2-component transition with insufficient signal-to-
noise to be identified as such by the fitter, the species is marked with ‘BC”. Footnotes,
linked from the velocity column, provide notes on any other notable aspects of lines.

We have applied the following rules to assigning the rest frequencies and velocities to

U-lines. U-lines detected towards K6 are treated as follows:

1. 1-component transitions detected towards K6 are assumed to be at a velocity of

64.0 kms™!.

2. For 2-component transitions, we assume that the lower velocity component is at

64.0 kms'.
U-lines detected towards L and K4 are treated as follows:

1. If the U-line is detected towards K6, we use the rest frequency determined above.

2. If the U-line is not detected towards K6, we assume the velocity of the low velocity

gas component, namely 56 and 62 kms~! for L and K4 respectively.

For cases in which a transition has blended spectral structure (such as blended transi-

tions of A- and E-states), the listed transition indicates what components are expected to
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be blended, with the first listed component corresponding to the transition rest frequency

in the first column.



Table 3.7 — Line identifications and fit parameters towards K6.
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec ™ 2) x kms™1)

2985331 U — 64.0 0.20 19.7 43

29901.40  CH3OCHj 11o-101 64.2 -0.64 20.2 -13.9

EE/AA/AE/EA

2991449  NHj 11,11) 83.4 -2.51 12.5 -29.5

64.6 -4.96 15.9 -83.5

11.3 -0.52 18.6 -11.4

29956.11 U — 64.0 -0.23 20.1 -4.9

29971.48  Hydrogen H(75)8 84.6 1.20 26.2 33.6

61.8 1.82 32.3 62.7

29979.38  +-CH3CH,OH 312-303 (1g1.2 0.41 12.5 55

62.0 -0.29 11.5 -3.6

30001.55 SO 19-04 84.4 -11.73 13.5 -150.3

64.2 -27.56 15.4 -451.7

8.9 -1.25 21.2 -30.5

-32.4 -0.27 22.9 -6.5

-106.3 -0.54 10.9 -6.3

30180.60  NaCN/NaNCB¢ 219-111 74.4 -0.19 20.4 -4.2

30239.76 U — 64.0 -0.22 16.1 -3.8

30256.04 U — 64.0 -0.17 28.6 -5.1

30500.20  Hydrogen H(85)y 72.9 0.90 37.3 35.6

51.1 0.38 18.6 7.5

30513.96  Hydrogen H(106)¢ 79.1 0.29 46.4 14.4

30707.38  Hydrogen H(93)d 74.3 0.43 49.7 22.7

30722.67 U? e 64.0 0.22 90.9 21.3

31002.30  CH3CH2CHO 321-212 65.9 -0.25 33.6 -8.9

Continued on next page
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

31106.15  CH30CH3; 211-202 65.1 -1.06 23.2 -26.1

EE/AA/AE/EA

31186.68  Hydrogen H(74)8 66.8 223 39.9 102.6

31199.39  Helium He(74)3 73.5 0.22 36.9 8.7

31223.31  Hydrogen H(59)a 78.3 7.51 29.2 233.7

55.7 5.95 23.1 146.5

31236.04  Helium He(59)« 89.7 0.32 16.6 5.7

65.3 0.71 34.8 26.2

31262.33  NaCN/NaNC 202-101 62.0 -0.66 15.8 -11.1

3142494  NHj; (12,12) 84.5 -2.50 133 -35.5

65.2 -7.30 19.4 -150.5

8.2 -0.56 25.6 -15.4

31482.38  Hydrogen H(99)e 75.6 0.31 45.0 14.8

31583.40  Hydrogen H(84)y 77.7 0.84 334 30.0

51.2 0.49 23.6 12.2

31698.47  Hydrogen H(92)¢ 68.7 0.28 33.6 10.1

31727.07  c¢is-CH,OHCHO S93-514 77.6 -0.25 13.7 -3.6

60.9 -0.26 11.7 -3.2

31833.03  c¢is-CH,OHCHO 624-6015 61.2 -0.22 20.1 -4.8

31911.20 CH3CH»CHO 321-220 65.4 -0.27 10.0 -2.9

31951.78  HCs;N 12-11 84.8 -0.34 8.6 -3.1

64.2 -1.78 12.6 -23.9

32373.67  NaCN/NaNC 211-110 62.8 -0.29 28.1 -8.6

32398.56  3CH30HMaser 4_1.4-303 82.3 0.93 12.6 12.5

62.8 0.40 10.7 4.6
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
3243232 Hydrogen H(98)e 74.0 0.26 443 12.1
32468.48  Hydrogen H(73)8 78.2 1.92 32.8 66.8
55.1 1.36 23.8 34.4
32627.30  [-C3HAY 1=3-1 Q=1 F=2-1f 63.7 -0.50 17.2 9.2
14.5 -0.16 12.0 -2.1
@25 -0.31 18.8 -6.1
3264021 U — Ble4.0 -0.31 26.2 -8.7
32627.30  [-C3H J=3-1 Q=1 F=2-1f -108.5 -0.20 21.1 4.5
32660.65  [-C3HAY J=3-1 =1 F=2-le 62.6 -0.66 11.7 -8.3
32663.38  [-C3HAY J=3-1 Q=1 F=1-0c 61.8 -0.19 10.5 2.1
32660.65  [-C3HAY 1=3-1 Q=1 F=2-le 17.4 -0.20 24.8 53
(4-2.1 -0.33 14.7 5.2
32672.52  cis-CH,OHCHO 493-d13 83.8 -0.42 12.1 54
62.3 -0.63 16.0 -10.8
32660.65  [-C3H J=3-1 Q=1F=2-e  -105.6 -0.20 15.5 33
32709.18  CH3CHO 404-313A 63.8 -0.34 15.3 5.6
32718.50  Hydrogen H(83)y 66.7 0.92 45.5 46.0
32732.67  Hydrogen HO1)5 71.7 0.62 40.6 26.8
32742.82  +-CH3CH,OH 413-404 62.5 -0.56 15.1 9.0
32852.20  Hydrogen H(58)a 83.7 5.60 27.2 169.2
60.0 8.10 28.0 244.9
32865.58  Helium He(58)ax 83.5 0.52 25.5 14.2
60.3 0.65 23.4 16.1
32978.23  CH30CH; 312-303 66.5 -1.41 25.0 -37.5
EE/AA/AE/EA
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

33051.62  CH3C3N 80-70/81-71 85.6 -0.27 12.8 -3.7

64.7 -0.52 13.6 -14

33156.85 NHj3 (13,13) 83.1 -1.40 11.7 -17.4

64.7 -3.52 14.7 -54.9

3.8 -0.35 16.2 -6.0

33181.67  Hydrogen H(103)¢ 68.4 0.18 54.8 10.5

33236.47 CH3CHO 404-313E 62.4 -0.43 13.4 -6.2

33345.23  ¢is-CH;OHCHOPBC  795-716 72.5 -0.26 25.9 -7.1

33354.01  cis-CH,OHCHOB®  25-1¢, 68.1 -0.23 37.7 -9.1

33420.88  Hydrogen H(O7)e 68.2 0.34 49.7 18.2

3345599 U — 64.0 -0.21 11.8 -2.6

33562.12  (CH3),CO? 303-212EE [5168.3 -0.30 16.0 5.1

33704.82  CH:NH 111-202 82.1 -5.77 14.5 -89.3

63.2 -8.11 15.9 -137.5

33751.37  CCS 32-2; 83.7 -0.87 10.8 -10.0

64.0 -5.79 17.7 -107.5

7.3 -0.41 30.6 -10.7

-34.5 -0.24 154 -4.0

-105.7 -0.24 39.5 -10.2

33812.37  Hydrogen H(90) 69.8 0.53 46.8 26.5

33821.51  Hydrogen H(72)8 70.3 222 46.9 116.9

33908.67  Hydrogen H(82)y 82.4 0.77 274 22.3

59.2 0.84 26.4 23.5

34092.97  (CH3)2CO 313-202EE 62.7 -0.35 13.3 -4.9

34156.88  CH30CHO 313-212E/A 60.1 -0.67 21.2 -15.2
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
3422547  cis-CH,OHCHO 351-312 64.9 -0.26 25.3 71
3428554 U — 64.0 -0.34 143 5.2
34351.45  H,CS 101-000 63.8 -2.46 14.7 -38.5
34408.63  HSCN 303-202 62.3 -0.88 13.2 -12.4
34450.03  Hydrogen H(96)e 65.7 0.36 67.9 25.7
34596.38  Hydrogen H(57)a 90.0 3.08 18.9 70.3
64.5 8.28 37.5 332.2
3461048  Helium He(57)a 82.9 0.65 21.7 14.9
61.0 0.68 17.8 12.9
34614.38  HCs;N 13-12 62.4 -1.43 13.5 -20.5
3467419 U — 64.0 0.23 59.2 14.8
3468437  CCCSP 6-5 6167.8 -0.71 22.4 -16.9
34768.97  t-CH,CHCHO 414-313 83.5 -0.26 9.3 2.6
65.2 -0.24 9.5 2.4
34824.07  CH3CH,CN 414-313 64.6 -1.98 12.4 -26.1
34940.09  Hydrogen H(89)) 66.0 0.42 40.7 18.2
35065.73  CH,NH 303-212 (11857 1.82 13.1 25.3
(167.0 2.37 17.0 42.9
35134.30  NHj (14,14) 83.7 -0.79 9.6 -8.0
65.7 -2.54 16.1 -43.5
35157.27  Hydrogen H(81)y 83.8 0.64 27.7 18.7
57.3 0.87 27.9 25.7
35250.77  Hydrogen H(71)8 78.2 1.79 35.4 67.5
54.5 1.42 24.1 36.5
35267.41  H'“CCCN 4-3 63.4 -2.09 14.4 -32.1
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
35360.93  ¢-C3Hs 440-431 64.1 -0.91 10.2 -9.8
35468.17  (CHj3)2CO? 291-110AA [7165.8 -0.34 10.2 -3.7
35521.88  Hydrogen H(95)¢ 66.8 0.31 49.1 16.3
3558691  U? — 64.0 -0.27 34.5 -10.0
35593.41 CH30CH; 413-404 60.8 -0.98 28.9 -30.3
EE/AA/AE/EA
3572221  CH3CH»2CN 404-303 83.3 -0.55 9.7 -5.7
64.8 -2.49 12.4 -32.7
35733.12  3CH3CN 20-10/21-11 65.4 -0.94 22.6 -22.7
35779.25  Z-CH3;CHNH 212-111A 66.6 -0.24 253 -6.3
3579173  CH3CH»2CN 493-399 F=4-3 64.9 -0.39 27.4 -114
35837.33  CH3CHO 212-110E 64.6 -0.36 13.5 -5.1
35865.83  CH3CH,CNAY 499-391 F=4-3 85.3 -0.24 14.1 -3.5
63.8 -0.41 15.8 -6.8
35893.63  CH30CHO? 215-101E ®l61.0 -0.24 20.0 5.1
35903.32  cis-CHoOHCHOAY  25)-2, 85.0 -0.15 16.3 2.6
60.1 -0.22 25.1 -5.9
3590698 U — 64.0 -0.26 13.8 -3.8
36102.22  CH30CHO 303-202E 62.3 -0.55 12.8 -1.5
36104.79  CH30OCHO 303-202A 62.2 -0.54 10.9 -6.2
36118.53  Hydrogen H(88)d 86.4 0.40 375 16.0
55.1 0.47 249 12.5
36169.29  CH3OHMaser-Adj 4_1.4-303 82.9 182.10 9.2 1614.3
1.5 0.33 17.9 6.6
36202.04 SO 23-25 ©l64.9 0.37 10.1 3.9
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

36237.99 HC'SCCN 4-3 81.4 -0.63 10.5 7.0

[10163.3 -2.95 11.9 -37.4

36241.44 HCC'SCN 4-3 64.0 -1.99 18.0 -38.1

36299.95 H,COH™ 111-202 80.4 -0.37 11.4 -4.5

62.8 -0.56 12.6 1.5

36309.63  SiS 2-1 62.9 -1.00 12.9 -13.8

36392.32  HC3N 4-3 82.5 9.27 11.3 -102.3

62.8 -21.17 16.4 -370.7

3.6 -0.89 13.9 -20.8

-107.2 -0.34 8.0 3.0

36417.24  -CH;CH,OH 514-505 80.1 -0.31 11.0 3.7

62.0 -0.34 11.8 4.3

36466.26  Hydrogen H(56)a” [11187.3 5.15 20.1 115.2

[1160.2 8.66 34.5 317.6

36481.12  Helium He(56)a 84.7 0.54 27.1 15.6

63.9 0.48 9.6 4.9

36488.81  OCS 3-2 (1262.8 -1.40 11.5 -17.1

36492.76 U — 64.0 -0.33 19.0 -6.7

36638.68  Hydrogen H(94)e 73.6 0.26 422 11.9

36657.47  CH30CHO 390-221A 65.9 -0.27 12.4 3.6

36739.67  CH3CH,CN 413-319 82.0 -0.41 10.7 -4.7

62.6 2.11 11.6 -26.0

36761.72  Hydrogen H(70)8 87.1 1.16 23.4 29.0

59.6 1.89 32.7 65.9

36777.28  CHLCN 20-10/21-1; 76.1 -0.44 30.7 -14.4
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

64.2 -0.50 17.3 9.2

3679547 CH3CN 20-10/21-11 79.3 -8.75 21.4 -199.7

64.1 -18.38 18.2 -355.9

12.4 -0.63 229 -43.8

-89.4 -0.28 34.1 -10.3

-103.6 -0.47 14.6 7.4

36930.70  Z-CH3CHNH 202-101E/A 59.2 -0.59 25.8 -16.3

36939.70 U — 64.0 -0.30 29.0 9.4

37018.92  CH,CHCN 414-313 79.7 -0.50 10.9 5.8

62.8 -1.93 11.5 -23.6

37106.79 U — 64.0 -0.21 38.3 -8.7

37182.66  CH3C3N” 9,-81/9¢-7¢ [13163.4 -0.37 10.8 4.3

37276.99  HCsN 14-13 83.4 -0.43 12.2 5.6

63.6 -1.56 10.7 -17.7

37350.57  Hydrogen H(87)8 82.1 0.42 40.5 17.9

37370.88  U? — 64.0 -0.29 16.1 4.9

37385.12  NH% (15,15) (14178 4 233 16.1 -39.8

[14160.8 -1.61 17.2 -29.4

14.5 -0.41 15.2 6.6

37464.17  CH3CHO 219-111A 80.8 -2.03 10.1 -20.9

63.3 -4.84 12.8 -64.4

37476.99 U — [15164.0 -0.29 9.9 -3.0

37686.87  CH3CHO 215-111E 80.4 -1.53 11.8 -19.2

62.6 -4.47 12.7 -58.4

37703.70  CH30H 7 26-8_138 83.4 -1.34 10.8 -15.5
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
62.8 -0.96 12.1 -12.4
37802.79  Hydrogen H(93)e 75.2 0.33 42.7 15.2
37844.59  Hydrogen H(79)y 87.6 0.64 19.6 13.4
61.2 0.81 33.6 29.0
37904.85  CH2CHCN 404-303 81.0 -1.00 11.7 -12.4
63.2 -3.64 11.9 -44.0
38241.47  Na’'ClI? 3-2 64.1 -0.27 10.2 -3.0
38271.02  E-HNCHCN 404-303 63.0 -0.51 9.7 -5.3
38360.27  Hydrogen H(69)3 87.4 1.26 20.2 27.0
60.0 2.04 34.9 75.8
38439.65 U — 64.0 -0.29 12.6 -3.9
3844525 U — 64.0 -0.27 10.4 -3.0
38473.36  Hydrogen H(55)a 88.7 4.26 19.6 91.7
62.6 7.63 34.6 281.1
38489.04  Helium He(55)x 88.8 0.38 14.4 5.8
58.0 0.62 28.0 18.4
38506.04 CH3CHO 202-101E 81.1 -3.27 9.8 -33.6
63.4 -8.42 13.3 -113.7
38512.11  CH3CHO 202-101A 81.1 -2.89 12.5 -38.1
63.1 -9.58 12.6 -125.5
12.5 -0.51 14.6 -134
38639.30  Hydrogen H(86) 74.4 0.33 44.9 16.0
52.7 0.29 23.1 7.2
38847.73  CHyCHCN 413-312 82.6 -0.57 9.6 -5.8
63.7 -1.86 13.4 -26.5
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
38908.94  U? — 64.0 -0.32 9.1 3.1
38976.13  CH30CHO 315-211E 64.3 -0.25 14.2 3.7
38980.81  CH30CHO 319-211A 63.9 -0.35 13.4 5.0
39016.76  Hydrogen H(92)e 69.6 0.24 54.2 13.6
39047.30  CH30CH3 514-505 69.9 -0.54 27.7 -15.8
EE/AA/AE/EA
39291.42  Hydrogen H(78)y 69.2 0.55 48.0 27.8
39362.50  CH3CHO 211-110E 81.0 -1.20 8.9 -11.4
63.9 -4.21 12.0 -53.7
39571.33  CCCN N=4-3J=5-1 81.1 -0.34 7.7 2.8
64.1 -0.48 11.1 -5.7
39581.58  ¢-Hy,COCHj,? 191-000 63.6 -0.57 12.9 1.9
39590.21  CCCNE N=4-3J=1-5 16166.0 -0.57 8.2 -5.0
39594.29  CH3CHO 211-110A 81.8 -1.63 13.0 225
63.1 -3.67 11.7 -49.9
3971247 U — 64.0 -0.52 13.2 1.4
39725.38  NH,CN 219-111 64.7 -0.48 21.7 -11.1
39742.55  HCCNC 4-3 62.9 -0.51 8.9 4.9
3992477  CH,CN 219-111 67.1 -0.81 13.0 -11.2
39927.87 U — [17164.0 -0.84 10.7 9.6
39941.41  NHZ (16,16) (18]79.0 -1.58 11.6 -19.6
64.7 -2.06 10.8 -23.7
39956.70  ¢-HyC30 313-210 62.4 -0.75 12.7 -10.2
39988.02  Hydrogen H(85)) 73.5 0.49 37.6 19.6
40039.02  H,CCO 219-111 63.4 -0.99 12.2 -12.9
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
40052.88  Hydrogen H(68)5 87.4 1.20 23.0 29.3
60.9 1.94 33.1 68.3
4021049  CH35NC 2,-1; 60.6 -1.39 15.9 -23.4
40232.80  CH,CN 202-101 J=3-1 19162.6 -0.38 29.6 -12.0
Fi=3-} F=3-)
40239.70  CH,CN 202-101 J=5-2 [19]83.3 -1.53 8.2 -12.8
Fl=1-3F=1.5 (18162.8 -4.76 16.7 -81.6
4024222  CH,CN 202-101 J=5-2 (19163 4 -2.56 9.5 -26.0

4024434  CH,CN 202-101 J=2-3 (191631 -2.16 18.3 -42.0

40247.54  CH,CN 202-101 J=3-1 1962.2 -3.63 12.5 -48.1
40249.34  CH,CN 202-101 I=3-3 [19160.1 -0.66 9.2 -6.5
40251.86  CH.CN 202-101 J=3-3 [19964.4 -0.64 9.5 -6.5
40253.88  CH.CN 202-101 J=2-1 [19963.9 -0.85 17.1 -15.5
40256.79  CH.CN 202-101 J=3-1 19962.9 -0.79 17.5 -14.7
40259.84  CH,CN 202-101 J=3-3 [19162.8 -0.48 12.4 6.4
Fi=j-§ P35
40352.77  Si%0 1-0 65.1 -0.77 10.6 -8.8
40417.95  H,CCO 202-101 64.7 -0.49 12.8 6.7
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
40455.62  HyNCO™? 202-101 F=1-0 84.7 -0.28 20.1 -6.0
59.7 -0.71 8.9 -6.7
40465.01  CCCSBC 7-6 65.3 -0.41 21.1 -9.2
4047724 U —_— 64.0 -0.36 10.5 -4.1
40484.03 U e 64.0 -0.40 14.3 -6.1
40630.50  Hydrogen H(54)a 81.5 6.30 31.6 211.9
554 5.76 23.8 145.9
40647.06  Helium He(54)a 86.6 0.58 20.0 12.4
56.1 0.68 25.7 18.6
40658.60  CH,CN 211-119J=3-3 61.7 -0.94 22.8 -22.9
40793.84  H,CCO 211-110 63.3 -1.16 15.2 -18.8
40812.95  Hydrogen H(77)y 88.7 0.53 20.7 11.7
57.5 0.85 27.4 24.7
40875.44  NH,CHO 212-111 80.1 -5.32 15.9 -98.4
62.4 <741 12.5 -102.1
4131399  CHsC3N 101-91/100-9¢ 63.8 -0.29 29.2 -9.0
41400.26  Hydrogen H(84)o 65.2 0.44 40.6 19.2
41846.55  Hydrogen H(67)3 81.4 1.52 33.1 53.7
56.3 1.60 28.4 48.4
41863.60  Helium He(67)5 88.5 0.21 7.6 1.7
63.9 0.20 51.8 11.1
42000.64  Hydrogen H(O5)¢ 65.0 0.39 8.2 34
4201143 U — 64.0 -0.30 8.8 -2.8
42031.94  ¢-H2C30 303-202 61.3 -0.39 13.1 -5.5
4203574 U — 64.0 -0.24 18.0 -4.6
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

4208149 U — 64.0 0.31 9.9 3.3

42139.19  ¢-C3H» 541-532 63.3 -0.66 10.0 -7.1

42318.18  NHi*CHO 202-101 63.8 -0.45 10.9 -5.2

42373.34  39Si0 1-0 81.4 -1.96 11.2 -23.4

63.1 -10.02 10.6 -117.5

42386.06  NH,CHO 202-101 80.4 -6.15 13.9 -91.3

62.5 -13.66 12.9 -187.0

6.0 -0.62 14.2 -14.5

42414.09  Hydrogen H(76)y 85.8 0.58 28.5 17.7

58.9 0.67 26.0 18.6

42602.15 HCsN 16-15 63.3 -0.83 13.4 -11.9

42674.19  HCS™ 1-0 81.8 -0.33 7.4 -2.6

64.4 -4.12 13.2 -57.8

8.4 -0.49 15.8 -8.2

4283992  NHj; 7,17 63.5 -1.68 11.5 -20.6

42862.60 U — 64.0 -0.61 12.0 -7.8

42879.94  29Si0 1-0 82.1 -3.06 9.2 -28.9

64.3 -12.73 11.6 -154.9

4.8 -0.61 8.3 -13.5

4295197  Hydrogen H(53)a 84.2 6.67 28.5 202.1

56.7 7.66 27.8 226.9

42969.47  Helium He(53)a 70.2 0.65 49.2 33.8

43303.71 +HCOOH 212-111 64.2 -1.67 10.6 -18.8

43423.85  SiOAY 1-0 83.8 -14.45 9.8 -137.4

62.5 -25.83 26.0 -707.5

Continued on next page




121

Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

153 -2.99 11.5 -38.7

3.1 -6.16 10.3 -67.5

-28.4 -1.02 31.0 -33.8

-67.9 -1.03 20.7 -22.8

-99.3 -1.66 17.0 -30.1

-108.1 -1.48 7.9 -12.4

43516.19  CH3CH,CN 515-414 64.4 -1.37 15.2 222

4374895  Hydrogen H(66)5 86.9 1.38 25.9 38.0

59.1 1.91 34.0 69.2

4390151  SiN N=1-0J=3 -1 64.0 -0.64 9.3 -6.3

43954.45  NH,CHO 211-110 78.3 -4.96 21.0 -110.8

61.7 -7.95 13.4 -113.3

43963.04 HNCOP” 202-101 29160.0 -0.55 20.2 -11.9

44069.48  CHzOHMaser To7-616++ 83.2 35.09 7.6 244.6

44084.17  H'CCCN 5-4 63.5 2.18 13.2 -30.5

44100.09  Hydrogen H(75)y 85.3 1.11 113 13.3

64.9 1.25 14.7 19.6

44104.78  ¢-C3H, 321-312 83.5 -0.80 6.3 5.3

64.1 -3.89 10.0 -41.3

44338.89  CH3NH,? 10E1+1-00E1+1 81.1 -0.26 21.5 6.0

62.6 -0.53 8.8 -5.0

44430.71  Hydrogen®” H(82)5 (211732 0.70 61.6 45.6

44469.22  E-CH3CHNHB¢ lio-1g1A (221749 -0.54 9.8 5.6

44497.60  CC*'S 43-3, 62.7 -0.49 8.1 4.2
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
44587.40  ¢-HoC30 312211 64.0 -0.92 10.6 -10.3
44596.99  CH3CH,CN So5-404 64.5 -2.80 10.8 -32.1
44659.99  Contam — 64.0 0.24 11.8 3.0
44730.27  Contam —_— 71.8 0.55 10.0 59
4476891  Contam e 69.5 0.71 20.1 15.0
44773.87  Contam — 62.9 0.94 24.8 24.8
4479273  Contam — 64.0 0.20 31.0 6.5
44831.00  Contam — 70.3 0.21 27.1 6.0
44878.10  Contam — 72.0 0.66 10.0 7.0
44879.04  Contam — 64.0 0.28 15.7 4.7
44911.75 +HCOOH 202-101 81.1 -0.84 10.9 -9.7
63.9 -2.23 11.1 -26.4
4495578  Contam —_— 75.9 0.41 10.1 4.4
64.0 0.54 10.0 5.7
44979.54  [-C3H+ AY 21 80.0 -0.21 15.0 -33
64.7 -0.42 15.2 -6.8
24 -0.16 30.5 -5.3
45103.87  ¢-H*¥®CCCHA% 211-202 81.0 -0.20 14.4 -3.1
64.0 -0.28 10.8 -3.2
45259.08  NaCN/NaNC 313-212 65.2 -0.32 17.5 -5.9
4526472  HCsN 17-16 79.2 -0.31 10.7 -3.5
63.0 -0.77 12.4 -10.2
45297.35 HC'CCN 5-4 82.3 -0.70 10.5 -7.8
64.1 -1.64 11.6 -20.2
45301.71  HCC'3CN 5-4 81.7 -0.67 12.9 -9.2

Continued on next page




Table 3.7 — Line Identifications and Fit Parameters towards K6

123

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

62.9 -1.84 11.2 -21.9

45379.03  CCS 43-39 81.2 -1.86 10.1 -19.9

64.2 -6.03 12.4 -77.8

52 -0.20 159 -3.3

45395.79  CH30CHO” 414-313E 23166.4 -0.42 13.6 -6.1

45397.38  CH30CHO 414-313A 63.3 -0.36 10.1 -3.9

45453.72  Hydrogen H(52)a 84.7 3.28 28.3 99.0

64.6 6.79 332 240.0

4546342  13C34S 1-0 63.8 -0.73 12.3 -9.5

4547224  Helium He(52)« 85.9 0.19 17.1 35

66.1 0.55 355 20.7

45490.34  HC3N 5-4 81.0 -8.94 12.2 -115.9

63.1 -15.77 14.7 -246.3

4549597  E-CH3;CHNH” 211-202E 24157.2 -0.60 25.8 -16.5

45490.34  HC3N 5-4 34 -0.72 12.1 -12.6

-105.3 -0.38 8.1 -3.3

45547.64  g’Ga-(CH20H). 414v=1-313v=0 64.4 -0.21 11.9 -2.7

45566.66  E-CH3CHNH 211-292A 61.8 -0.47 14.2 -7.1

45600.79  Contam — 61.6 0.59 18.7 11.8

472 0.31 10.8 3.6

45644.07 U? 64.0 -0.23 11.3 -2.8

45667.55  Contam —_— 73.6 0.47 9.8 5.0

61.1 0.56 15.2 9.0

45768.44  Hydrogen H(65)8 70.5 2.11 40.7 91.5

45778.89  Contam — 64.0 0.41 19.5 8.5
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

45787.10  Helium He(65)5 68.5 0.17 37.9 6.7

45842.95  Contam — 64.0 0.72 15.2 11.7

45876.67  Hydrogen®” H(74)y (251847 0.25 16.1 4.4

25173.8 0.34 59.4 21.8

45877.81  HSCNP 404-303 62.1 -0.53 7.0 -4.0

45909.51  CH3CH,CN® 514-413 26182.9 -0.53 8.1 -4.5

26172.9 0.39 7.1 2.9

26163.8 -0.58 6.9 -4.3

45921.88  Contam — 64.0 0.24 22.4 5.8

4593539  Hydrogen H(87)e 71.9 0.34 473 17.3

45956.07  Contam — 64.0 0.21 30.9 6.9

4605733  Hydrogen H(81)) 70.1 0.50 42.9 226

46112.17  Hydrogen H(92)¢ 79.0 0.19 47.7 94

4612330  NHj (18,18) 81.2 -0.79 13.6 -11.4

64.1 -1.69 14.2 -25.5

4624756  3CS 1-0 81.1 -3.54 10.9 -41.1

64.3 -11.24 14.4 -172.0

5.6 -1.48 13.1 242

46266.93  CH,CHCN? 515-414 (27181.8 -0.79 9.3 7.8

2761.3 -1.03 16.9 -18.6

4624756  13CS 1-0 -103.2 -0.47 11.8 5.9

4631234 U — 81.3 -0.25 7.8 2.1

64.0 -0.33 12.8 4.5

4647352 U — 82.5 -0.23 7.8 -1.9

64.0 -0.33 22.0 7.8
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
4653434 U — 80.8 -0.19 11.7 24
64.0 -0.35 12.8 -4.7
46557.44  Contam — 64.0 0.18 19.5 3.7
46574.40  Contam —_— 64.0 0.23 12.3 3.0
46581.23  +-HCOOH 211-110 81.3 -0.69 8.5 -6.3
64.5 -1.19 11.5 -14.5
46645.05  ¢-C3Hao 550-541 65.9 -0.37 159 -6.2
46755.61  ¢-C3Ho 211-202 81.5 -1.11 10.6 -12.6
64.2 -2.79 12.9 -38.3
11.1 -0.18 31.0 -5.9
46832.80  +-CH3CH>OH 404-313 64.7 -0.41 11.7 -5.1
46847.73  NaCN/NaNC 303-202 63.5 -0.49 15.4 -8.0
4690549 U —_— 64.0 0.18 38.1 7.4
46990.54 PN N=1-0J=2-1 28178.4 -0.64 17.5 -11.8
64.7 -1.21 12.0 -15.5
47064.81  SiCy 202-101 83.6 -0.24 8.6 -2.2
61.6 -0.27 11.8 -33
47176.01  E-CH;CHNHAY 312-303E 80.8 -0.21 8.3 -1.9
64.5 -0.35 21.6 -8.1
47195.10 CH3CH,CHO 414-303 63.2 -0.27 8.4 24
4720521  13CH30H 191-0go++ 61.9 -0.88 16.9 -15.8
47209.55  13CH30H 191-000 63.9 -0.26 18.6 -5.2
4721741  g’Ga-(CH20H): 494v=1-393v=0 82.2 -0.16 11.7 -2.0
64.2 -0.23 12.1 -3.0
4724991  E-CH3;CHNH 312-303A 82.1 -0.22 10.5 24
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
63.4 -0.36 23.7 -9.0
47354.65  CHyCHCN So5-404 81.8 -0.98 9.9 -10.3
63.9 -2.19 11.0 -25.6
4737332  CH3CONH, 493-331E 80.6 -0.21 12.8 -2.9
63.6 -0.33 13.8 -4.8
47419.79  Contam — 63.9 0.18 24.0 4.7
4744451  Contam — 64.0 0.49 23.9 12.5
47511.87  Hydrogen H(86)¢ 66.6 0.28 37.8 11.3
47534.09 CH3OCHO 404-303E 62.8 -0.41 11.1 -4.9
4753694  CH3OCHO 404-303A 63.2 -0.38 15.4 -6.2
47566.80 C4H N=5-4 J=1—21—% 81.3 -0.26 8.3 -2.3
65.0 -0.51 14.7 -8.0
9.2 -0.17 17.2 -3.1
47582.44  Contam — 64.0 0.20 7.3 1.6
47601.58  Hydrogen HO1)¢ 78.1 0.26 25.2 7.0
4760549 C4H N=5-4 J:%—% 64.7 -0.42 10.4 -4.7
4767496  CH3OCHj; 111-000 61.9 -0.58 13.1 -8.2
EE/AA/AE/EA
47696.89  ¢-HCC'*CH 211-202 65.0 -0.19 19.0 -3.9
4773232 U —_— 64.0 -0.22 6.9 -1.6
47749.98  Hydrogen” H(73)y (29170.9 0.45 10.0 4.8
59.1 0.70 243 18.1
4776435  Hydrogen H(80)d 68.6 0.48 48.1 24.6
47820.62 CH3CHO l10-101A 81.3 -0.48 10.7 -5.5
62.4 -0.95 15.7 -15.8
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

4782496  E-HNCHCN So05-404 63.7 -0.56 12.8 -1.7

47914.18  Hydrogen H(64)6 68.0 2.27 34.9 92.8

47927.28  HC3;NBC 18-17 65.8 -0.34 19.3 -7.0

47933.71  Helium? He(64)3 (301704 0.23 34.2 8.3

48120.99  Contam e 64.0 0.26 9.6 2.7

48153.60  Hydrogen HSDa 85.5 3.42 26.0 100.1

64.0 6.29 32.6 218.0

48173.22  Helium He(5D)a 70.4 0.53 45.0 25.6

48206.94  C3'S 1-0 81.3 -4.63 11.4 -54.1

64.3 -12.98 15.4 -213.2

5.6 -1.99 15.8 -38.1

-23.1 -0.31 10.1 -34

-40.4 -1.78 7.0 -13.2

-72.9 -0.84 9.8 -8.8

-86.2 -0.34 10.7 -3.9

-103.4 -0.90 114 -10.8

48284.52  H,CO 413-414 81.8 -1.90 9.7 -19.2

63.1 -0.38 13.8 -5.7

48308.75 U — 64.0 -0.61 6.7 -4.4

48372.46  CH30H 191-0go++ 80.8 -2.20 7.3 -17.1

61.5 -11.79 20.0 -249.5

48376.89  CH30H 191-000 62.6 -6.59 12.7 -88.8

48372.46  CH3OH 191-0go++ 6.0 -0.78 14.6 -16.7

48385.60  CH3NHy? 30El1+1-21E1+1 72.1 0.35 11.0 4.1

F=2-1
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

4837246  CH30H 191-0go++ -105.1 -0.81 73 6.3

4854822 NaCN/NaNC” 319-211 (31158.3 -0.76 21.2 -17.2

48552.56  CH,CHCN 514-413 62.8 -0.93 112 -11.1

4858329  C338 1-0F=1-2 65.2 -1.46 12.6 -19.6

4858592 (338 1-0F=3-2 64.3 2.70 13.6 -39.2

48589.07  C33S 1-0F=3-3 64.6 -1.57 12.5 -20.9

48603.47  CH3CHO 211-202F 80.8 -0.50 13.9 1.4

64.0 -1.04 13.2 -14.7

48617.69  Contam — 64.0 0.38 17.9 7.3

48651.60  Contam — 69.7 0.72 13.1 10.0

48768.30  CH30CHO 493-399FE/A 66.8 -0.29 228 -6.9

48902.83  CH5CHO 211-202A 62.5 -0.89 11.4 -10.8

48990.95 CS 1-0 80.3 -11.93 153 -188.6

61.5 -18.43 23.0 -451.1

32.7 -1.54 5.5 -1.9

6.4 -13.54 19.2 -288.5

21.6 -3.61 10.1 -36.9

-38.3 -11.27 11.6 -144.1

-76.6 -6.29 183 -119.6

-94.1 -3.16 6.1 -16.7

-105.3 -8.17 11.0 -94.1

49161.34  Hydrogen®” H(85)e (3287.8 0.36 68.4 26.2

49396.29  U? — 64.0 0.31 8.4 2.7

49461.85  Contam — 69.0 0.23 19.8 4.8

49466.46  CCCN N=5-4J=41.9 63.6 -0.48 20.4 -10.5
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Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)
4948525  CCCN N=5-4J=5-1 62.6 -0.58 24.1 -14.8
49556.79  Hydrogen H(79)5 76.4 0.50 40.6 21.5
49642.06 U U-49643.86 (33164.0 -0.42 12.3 5.6
49726.70  Hydrogen H(72)y 73.0 0.98 47.6 49.6
49746.08  U? — 64.0 0.29 7.7 2.3
49748.08  U? — 64.0 0.23 7.0 1.7
49806.46  U? — 64.0 -0.24 12.1 3.1
49839.64  NHj (19,19) 78.5 -0.38 11.7 -4.7
64.5 -0.67 10.9 7.8
49962.84  Contam — 73.8 0.61 9.0 5.8
61.0 0.52 10.8 6.0
50058.80  CH3SH 21+ 114A 65.3 -0.29 16.5 5.1
50094.90  CH30CHO” 499-391E 61.0 -0.39 10.2 4.2
50099.91  CH,CHCN 615-606 78.6 -0.84 11.1 9.9
64.7 -1.15 15.9 -19.5
50149.90  U? — 79.1 -0.26 6.6 -1.8
64.0 -0.22 11.0 2.5
5017541  CH3CHO 319-303E 82.0 -0.42 11.7 5.2
62.5 -0.50 20.1 -10.7

[1] Weakly masing.

[2] The line-of-sight absorption of the F=(2-1f) transition is blended with the F=(1-1f) transition and the F=(1-0f)

transitions.

[3] This could be 1-C3H F=(1-0f) at 10 kms~'or F=(2-1f) at -54 kms~!. The feature is detected towards L and is

evident, but not detected towards K4. If this is a U-line, the line should be shifted to 56 or 76 kms—! towards L;

however it is not significantly shifted. If the feature is a spiral arm cloud component, we would not expect to see it
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Table 3.7 — Line Identifications and Fit Parameters towards K6

Line Rest  Species Transition Velocity Height Width J I,dv
Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2
(MHz) arcsec™2) x kms™1)

towards K4 at these velocities, as strong foreground absorption is only detected towards K4 at ~2 kms~!.

[4] Blended with the 64 kms~! component of the F=(1-1) transition.

[5] Tentative because the velocity is unusual for this source.

[6] Blended with CH3OCH3 220-3;3.

[7] Tentative because the stronger EE transition is not detected.

[8] Tentative because the A-state transition is not detected.

[9] Generally arising from LMH, with some emission in the base of the K5 shell.
[10] The 64 kms~' component of HC'3CCN is blended with the 82 km s~! component of HCC'>CN.
[11] Blended with H(80)~.

[12] This may be line-of-sight absorption by OCS at ~35 kms™*.

[13] Blended with CH30CHO 35;-24.

[14] Blended with CH30OCHO 32;-29,E.

[15] This may be line-of-sight absorption by CH3;CHO at -39 kms™*.

[16] Blended with the wing of CH3CHO 2;;-14¢E.

[17] Detected in K6, L, and K4.

[18] Blended with HC5N J=(15-14).

[19] Multiple hyperfine components are blended.

[20] Possibly blended with NHo,CHO at ~0 kms™!.

[21] Blended with H(88)e.

[22] Unusual velocity, perhaps due to poor S:N or baseline issues.

[23] May be blended with line-of-sight absorption of CCS.

[24] Blended with line-of-sight absorption of HC3N.

[25] Blended with HSCN 4(4-33 towards K6.

[26] Due to line emission from ‘h’ (at 73 kms~!) and the LMH, the line profile is not representative of the gas

kinematics towards K6.
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Line Rest  Species Transition Velocity Height Width J I,dv

Frequency (kms™1) (mJy x (kms™')  (mly arcsec™2

(MHz) arcsec™2) x kms™1)

[27] Blended with line-of-sight absorption of '3CS.

[28] Blended with the N=1-0 J=1-1 transition.

[29] Blended with CH3CHO 149-101E.

[30] Blended with HC5N J=(18-17).

[31] Blended with the 82 kms™! component of CH,CHCN.

[32] Blend of H(85)¢, H(90)(, and CH3OCHO 43;-33E.

[33] This is at 74.9 km s~ with respect to a U-line at 49643.86 MHz in the LOVAS catalog.

Table 3.8 — Line identifications and fit parameters towards L.

Line Rest  Species Transition Velocity Height Width f IL,dv

Frequency (kms™h) (mJy x (kms™!) (mly arcsec™?2

(MHz) arcsec™2) x kms™1)

29901.40  CH30CH; 110-101EE/AA/AE/EA Me1.2 -0.28 28.7 -8.5

2991449  NHj 11,11) 74.0 -1.21 14.9 -19.2
54.9 -1.16 15.3 -19.0
20.2 -0.31 14.5 -4.8

29971.48  Hydrogen H(75)5 76.6 1.42 26.2 39.5

29979.38  +-CH3CH,OH 312-303 59.1 -0.49 15.8 -8.2

30001.55 SO 19-0; 73.7 -4.10 17.1 -70.1
56.1 -8.86 14.2 -133.1
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2

(MHz) arcsec™2) x kms™1)

16.7 -0.96 26.1 -18.0

-10.4 -0.59 17.4 -10.9

-38.1 -0.40 20.1 -8.7

-75.6 -0.52 114 -6.3

-104.3 -0.25 11.8 -3.1

30500.20  Hydrogen H(85)y 74.6 0.54 29.8 17.0

30586.57 U? 56.0 -0.24 11.2 -2.8

30707.38  Hydrogen H(93)d 77.1 0.36 31.3 11.9

30865.74  U? — 56.0 -0.23 12.0 -3.0

31106.15  CH30CHj; 211-202EE/AA/AE/EA (1163.6 -0.46 253 -12.3

31186.68  Hydrogen H(74)8 75.6 1.68 27.2 48.7

31223.31  Hydrogen H(59)« 76.3 6.55 26.3 189.8

31236.04  Helium He(59)a 79.1 0.44 22.0 10.3

31262.33  NaCN/NaNC 202-101 57.5 -0.27 404 -11.8

3142494  NHj; (12,12) 76.8 -2.15 134 -30.7

57.0 -2.58 14.9 -41.0

19.4 -0.51 134 -1.3

31482.38  Hydrogen H(99)e 73.5 0.21 37.6 8.6

31583.40  Hydrogen H(84)y 75.3 0.69 31.2 23.0

31698.47  Hydrogen H(92)6 75.2 0.29 223 6.9

31951.78  HCs;N 12-11 73.9 -0.49 10.6 -5.6

56.3 -0.78 14.0 -11.7

32468.48  Hydrogen H(73)5 76.5 1.82 28.3 54.8

3264021 U  — 59.9 -0.28 332 -9.9

32660.65  [-CsH J=3-1 Q=1 F=2-1e 57.0 -0.38 13.3 -5.4
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
27,7 -0.27 44.1 -12.7
32672.52  cis-CHoOHCHOBC  455-4,3 63.5 -0.26 28.1 -1.7
32718.50  Hydrogen H(83)y 75.2 0.83 26.5 233
32732.67  Hydrogen H©O1) 76.1 0.48 241 12.3
32742.82  -CH3CH2OH 413-404 60.2 -0.61 21.9 -14.3
32852.20  Hydrogen H(58)« 75.8 7.08 27.3 214.5
32865.58  Helium He(58)a 74.4 0.63 28.5 19.1
32978.23  CH30CH3; 312-303sEE/AA/AE/EA 167.0 -0.89 28.8 -27.2
33156.85 NHj; (13,13) 74.9 -0.93 13.9 -13.7
55.6 -1.04 14.3 -15.8
19.8 -0.26 11.7 -3.3
33354.01  cis-CH,OHCHO? 212-101 58.6 -0.27 26.6 -1.8
33420.88  Hydrogen HO7)e 68.3 0.22 56.0 133
33704.82  CH2NH 111-202 73.8 -1.58 144 -24.3
559 -0.97 14.0 -14.4
33751.37  CCS 32-2; 75.3 -1.55 154 254
56.1 -2.26 15.2 -36.7
5.1 -0.29 33.1 -10.2
33812.37  Hydrogen H(90)d 75.1 0.47 26.2 13.1
33821.51  Hydrogen H(72)3 71.0 1.83 29.1 56.5
33908.67  Hydrogen H(82)y 76.9 0.91 26.6 25.7
34156.88  CH30CHO 313-212E/A 56.2 -0.30 34.8 -11.0
3435145  H.CS 101-000 71.7 -0.35 12.3 -4.6
57.6 -1.10 154 -18.0
34408.63  HSCN 303-202 58.2 -0.40 12.9 -5.4
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
34450.03  Hydrogen H(96)e 77.7 0.41 12.8 5.5
3452290 U? 56.0 0.28 11.2 3.4
34596.38  Hydrogen H(57)a (3185.2 4.80 17.5 89.5
B171.5 6.37 17.9 128.6
3461048  Helium He(57)a 77.2 0.65 25.9 17.9
3461438  HCs;N 13-12 59.7 -0.70 22.0 -16.4
3468437  CCCSP 6-5 [461.1 -0.39 16.0 -6.7
34824.07 CH3CH,CN 414-313 523 -0.34 223 8.2
34940.09  Hydrogen H(89)) 74.4 0.55 223 13.0
35134.30  NHj (14,14) 76.3 -0.59 9.3 5.8
54.7 -0.46 13.6 -6.7
35157.27  Hydrogen H(81)y 75.5 1.00 25.4 272
35250.77  Hydrogen H(71)8 76.4 2.18 26.8 62.1
35267.41  H'“CCCN 4-3 76.6 -0.69 12.2 -8.9
56.4 -1.06 13.9 -15.7
35521.88  Hydrogen H(95)e 73.5 0.33 28.4 9.9
35593.40  CH30CHj 4,3-40,EE/AA/AE/EA (1174.9 -0.73 12.9 -10.0
60.8 -0.58 15.7 9.8
35722.21  CH3CH,CN 404-303 76.9 -0.27 15.4 4.3
55.1 -0.41 13.8 -6.0
35733.12  '3CH3CNAY 20-10/21-11 77.3 -0.23 11.8 2.9
55.5 -0.34 24.4 -8.9
36102.22  CH30CHO 303-202A 55.2 -0.42 12.7 5.7
3610479  CH30CHO 303-202E 58.3 -0.32 11.5 -4.0
36118.53  Hydrogen4®¥ H(88)) 79.1 0.52 40.6 22.6
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
36169.29  Contam — 74.9 -17.01 11.7 -239.9
36237.99  HC!CCN 4-3 75.9 -0.44 15.2 -7.1
5152.2 -1.13 20.0 -24.0
36241.48  HCC!CN 4-3 55.9 -1.25 12.7 -16.9
36299.95 H,COHT 111-202 73.8 -0.31 114 -3.7
36309.63  SiS 2-1 58.8 -0.60 16.5 -10.5
3639232 HC3N 4-3 73.1 -6.73 14.9 -106.6
55.8 -13.17 15.2 -213.7
14.1 -0.67 27.1 -14.5
-6.1 -0.36 9.7 -3.7
3641724  +-CH3CH,OH 514-505 61.1 -0.40 10.3 -4.3
36466.26  Hydrogen H(56)a” (61743 7.86 28.6 264.2
36467.94  Hydrogen H(80)y 56.4 0.71 11.2 8.5
36481.12  Helium He(56)a 74.8 0.83 28.0 24.7
36488.81  OCS 3-2 55.8 -0.42 11.3 -5.0
36739.67 CH3CH2CN 413-312 59.5 -0.64 10.8 -14
36761.72  Hydrogen H(70)5 76.6 1.98 27.1 57.3
36777.28  CHL3CNAY 20-10/21-11 74.1 -0.33 11.2 -3.9
55.7 -0.24 19.2 -4.9
3679547  CH3CN 20-10/21-11 72.7 -6.05 21.6 -144.7
574 -6.31 19.5 -130.7
15.6 -0.55 314 -26.4
36930.70  Z-CH3;CHNH 202-101E/A 559 -0.42 27.5 -12.2
37018.92  CH,CHCN 414-313 77.6 -0.35 9.8 -3.7
58.2 -0.52 14.2 -7.9
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2

(MHz) arcsec™2) x kms™1)

37182.66  CH3C3NBC 91-81/99-7¢ 68.8 -0.30 36.7 -11.6

37276.99  HCsN 14-13 57.2 -0.59 14.6 -9.2

37350.57  Hydrogen H(87)d 72.8 0.53 24.6 13.9

37385.12 NHj3 (15, 15) 76.4 -0.99 15.1 -15.9

58.0 -1.33 19.1 -27.0

19.0 -0.36 27.8 -10.8

-11.3 -0.25 41.6 -11.0

37464.17  CH3CHO 212-111A 75.4 -1.31 16.9 -23.6

55.8 -1.62 13.8 -23.7

37665.30  U? — 56.0 0.41 6.7 29

37686.87  CH3;CHO 212-111E 76.5 -1.63 11.5 -20.0

57.0 -1.64 14.0 -24.4

37844.59  Hydrogen H(79)y 74.2 0.90 27.5 26.4

37904.85  CH2CHCN 404-303 75.5 -0.77 13.3 -10.9

57.9 -1.30 15.3 -21.2

38271.02  E-HNCHCN 404-303 73.0 -0.43 9.6 -4.4

54.0 -0.38 12.5 -5.0

38360.27  Hydrogen H(69)3 77.4 2.15 27.0 61.9

38473.36  Hydrogen H(55)« 71.3 7.86 27.2 222.6

38489.04  Helium He(55)a 76.1 0.45 26.3 12.6

38506.04 CH3CHO 2p2-101E 75.1 -3.39 134 -48.3

55.9 -4.12 134 -58.6

38512.11  CH3CHO 2p2-101A 76.6 -2.86 12.7 -38.5

57.5 -4.60 16.0 -78.5

54 -0.37 25.5 -9.9
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
38506.04 CH3CHO? 202-101E 770 -0.45 10.1 4.8
38639.30  Hydrogen H(86)) 75.0 0.57 30.0 18.3
38847.73  CH,CHCN 413-319 76.7 -0.46 10.9 5.3
56.6 -0.87 11.6 -10.7
39016.76  Hydrogen H(92)e 76.7 0.38 29.6 12.0
39139.14  U? — 56.0 -0.46 9.6 -4.7
39148.05  U? — 56.0 -0.48 8.9 -4.5
39291.42  Hydrogen H(78)y 77.4 0.96 30.9 31.7
39362.50  CH3CHO 211-110E 73.3 -1.51 11.7 -18.9
55.9 -1.84 14.5 283
39527.73  Hydrogen H(97)¢ 76.4 0.47 35.0 17.3
39571.33  CCCN N=4-3J=5-1 54.8 -0.48 11.1 -5.6
39594.29  CH3CHO 211-110 A 77.9 -1.40 14.2 213
56.9 -1.52 13.7 222
39847.97  U? — 56.0 -0.54 9.3 5.3
39927.87 U — (7156.7 -0.61 14.0 9.1
39939.57  HCs;NB-Ad 15-14 (8171.1 -0.80 11.6 9.9
39941.41  NHZAY (16,16) 91737 -0.51 10.1 5.5
56.3 -0.54 29.5 -16.9
39956.70  ¢-HyC30 313-210 74.3 -0.49 11.0 -5.7
56.8 -0.82 10.6 93
39988.02  Hydrogen H(85)) 79.0 0.63 31.0 20.7
40052.88  Hydrogen H(68)3 76.6 2.40 26.3 67.3
40211.39  CH3NC 20-1p 73.7 -0.49 10.1 5.3
57.8 -0.59 12.9 8.2
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
37.8 -0.57 10.6 6.5
40239.70  CH,CNP” 202-101 J=3-3 77.1 -0.72 22.0 -16.9
F1=I-5p=1.2 54.2 -2.70 25.1 72.2
4024222  CH,CN?P 202-101 J=5-3 52.4 -0.77 9.1 1.5
4024434  CH,CNP 202-101 J=5-3 54.5 -1.13 19.4 233
FI=3-3 =3
4024754  CH,CNP 202-101 J=3-1 56.2 -2.05 18.0 -39.2
40250.43  CH,CN® 202-101 J=3-3 54.0 -0.75 20.6 -16.4
Fl1=3-1 F=1-1
40253.88  CH,CN” 202-101 J=3-3 54.9 -0.67 19.6 -13.9
40256.79  CH,CN” 202-101 J=3-1 52.4 -0.61 15.8 -10.3
4028329  Hydrogen H(91)e 74.2 0.64 20.3 13.8
4035277  Si'%0 1-0 55.8 -1.10 12.6 -14.8
4040439 U? — 56.0 0.59 8.8 5.6
40455.62  HyNCOt? 202-191 F=1-0 71.8 -0.43 22.8 -10.4
40630.50  Hydrogen H(54)a 76.6 8.65 26.4 242.5
40647.06  Helium He(54)a 75.8 0.92 19.6 19.2
40658.60  CH,CN? 211-119 J=5-3 80.3 -0.43 15.6 7.2
55.9 -0.79 28.8 24.4
40793.84  H,CCO 211-110 59.5 -0.62 11.8 -7.8
40812.95  Hydrogen H(77)y (3187.7 0.98 12.5 13.0
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2

(MHz) arcsec™2) x kms™1)

68.9 1.12 16.6 19.9

40875.44  NH,CHO 212-111 74.6 -2.96 15.5 -48.7

56.0 -3.11 15.1 -49.9

41400.26  Hydrogen H(84) 75.9 0.84 259 233

4160524  Hydrogen H(90)e 80.2 0.56 232 13.8

41846.55  Hydrogen4%¥ H(67)5 75.8 2.52 26.0 69.6

42031.94  ¢-H2C30 303-202 60.8 -0.49 9.4 -5.0

42373.34  39Si0 1-0 76.2 -3.02 10.6 -34.1

54.9 -4.35 19.0 -88.2

42386.06 NH,CHO 2p2-101 72.8 -4.58 15.8 -77.2

57.7 -7.60 15.6 -126.1

42414.09  Hydrogen H(76)~ 74.4 1.09 31.6 36.8

42602.15  HC3;NBC 16-15 64.5 -0.50 21.1 -11.3

42674.19  HCS™ 1-0 74.8 -0.90 9.5 -9.1

56.4 -1.39 15.6 -23.0

42839.92  NHj 17,17) 75.6 -0.96 15.6 -15.9

52.8 -0.75 10.9 -8.7

42879.94  2%SiO 1-0 73.6 -3.84 11.9 -48.5

55.2 -8.43 13.0 -117.0

17.9 -0.91 10.5 -10.2

-74.5 -0.85 9.3 -8.4

42951.97  Hydrogen H(53)« 76.2 10.21 26.9 292.0

42969.47  Helium He(53)a 75.6 1.11 253 29.9

43026.60  +-CH3CH,OH 111-090 56.4 -0.71 9.0 -6.9

43303.71  +-HCOOH B¢ 212-111 65.1 -0.62 26.0 -17.2
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2

(MHz) arcsec™2) x kms™1)

4342385  SiO 1-0 73.0 -13.30 19.9 -272.2

539 -16.94 14.5 -261.5

335 -3.74 9.2 -32.4

18.9 -7.45 12.6 -100.0

4.4 -2.63 19.9 -55.6

-31.6 -1.17 26.3 -32.8

-75.1 -4.24 11.3 -51.0

-104.8 -0.63 20.4 215

43748.95  Hydrogen H(66)5 75.5 2.68 28.6 81.6

4395445  NH.CHO 211-110 72.4 -3.05 17.0 -55.2

55.7 -3.31 15.3 -53.9

44084.17  H'¥CCCN 5-4 73.5 -0.80 11.6 -9.9

57.1 -1.15 9.4 -11.5

44100.09  Hydrogen H(75)y 78.0 1.26 27.0 36.3

4410478  ¢-C3H, B 391-312 (10l71.7 -1.40 10.9 -16.2

57.2 -0.84 10.1 9.1

44430.71  Hydrogen? H(82)d (11174.9 0.56 50.3 30.2

44497.60  CC*1S 45-39 54.9 -0.75 104 -8.3

44587.40  ¢-H,C305¢ 312-211 66.8 -0.64 23.0 -15.8

44911.75 +HCOOH 202-101 75.0 -0.41 10.9 -4.8

55.7 -0.46 8.8 -4.3

4526472  HCsN? 17-16 78.1 -0.40 13.0 -5.5

45297.35 HC'CCN 5-4 74.4 -0.55 18.4 -10.8

®l50.8 -0.64 17.8 -12.2

45301.71  HCC'3CN 5-4 533 -0.40 19.4 -8.2
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)
4532348 U? 56.0 -0.19 26.4 -5.5
45379.03  CCS 45-39 76.1 -1.06 9.1 -10.3
54.7 -1.26 11.7 -15.6
4539579  CH30OCHO? 414-313E 74.5 -0.32 10.2 -3.5
56.2 -0.37 16.3 -6.4
45397.38  CH30OCHO 414-313A 54.4 -0.22 10.3 24
4545372 Hydrogen H(52)«x 76.9 3.57 21.2 80.4
45490.34  HC3N 5-4 78.6 -2.08 9.1 -20.1
533 -4.88 11.3 -58.7
16.7 -0.46 16.5 -8.0
45768.44  Hydrogen H(65)3 77.9 0.92 22.6 222
45843.57  Contam —_ 12l62.4 -0.33 12.0 43
45909.51  CH3CH,CNBC S514-413 62.5 -0.34 28.3 -10.1
4612330 NHZC (18,18) 65.0 -0.31 33.8 -11.0
46247.56  13CS 1-0 79.6 -0.47 5.7 -2.8
54.9 -2.66 10.7 -30.2
4626693  CH,CHCN 515-414 76.0 -0.46 9.1 -4.4
56.2 -0.32 12.5 -4.2
46755.61  ¢-C3Ho 211-202 76.7 -0.55 9.5 -5.6
55.0 -0.52 13.0 -7.1
47064.83  SiCy 202-101 53.7 -0.33 7.6 -2.7
4720521  13CH30H 191-0go++ 51.2 -0.45 9.7 -4.6
47354.65  CHyCHCN S05-404 75.9 -0.65 10.6 -1.3
60.3 -0.51 18.2 -9.8
4776435  Hydrogen H(80) 84.7 0.19 39.0 7.7

Continued on next page




142

Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2

(MHz) arcsec™2) x kms™1)

47820.62 CH3CHO l10-101A 73.2 -0.32 10.2 -3.5

52.7 -0.31 15.3 -5.1

47914.18  Hydrogen H(64)5 78.0 0.86 16.9 15.5

48153.60  Hydrogen H(S)a 88.9 1.12 16.3 19.5

75.0 3.25 20.1 69.5

4817322  Helium He(5Da 75.5 0.42 124 5.5

48206.94  C3*S 1-0 79.0 -0.91 6.1 -5.9

55.8 -3.30 12.6 -44.3

29.8 -0.20 5.3 -1.1

2.6 -0.55 16.8 -9.8

4837246  CH30H 191-0go++ 79.7 -2.01 9.9 -23.6

50.4 -4.18 12.7 -58.0

48376.89  CH30H 191-000 56.2 -1.35 17.6 -25.4

48990.95  CS 1-0 (13182.7 -0.73 53 -4.1

13167.0 -2.63 8.7 -28.7

53.8 -4.91 11.7 -60.7

22.6 -2.16 22.6 -51.9

2.8 -3.04 18.3 -59.2

-35.5 -2.18 20.1 -46.7

-75.8 -1.90 9.8 -19.8

-106.5 -0.96 8.1 -8.3

49671.55 U? — 56.0 0.55 104 6.1

49726.70  Hydrogen H(72)~ 71.5 0.49 13.0 6.7

49962.84  NH.D 21208-2020a 73.5 -0.58 8.1 -4.9

[1] Transitions of CH30CH3 towards L are more kinematically consistent with being the AA transition than the EE
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Table 3.8 — Line Identifications and Fit Parameters towards L

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™!') (mly arcsec?2
(MHz) arcsec™2) x kms™1)

transition, although the EE transition has a higher quantum line strength. Towards K6 and K4, the EE transitions are
more kinematically consistent.

[2] Blended with the F=(1-1) transition.

[3] One of only two recombination line fit with two components towards this source. Possible blending.

[4] Blended with CH3OCH3s 290-313EE & AA.

[5] The 56 kms~! component of HC'3CCN is blended with the 76 kms~! component of HCC3CN.

[6] Blended with H(80)~.

[7] Detected in K6, L, and K4.

[8] Blended with NH3 (16, 16).

[9] Blended with HC5N J=(15-14).

[10] Blended with H(75)~.

[11] Blended with H(88)e.

[12] This corresponds to the 935-104 g line produced by CH3OH in the hot cores. The beam pattern falls near L.

[13] The profile of CS is atypical of line profiles towards L. Instead of absorbing components at 56 and 76 kms~!,
we observe strong absorption at 56 kms™?, fairly strong absorption at 67 kms~?!, and a weak absorption component

at 82 kms~!. The 76 kms~! component does not appear in absorption.
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Table 3.9 — Line identifications and fit parameters towards K4.

Line Rest  Species Transition Velocity Height Width [ 1,dv
Frequency (kms™1) (mJy x (kms™1) (mlJy arcsec ™2

(MHz) arcsec ™ 2) x kms™1)

29901.40  CH30CH; 110-191EE/AA/EA/AE 62.4 -0.24 227 5.8

29914.49  NHg (11,11) 82.9 -1.64 15.9 27.8

63.3 -2.49 20.2 -53.4

0.1 -0.54 17.5 -10.1

29971.48  Hydrogen H(75)3 67.9 0.87 30.2 27.8

29979.38  +-CH3CH,OH 319-303 [1183.0 0.24 11.9 3.0

4.7 -0.25 12.2 3.2

30001.55 SO 19-0, 83.3 -7.41 15.8 -115.6

63.7 -9.84 15.6 -163.9

3.0 -0.89 17.5 -16.6

30500.20  Hydrogen H(85)y 66.2 0.28 35.4 10.4

30707.38  Hydrogen H(93)) 56.3 0.31 52.9 17.3

3110223 U — 62.0 -0.21 16.6 -3.7

31106.15  CH30CH3 211-202EE/AA/EA/AE 65.6 -0.44 20.9 9.8

31186.68  Hydrogen H(74)8 68.3 0.78 37.0 30.7

3122331  Hydrogen H(59)cx 104.8 0.42 17.5 7.9

72.9 2.95 27.6 86.9

54.7 1.60 16.5 28.1

31236.04  Helium He(59)a 68.6 0.21 343 7.5

3126233  NaCN/NaNCPBC  205-1¢; 70.1 -0.23 33.0 -8.0

3142494  NHs (12,12) 82.4 -2.57 16.8 459

62.1 -3.74 17.8 -70.9

0.6 -0.80 155 -13.2

31583.40  Hydrogen H(84)y 74.8 0.23 62.4 15.2

31727.07  cis-CH,OHCHO  593-514 2157.0 -0.21 13.3 -3.0
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Table 3.9 — Line Identifications and Fit Parameters towards K4

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2
(MHz) arcsec™?) x kms—1)
31833.03  ¢is-CH,OHCHO  644-615 2157.0 -0.27 15.5 4.4
31914.62 H,COH™ 303-212 1160.0 0.25 17.9 4.7
31951.78  HCsN 12-11 83.3 -0.20 11.1 2.3
64.0 -0.35 12.6 -4.7
32373.67  NaCN/NaNC? 211-110 83.3 -0.21 20.0 -4.5
32398.56  SCHzOHM@sem 4, 4303 58.0 0.82 17.9 15.6
32468.48  Hydrogen H(73)8 65.6 0.62 37.5 24.9
32660.65  I-C3H J=3-1 Q=1 F=2-le 66.9 -0.22 16.4 -3.8
32672.52  cis-CH,OHCHO  499-43 65.9 -0.19 25.5 -5.1
32709.18  CH3CHO 404-313A 58.7 -0.17 20.4 3.7
32718.50  Hydrogen H(83)y 66.4 0.22 28.1 6.5
32742.82  t-CH3CH,OH? 4y3-doy 2.0 -0.33 11.1 3.9
32852.20  Hydrogen H(58)a 104.5 0.39 17.7 7.3
70.3 2.42 33.1 85.5
59.1 1.44 143 22.1
32865.58  Helium He(58)a 66.7 0.29 25.8 7.9
32978.23  CH30CH3 319-303EE/AA/AE/EA 63.6 -0.42 243 -10.8
33156.85  NH; (13,13) 82.0 -1.16 15.9 -19.8
62.5 -1.34 18.5 -26.5
3.3 -0.22 34.5 -8.2
3333434 U? — 3162.0 0.23 8.1 1.9
33704.82  CHyNH 111-202 79.0 -1.50 16.3 -26.1
58.9 -3.98 17.4 -73.7
33751.37  CCS 3524 84.3 -1.09 14.8 -17.2
65.1 -1.06 14.9 -16.8
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2
(MHz) arcsec™?) x kms—1)
33821.51  Hydrogen H(72)8 66.1 0.65 25.7 17.6
33908.67  Hydrogen H(82)y 68.5 0.26 35.8 9.7
34351.45  H,CS 191-000 82.2 -0.21 21.0 4.7
65.6 -0.23 9.3 2.3
3435253 U? — [4162.0 0.23 8.7 2.1
34596.38  Hydrogen¥ H(57)a 89.4 0.73 28.9 22.4
67.6 2.04 13.3 28.9
55.0 1.20 28.9 36.9
34614.38  HCsN 13-12 62.4 -0.34 13.7 -5.0
34684.37 CCCSP 6-5 5171.9 -0.17 30.4 5.6
34824.07 CH3CH,CN 414-313 82.5 -0.31 12.1 -4.0
65.1 -0.22 14.7 3.4
35065.73  CHyNH 303-212 2160.4 2.44 17.7 45.9
3513430 NH; (14,14) 82.2 -0.88 143 -13.3
63.5 -0.92 18.4 -18.0
35157.27  Hydrogen H(81)y 68.2 0.19 325 6.7
35185.80  U? — 62.0 0.22 7.9 1.8
35250.77  Hydrogen H(71)8 67.1 0.56 37.9 225
35267.41  H'“CCCN 4-3 85.0 -0.43 12.8 5.8
64.5 -0.47 13.2 -6.6
2.1 -0.26 9.5 2.6
35360.93  c-C3H, 440-431 62.7 -0.20 10.4 22
35593.40 CH30CH3 413-40,EE/AA/AE/EA 63.7 -0.34 25.3 9.1
3572221  CH3CH,CN 404-303 83.5 -0.55 12.8 1.5
63.8 -0.30 12.2 4.0
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2

(MHz) arcsec™?) x kms—1)

35733.12  '3CH3CNBC¢ 20-10/21-14 80.2 -0.24 34.9 -9.1

3590698 U — 60.4 -0.23 29.6 -1.3

36070.55 U? — 62.0 0.24 10.9 2.8

36169.29  CH3OHMaser 4_1.4-303 58.1 617.11 9.2 5263.7

1.0 1.66 10.9 19.2

36237.95  HC!3CCN 4-3 78.5 -0.47 16.3 -8.1

6157.3 -0.60 15.1 9.6

36241.44  HCC!CN 4-3 64.3 -0.54 14.5 -8.3

36299.95  H,COH™ 111-202 60.8 -0.28 19.5 -5.8

36309.63  SiS 2-1 62.1 -0.26 12.6 -3.5

3639232  HC3N 4-3 83.2 -6.22 12.2 -81.1

64.3 -5.02 13.5 -72.2

1.1 -2.33 11.7 -31.9

36466.26  Hydrogen H(56)a®” [71101.3 0.34 30.2 11.1

65.4 2.60 32.6 94.6

36739.67 CH3CH2CN 413-312 80.3 -0.33 17.8 -6.3

60.9 -0.46 10.8 -5.3

36761.72  Hydrogen H(70)5 61.1 0.41 36.4 16.1

36777.28  CHA3CN 20-10/21-14 71.7 -0.25 29.5 -1.7

57.6 -0.17 8.0 -14

3679547  CH3CN 20-10/21-14 84.4 -4.02 224 -95.8

64.3 -3.94 142 -59.5

4.0 -1.57 18.4 -40.4

36930.70  Z-CH3;CHNH 202-101E/A 67.2 -0.32 14.5 -5.0

37018.92  CH,CHCN 414-313 80.0 -0.30 14.2 -4.5

Continued on next page
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Table 3.9 — Line Identifications and Fit Parameters towards K4

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2

(MHz) arcsec™?) x kms—1)

61.1 -0.47 13.7 -6.9

37182.66  CH3C3N? 91-81/90-70 72.5 -0.24 10.6 2.7

37276.99  HCs;N 14-13 62.4 -0.31 10.8 -3.5

37350.57  Hydrogen H(87)6 69.0 0.24 11.9 3.1

37385.12  NHj; (15, 15) 82.7 -1.20 16.8 -21.5

64.8 -0.86 23.2 -21.3

-0.1 -0.34 19.9 -1.3

37464.17  CH3CHO 212-111A 78.7 -0.75 15.3 -12.2

60.0 -1.05 14.2 -15.8

0.4 -0.39 13.5 -5.5

37536.85 U? 62.0 0.24 15.5 4.0

37686.87  CH3CHO 212-111E 80.6 -0.52 12.8 -7.1

61.3 -1.11 13.0 -154

37703.70  CH30H 7_26-8_138 56.8 -0.70 15.3 -11.4

37904.85 CH,CHCN 404-303 F=4-3 82.5 -0.69 14.2 -10.5

63.0 -0.67 14.0 -9.9

38326.81 U? — 62.0 -0.28 7.5 2.2

38360.27  Hydrogen H(69)5 64.7 0.51 36.4 19.9

3847336 Hydrogen“¥ H(55) 93.1 0.56 329 19.7

67.8 1.54 16.4 27.0

53.3 1.07 27.9 31.8

38506.04 CH3CHO 202-101E 83.5 -1.31 139 -19.3

63.8 -1.55 19.5 -32.1

38512.11  CH3CHO 202-101A 83.8 -1.35 10.8 -15.4

Bl61.5 -1.81 24.8 -47.8

Continued on next page
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Table 3.9 — Line Identifications and Fit Parameters towards K4

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2

(MHz) arcsec™?) x kms—1)

0.7 -0.74 11.3 -8.9

38847.73  CH,CHCN 413312 83.7 -0.45 15.2 73

61.0 -0.39 15.9 -6.6

39047.30  CH30CH; 514-50sEE/AA/AE/EA 63.8 -0.34 24.9 9.1

39362.50  CH3CHO 211-110E 80.7 -0.66 13.1 9.2

60.6 -0.62 13.3 -8.8

39594.29  CH3CHO 211-110A 82.2 -0.63 18.4 -12.4

58.7 -0.52 11.7 6.5

3992477  CH,CN 212-111 82.0 -0.32 21.5 73

60.1 -0.58 11.8 7.2

39927.87 U — Bl61.7 -0.37 9.5 3.8

39941.41  NHZ (16,16) (10179 8 -0.72 29.3 225

39956.70  ¢-H»C30 313212 82.3 -0.48 9.4 -4.7

40039.02  H,CCO 299-113 81.3 -0.33 12.3 4.4

40052.88  Hydrogen H(68)3 64.8 0.66 215 15.0

40239.19  CH,CN® 202-101 J=3-3 [1184.5 -0.53 7.9 -4.4

40239.70  CH,CN® 202-101 J=3-3 11812 -1.23 6.5 -8.5

Fl=I-2 F=I-2 [11159.2 -1.44 28.7 -43.8

40247.54  CH,CN® 202-101 J=3-1 (11825 -0.95 16.1 -16.3

F1=3-3 F=3-3 [11]58.7 -0.87 15.7 -14.4

40256.79  CH,CNPBC 202-101 J=3-1 (1171.5 -0.30 40.2 -13.0

Fi=j-§ P35
4034734 U — 62.0 0.33 10.6 3.7
40352.77  Si'%0 1-0 66.7 -0.34 14.0 -5.0

Continued on next page
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2

(MHz) arcsec™?) x kms—1)

40577.83  U? — 62.0 -0.32 13.3 4.5

40630.50  Hydrogen H(54)a 103.3 0.24 37.2 9.3

72.9 1.47 17.5 27.4

55.7 1.74 12.9 23.8

40658.60  CH,CNBC 211-149 J=3-3 21715 -0.44 28.1 -13.2

40875.44  NH,CHO 215-111 (12176.6 -1.84 27.3 -53.7

2156.0 -1.68 13.4 -24.0

2.8 -0.69 15.1 -11.0

41124.95  t-CH3CH,OH? 615-606 68.6 -0.31 6.8 2.3

4174137  U? 62.0 0.29 8.5 2.6

41846.55  Hydrogen H(67)8 65.3 0.46 27.8 13.7

4237334 30Si0AY 1-0 81.1 -1.32 13.8 -19.4

63.2 -1.87 18.8 -37.6

42386.06  NH,CHOAY 202-101 79.1 2.79 225 -68.5

2155.3 -2.61 14.6 -40.3

0.6 -2.10 13.2 273

42602.15  HCyNAY 16-15 80.7 -0.22 7.6 1.7

65.7 -0.33 10.0 3.5

42674.19  HCS* 1-0 82.5 -0.53 9.4 5.3

42839.92  NHj (17,17) 78.7 -0.52 17.1 9.5

60.2 -0.49 12.4 6.5

42879.94  2°Si0 1-0 78.1 -2.62 19.6 -54.6

59.6 -2.78 10.7 -31.8

22 -0.93 10.0 9.9

4295197  Hydrogen H(53)a 70.6 1.63 15.1 26.2

Continued on next page
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Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2

(MHz) arcsec™?) x kms—1)

55.8 1.29 17.7 24.2

43423.85  SiO 1-0 82.9 -6.60 19.8 -139.1

60.3 -3.28 13.5 -47.2

1.5 -5.46 12.8 -87.0

4370042  U? e 62.0 0.39 7.7 32

43748.95  Hydrogen H(66)4 66.4 0.47 26.7 13.3

4395445  NH,CHO 211-110 85.3 -1.24 15.4 -20.3

62.2 -2.26 24.8 -59.6

13138 -0.31 26.2 -8.5

4397223 U 62.0 -0.39 9.4 -3.9

44069.48  CH3OHMaserAd 7.6, ++ 68.4 12.90 9.7 118.7

56.7 50.24 9.0 462.2

44084.17  H'3CCCNAY 5-4 82.5 -0.54 13.9 -8.0

64.8 -0.31 11.3 -3.8

4410478  ¢-C3H, B 391-312 14177.0 -0.46 9.5 -4.7

59.4 -1.34 12.9 -18.4

4419558 U? — 62.0 0.42 9.5 4.3

44592.31 U? — 62.0 -0.36 7.6 -2.9

44596.99  CH3CH.CN So05-404 65.0 -0.49 8.3 -4.3

[1] Weakly masing.

[2] Transition is at an unusual velocity for the source.

[3] A U-line at 33332.3 MHz is reported in the LOVAS catalog.

[4] This may be weak masing by HoCS at ~55 kms~. This velocity is similar to that at which the methanol masing

transitions emit towards this source.

[5] Blended with CH3OCH3 290-313AA & EE.

Continued on next page
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Table 3.9 — Line Identifications and Fit Parameters towards K4

Line Rest  Species Transition Velocity Height Width [ I,dv
Frequency (kms™1) (mJy x (kms™1) (mJy arcsec ™2
(MHz) arcsec™?) x kms™1)

[6] The 62 kms~! component of HC'>CCN is blended with the 82 km s~ component of HCC'>CN.
[7] Blended with H(80)~.

[8] Blended with foreground absorption by the E-state transition.

[9] Detected in K6, L, and K4.

[10] Blended with HC5N J=(15-14).

[11] Multiple hyperfine components are blended.

[12] This contains a bad spectrometer channel that could interfere with the fit.

[13] Possibly blended with HNCO 2¢2-1¢;.

[14] Blended with H(75)~.




Chapter 4

Constraining the Physical Structure and
Environment in Sgr B2(N): Insights

from an ATCA Survey at 7-mm

Note: This chapter is adapted from the published work: “An ATCA survey of Sagittarius B2 at 7 mm:
chemical complexity meets broad-band interferometry”, Corby, J. F., Jones, P. A., Cunningham, M. C.,
Menten, K. M. et al. (2015), The Monthly Notices of the Royal Astronomical Society, 790, 3696.
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Abstract

We present science results from a 30 - 50 GHz survey of Sagittarius B2(N) conducted with
the Australia Telescope Compact Array (ATCA) with 5 - 10 arcsec resolution. The work
utilizes the interferometric images and the output of the code presented in Chapter 3 to dis-
cuss the kinematics, spatial structure, and physical environment within gas located in Sgr
B2. The material of interest appears in absorption against the radio continuum produced
by HII regions in Sgr B2(N), and has physical conditions that are poorly constrained. The
data reveal that a diverse set of molecules persist in this gas, with 53 molecules detected
and additional isotopologues. We discuss three primary results and their implications for
the gas. First, the data confirm the presence of extremely subthermal molecular excitation
conditions, implying low or moderate densities. Secondly, line radiation spanning the full
spectra reveals substantial variation in molecular abundances or line excitation conditions
on small spatial scales of <10 arcsec. Third, the spatial distributions of species including
I-C3H™, CS, OCS, SiO, and HNCO indicate that the absorbing gas components likely have
high UV-fluxes consistent with a photodissociation region (PDR). We conclude that the
confluence of conditions, including strong X-ray, UV, and CR irradiation, in addition to
probable shocks may contribute to the observed chemistry. The data suggest that a multi-
tude of organic molecules, including nitriles, aldehydes, alcohols, and imines, either form
or persist in these conditions, and observed species provide promising, and in many cases

biologically relevant, targets for observations in other PDRs.

4.1 The Known Structure of Sgr B2

As described in §1.4.1, Sgr B2 is the most massive star forming GMC in the Galaxy,

and has physical properties that tend to be more extreme than in most star forming clouds.
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Particularly, the X-ray flux (Terrier et al. 2010), cosmic ray ionization rate (van der Tak
et al. 2006), and magnetic field strength (Crutcher et al. 1996) are 210 times the strength
in Sgr B2 compared to most star forming clouds, and shocks are believed to be pervasive
as well (Martin et al. 2008; Minh & Irvine 2006).

Sgr B2 has a complex physical structure with more than 50 known extended, compact,
ultra-compact, and hypercompact Hil regions embedded in an extended envelope of molec-
ular, atomic, and ionized gas (Gaume et al. 1995; Goicoechea et al. 2003; Jones et al. 2008).
The North, Main, and South (Sgr B2(N), (M), and (S)) cores of star formation (Figure 1.1)
have vy gg of ~55 - 70 kms™!, and many researchers have suggested that the star formation
is triggered by the collision of a cloud of gas at ~80 - 90 km s~! with the main body of Sgr
B2 at ~40 kms™! (e.g. Hasegawa et al. 1994; Sato et al. 2000).

Towards the North core of Sgr B2 (Sgr B2(N)), the focus of this study, continuum
emission is produced by a complex of HII regions, as observed in Gaume et al. (1995).
Two ~10 arcsec (= 0.4 pc) concentric shell-shaped regions — K5 and K6 — are thought
to be expanding ionization fronts (Figure 3.2). To the NW of these, the more compact
region K4 is thought to be a similar system at an earlier stage of development. Three sub-
arcsecond cores of continuum emission — K1, K2, and K3 — are located to the SW of K5
and K6. Finally, a cometary HII region, L, is located ~35 arcsec NE of the North core.

Molecular gas is observed in the foreground of the HII regions and in extended envelope
surrounding the cores (Huettemeister et al. 1995; Jones et al. 2008). Additionally, the LMH
hot core is a ~5 arcsec region surrounding K2 that is continuum-free at radio wavelengths,
but bright in submillimeter continuum (Miao et al. 1995; Qin et al. 2011). Similarly, the
“h” hot core, first identified as a quasi-thermal methanol core (Mehringer & Menten 1997)
produces submillimeter continuum emission (Qin et al. 2011) and line emission by many

complex organic species (Hollis et al. 2003; Belloche et al. 2013).
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4.2 Ionized Gas Structure

In Chapter 3, the results of the automated line fitter demonstrated that recombina-
tion line emission in the spectrum of K6 contains two kinematic components, at ~59 and
~85 kms™!, each about 28 kms~! wide and therefore poorly resolved. The profiles also
proved to be sensitive to the resolution of the image, with profiles sampled at higher spatial
resolution having more pronounced separation between the two components. Recombi-
nation line emission from L, on the other hand, had very well-behaved kinematics with
a single line component that was consistently at 73.6 &= 0.2. The line profiles observed
towards K4 were highly sensitive to the spatial resolution, and included two primary com-
ponents with velocities of ~ 70 and ~ 55 kms™! as well as a wing component at ~100
kms~!.

The double-peaked structure towards K6 was first reported by De Pree et al. (1995) in
an image of the H(66)« transition observed by the VLA with 1”4 resolution. This work
reported a 2-component recombination line profile located internal to the K6 shell at a
position roughly 2.5 arcsec north of our selected K6 region. The components were reported
at 50 and 93 kms™!, and De Pree et al. (1995) argued that the H(66)« line profile provides a
direct detection of the two sides of a shell with an expansion velocity of ~21 kms~!. In the
ATCA data, a double-peaked profile with components at ~50 and 90 kms™! is observed
towards the K6-internal position noted in that work. However, the spatial positions of the
peak 50 and 90 km s~ recombination line emission are offset, with the 50 kms component
centered on the base of the K6 shell within our K6 elliptical region, and the 90 kms™! gas
centered ~4 arcsec to the NW (Figure 4.1). At the K6 position used in this work, the
two components peak at somewhat more intermediate velocities of ~59 and 85 kms™!.

This is consistent with the picture of an expanding shell, as the K6 position on the edge-

on shell should exhibit a smaller velocity separation between the two sides of the shell
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than at the K6-internal position. As different positions on the edge-on shell are prominent
at different velocities, the data are consistent with the ionization front expanding into a
clumpy molecular cloud and preferentially illuminating at the position of a clumps on the
front and back sides of the shell.

The observed sensitivity of the line profiles to the spatial resolution can also be ex-
plained by inspecting this image. In the lower spatial resolution images, emission from
the K5 shell contributes significant flux to the spectrum extracted towards K6. The flux
originating from the K5 shell is at ~70 km s, and therefore fills in the space between the
two velocity components at K6.

Similarly, the recombination line emission profiles towards K4 were observed to be
highly sensitive to the beam size. The channel maps show a steep velocity gradient across
K4 which could account for the differences in line shape, with low velocity emission to the
NW and high velocity emission to the SE of K4. The high velocity emission located SE of
K4 appears to bridge K4 with the top of the K6 shell. This is a very interesting feature, for

which we do not presently offer a sound physical interpretation.

4.3 Molecular Composition of Absorbing Gas Components

We utilize the output of the automated line fitter to characterize the molecular compo-
sition of the gas clouds observed towards K4, K6, and L.

Nearly all of the molecular lines detected towards K6, L, and K4 are in absorption
against the free-free continuum emission. The following molecular species were detected
towards one or more of these regions. Tentative detections are marked with a “(?)”.

CS Family: CS, C31S, C33S, 13CS, 13C3!S, HCS*, H,CS, CCS, CC31S, OCS, CCCS

Silicon Species: SiO, 2Si0, 3°SiO, Si'®0, SiN, SiS, SiC,

Other Inorganic Molecules: SO, PN, Na"CI(?)
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Fig. 4.1 — Channel maps of the H(53)« transition at 42951 MHz shown in contours over the
40 GHz continuum in greyscale. The synthesized beams for the continuum and line images are
shown in the lower left corner. The figure shows a strong velocity gradient from the NW to the
SE of K4. The crosses mark the center positions of the regions selected for K4 and K6 (at the
base of the K6 shell) and indicate the peak position of the 90 kms~! gas. Notice the offset
positions of high and low velocity gas on the K6 shell and the velocity gradient observed at K4.
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Hydrocarbon Chains: [-CsH, [-CsH™, C,H

Ring Species: c-C3H,, c-H*CCCH, ¢-HCC'*CH, ¢-H,C30, ¢-H;COCH,

Amines: NH3, NH,D, CH3NH,(?), NH,CN, CH3CONH;, HaNCO™(?)

Isonitriles: CH;NC, HCCNC

Nitriles: CCCN, HSCN, NaCN/NaNC, CH,CN, CH3CN, CH3CN, '*CH;CN,
CH,CHCN, CH3CH,CN, HC3N, HCC'*CN, HC'®*CCN, H'*CCCN, HC;N, CH3C3N

Imines: CH,NH, E-CH3;CHNH, Z-CH;CHNH, HNCHCN

Aldehydes: H,CO, H,COH™, CH;CHO, NH,CHO, NH.3*CHO, CH;0CHO,
cis-CH,OHCHO, -CH,CHCHO, CH3;CH,CHO

Alcohols: CH30H, 3*CH30H, -CH3CH,0H, g’Ga-(CH,OH),

Other Oxynated Species: HNCO, -HCOOH, H,CCO, CH30CHj3;, (CH3),CO

Other Organic Species: CH;SH
The molecular inventory of the gas includes that reported in the more extended envelope of
Sgr B2 and in the north cloud, an extended cloud of material that peaks 1 arcmin north of the
Sgr B2(N) core (Jones et al. 2008, 2011). In a survey conducted with the Mopra telescope
over the same frequency range on a 6 arcmin X 6 arcmin field of view, the species CS,
HCS™, CCS, OCS, SiO, SO, HNCO, HOCO™, HC3N, HC5;N, CH30H, CH3CN, CH3CHO,
NH,CHO, CH,CN, and CH,;NH were detected in extended material around the North and
Main cores (Jones et al. 2011). All of these molecules except HOCO™ were detected in the
significantly more sensitive ATCA survey, along with an additional ~40 molecular species.
We note that the depletion of HOCO™ in the absorbing material is curious and refrain from
further interpreting this. In a 3-mm survey conducted with Mopra over a similar field of
view as the 7 mm survey, multiple other species detected here were observed to have an
extended distribution, including NH,CN, CH;0CH3, CH3OCHO, -CH3CH>OH, ¢-C3H,,
CH,>CHCN, CH3CH,CN, H,CO, H,CS, H,COH™, and CH3SH (Jones et al. 2008).
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In the ATCA spectra extracted towards K6, L, and K4, molecular lines were primarily
detected at two velocity components separated by ~20 kms~! towards all three regions.
The kinematics were characterized in the previous chapter, where Figure 3.11 shows a
histogram of the 25th - 90th percentile Gaussian fit parameters of identified molecular
lines, and Table 3.5 presents the mean fit parameters. K6 and K4 have velocity components
centered at 64 and 82 kms~! and 62 and 82 kms™! respectively, whereas L has velocity
components at 56 and 76 kms~!. While we do not include a full characterization of the
spectra towards the LMH and “h”, the spectra of these sources show that line emission from
the LMH hot core is at ~64 kms™! and emission from “h” is at 73 kms™', in agreement
with previous observations (Hollis et al. 2003; Belloche et al. 2013). Towards K6, L, and

K4, both primary velocity components have median line widths >10 kms™!

, indicating
highly supersonic turbulence.

A larger number of transitions are detected in the low velocity component gas towards
all three regions, and the low velocity component has a higher total integrated line in-
tensity in the detected transitions. Towards K6, the total integrated flux absorbed by the
64 kms~! component is a factor of 3.5 times greater than the total flux absorbed by the
82 kms~! component. Towards L and K4, the low and high velocity components typically
have more similar line intensities, with total integrated flux ratios of % = 1.7 and
1.1 respectively. The line height ratios, also tabulated in Table 3.5, show similar values. A
larger number of distinct molecules were detected towards the low velocity component gas
in K6 than towards any other position or velocity component.

While nearly all molecular lines appear in absorption, a few species exhibit weakly
masing transitions that appear in emission. Previous work has demonstrated that the un-

usual environment in the Galactic Center produces unique excitation conditions (Menten &

van der Tak 2004). For some large molecules, the conditions cause inversion of the energy
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levels in some low-J lines and anti-inversion in others, leading to weak maser emission in
the first scenario and enhanced absorption in the latter (see §1.2 of Menten 2004, and refer-
ences therein). In the spectra towards K6 and K4, two transitions of CH;NH are detected,
including the 117 — 2 transition in absorption and the weakly masing 33 — 215 transition in
emission. Both transitions are detected both in the high and low velocity gas components
towards K6, with similar morphologies over the K5 and K6 shells (Steber et al. in prep).
The maser emission is detected in the low velocity gas towards K4 as well. Additionally,
the 315 — 33 transition of r-CH3CH,OH is weakly masing in the high velocity gas compo-
nent (at 82 kms™1) towards K6 and K4, and HoCOH™ 3(3-2,, appears in emission towards
K4. Finally, the 1y, — 09 transition of H,CS may show weak masing at an offset velocity
in the low velocity gas in K4 (see Figure 4.2c), but further investigation would be required
to confirm this. No maser emission is detected towards L.

With the exception of ammonia inversion transitions, methanol masing transitions, one
transition of H,CO, and three transitions of c-CsHs, all detected molecular transitions have
lower state energies below 20 K, with most being below 10 K. For many of the detected
molecules, the highest quantum line strength transitions that fall in the 30-50 GHz range
are between low energy states; however, a number of stronger lines between higher energy
states (40-80 K) are missing. The gas is therefore rotationally cold. Given the typical
temperatures of molecular gas in the Galactic Center (=70 K) (Ao et al. 2013; Martin et al.
2008, and references therein) and the observed supersonic turbulence, excitation temper-
atures of Tg, ~10 K are highly subthermal. This result agrees with the conclusions of
Huettemeister et al. (1995), which determined that Ty, < 20 K < Ty;,, in the absorbing
gas components, and with multiple recent characterizations of species detected in absorp-
tion in Sgr B2(N), which have determined that Ty, ~ 9 K (Loomis et al. 2013; Zaleski et al.

2013; McGuire et al. 2013).
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Selected Continuum-Normalised Line Profiles
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Fig. 4.2 — Line profiles of CH3CHO, CH3CH>CN, CH>NH, and HsCS reveal differences in
the line optical depth ratios between all spatial positions and all velocity components. The
data (cyan) are overlaid with the automated line fits (black), and vertical dotted lines indicate
the velocities associated with the low and high velocity gas towards each region. a. In K6,
while CH3CHO and CH3CH2CN have similar line profiles, the selected transition of CHoNH
has a comparatively enhanced line strength in K6:82 kms™'; the line radiation by H,CS in
the K6:82 kms™! is significantly depleted to below the detection threshold. Towards L (b.)
and K4 (c.) the line profiles vary significantly, and line strengths do not scale linearly with
the strengths observed towards K6. The root-mean-squared noise in the extracted spectra are

shown in the lower left corner of each panel.
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Additionally, ammonia inversion transitions with lower state energies ranging from
1200 - 3500 K are detected in both velocity components towards K6, L, and K4. Most of
these transitions have been reported toward Sgr B2(N) previously with single dish observa-
tions (Huettemeister et al. 1995; Flower et al. 1995). Although ammonia inversion lines are
useful diagnostics of gas temperature (Ho & Townes 1983; Walmsley & Ungerechts 1983)
the very high energy transitions do not likely indicate the kinetic temperature of the molec-
ular gas, as the energy states may be populated due to formation pumping (Lis et al. 2012;
E. Bergin 2014, private communication). In work on Sgr B2 using Herschel data from the
HEXOS program, Lis et al. (2012) proposed that H;O" and NH3, which have homologous
structures with inversion transitions between metastable energy states, may be excited to
very high energy levels by excess energy available from formation in the presence of X-
ray radiation. While they favor an X-ray dominated environment for producing observed
abundance ratios of H;O™ and H,0O, they do not rule out cosmic ray or shock driven chem-
istry. Regardless of the exact scenario, the high energy ammonia transitions can only be
explained with significant energy available in the gas (via X-rays, CRs, or shocks). As
such, the ATCA data are decidedly not probing cold material in the two primary velocity
components towards K6, K4, and L, providing additional evidence that the gas is extremely
subthermally excited.

The presence of two velocity components at multiple positions across the field, the
spatial extent of the absorbing gas over the full continuum structure (Figure 4.4a), the
similar excitation conditions across the spatial field, and the similarity with the molecular
inventory observed in more extended material by Jones et al. (2011, 2008) suggests we may
be peering through two extended sheets of gas, perhaps with a kinematic gradient across the
field. Previous work has suggested that absorbing gas at ~65 and 82 kms™" is associated

with the extended envelope of Sgr B2 (Huettemeister et al. 1995) and is not internal to the
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core. If the components are located in the envelope, they would be anywhere from 3 - 10
pc from the cores (Huettemeister et al. 1995), a distance that is significantly larger than the
projected distance between the cores, as L and K6 are separated by ~1.3 pc and K4 and
K6 are separated by 0.4 pc in the plane of the sky. In this scenario, the extended molecular
gas components need not interact directly with the local structure of the core (including
expanding HII regions), and it is unclear whether the higher or lower velocity component

is closer to the star forming core.

4.3.1 Normalised Spectral Line Ratios: Determining Chemical or Ex-

citation Differences In Absorbing Gas

To determine if the system consists of two extended clouds or if each kinematic com-
ponent towards each region should be treated as a separate cloud (in which case we would
be probing 3 spatial regions x 2 velocity components = 6 clouds), we inspect the line ra-
diation in each component. If the gas is located in the envelope with significant distance
between the cores and the absorbing gas, we expect the gas phase molecular abundances
and excitation to be fairly self-consistent in low velocity gas across the spatial field and in
high velocity gas across the field. The low velocity gas could be quite distinct from the
high velocity gas however, as they are clearly separate clouds.

If two components of gas have identical gas phase abundances and excitation, then the

line optical depth ratios of the two gas components should be equivalent for any two lines,

<Tcz> :(m) + Error (4.1)
TC1/) A TC1/) B

for two gas components C1 and C2 and for spectral lines A and B. The optical depth of an

such that

absorption line is related to the measured line and continuum brightness levels by

_ T . _ ko
T <1 T [ (Ten) — f<TCMB>1> D) = G (4.2)
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Equation 2 provides the general equation for absorption line optical depth, while Equation
3 is appropriate for optically thin lines, and Equation 4 is appropriate for optically thin
lines when the continuum temperature dominates the excitation and cosmic microwave
background temperatures. Towards K6, due to the strong continuum and low excitation
temperature, Equation 4 is appropriate for optically thin lines. It follows that the line-to-
continuum ratio can be read as the optical depth towards K6. The continuum is somewhat
weaker towards L and K4, and as a result, the excitation temperature may contribute non-
trivially to the denominator in Equation 3 resulting in a factor offset compared to Equation
4. While the factor varies with frequency for a frequency-dependent continuum tempera-
ture, the change is small with frequency in the range of 30-44 GHz. For optically thin lines

in all cases therefore, Equation 1 can be rewritten as

(T/Tc)oa ) _ ((Tu/Te)c2 o
((TL/TCMJA - (<TL/T0)01)B + Error. (4.5)

We refer to the quantity on the left as the normalised line ratio (NLR) of spectral line A
with respect to C1 and use the line height generated by the automated line fitter for 77.
In the range of 29.8 to 44.6 GHz, we determine the continuum levels using the continuum
images with central frequencies of 33.4 and 40.8 GHz and 7.5 GHz bandwidths. From the

two images, we derived a power-law fit to the continuum strength towards K6 and linear fits

(Tc)

to the continuum ratios
(TC ) K6

for L and K4. We estimate that uncertainty in the continuum
ratios contributes 10% error to an NLR.

Figure 4.2 shows the profiles of selected transitions of CH;CHO, CH;CH>CN, CH,;NH,
and H2CS. Inspecting the profiles towards K6 (Figure 4.2a), it is clear that the low (64
kms~!) and high (82 kms™!) velocity components do not show identical gas phase abun-

dances and excitation. The line profiles of CH;CHO and CH3CH,CN appear quite similar,
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with the peak line strengths in the high velocity gas being ~25% that in the low velocity

gas. In terms of Equation 5,

NLRcH,crno = NLRow,cH,on = 0.25

for the high velocity gas with respect to the low velocity gas for the two specific transitions.
However, the NLR is clearly much higher, at ~70%, for the transition of CH,NH and much
lower for HyCS. If the line profiles of CH3CHO and CH3CH,CN are typical towards K6,
we can therefore say that the high velocity component towards K6 (K6:82 kms™!) is
enhanced in CHsNH 147 - 2¢, and depleted in HoCS 1(; —0gg relative to the low velocity
gas in K6 (K6: 64 kms™!). Towards K6, it follows that significant differences in gas phase
abundances and/or excitation exist in the two gas clouds. As the low and high velocity
clouds are obviously distinct bodies, this result is not suprising.

More interestingly, the line profiles towards L. and K4 look very distinct compared
to those in K6. We first compare only the low velocity gas in all three regions. In the
CH3CHO line, the NLRs with respect to K6: 64 kms™! are 50% for the low velocity gas in
both L and K4 (L: 56 kms~! and K4: 62 kms~!, respectively). In the line of CH;CH,CN,
however, absorption by L: 56 kms™! and K4:62 kms™! is considerably weaker, at ~25
and 30%, respectively. Whereas the low velocity component absorption by CH>NH is weak
inL:56 kms~! (at ~22% the strength observed in K6), it is very strong in K4. On the other
hand, the line of HyCS is strong in the low velocity gas towards L: 56 kms™! (at ~75%
the strength observed in K6), and weak in K4: 62 kms~! (at ~25% the strength observed
in K6). From these four lines alone, it is very clear that differences in excitation and/or gas
phase molecular abundances exist on small angular scales of <10 arcsec.

Comparing the high velocity gas in the three regions produces a similar result. With re-

spect to K6: 82 km s, the high velocity components in L and K4 have 40 and 80% deeper
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line absorption by CH3CHO. In the CH3CH,CN line, K6: 82 kms~! and L: 76 kms~! have
similar line strengths, while the high velocity gas in K4 (K4: 82 kms~') shows significant
enhancement. L: 76 kms~! and K4: 82 kms~! have lower line strengths of CH,NH 1;;-
202, and while HyCS is undetected in K6: 82 km s~ !, it is observed towards L: 76 kms~! and
K4:82 kms~! . This result does not support the hypothesis that the high velocity gas is an
extended cloud located in the envelope of Sgr B2.

Utilizing the bandwidth offered by the survey, we compute the NLRs of unblended,
confidently assigned absorption lines from multiple distinct molecular families in the seg-
ment of the spectrum extracted from high spatial resolution data (from 29.8 - 44.6 GHz).
Figure 4.3 provides NLR values with respect to K6:64 kms~! for spectral lines in each
velocity component of each spatial region, plotted against the line-to-continuum ratios of
the lines in K6: 64 kms~!. As follows from Equations 2 - 4, the abscissa provides a proxy
for the line optical depth in K6: 64 km s~!, while the ordinate is proportional to the line op-
tical depth ratio with respect to K6: 64 kms™! in the indicated gas component. The median
NLR is shown by the dashed line with £3¢ errors shaded around the median. The shaded
errors are estimated by 12.5% error on each line height added in quadrature with 10% er-
ror introduced by uncertainty in the continuum ratios, resulting in a ~20% total 1o error.
Finally, we note that the apparent slope at the low optical depth side relates to the detection
limit in the spectra. Because K6: 64 kms~! has the strongest continuum level, making the
spectrum towrads K6 more sensitive to low optical depth lines and also typically has the
highest optical depth, lines that are weakly detected towards K6:64 kms~! are only de-
tected towards other components if they have enhanced line optical depths compared to the
median. This does not imply that these points are unreliable, but implies that the lower left
corners of the plot cannot be filled in.

We consider the line radiation with respect to the median ratio, as differences in the
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Fig. 4.3 — Normalised line ratios (NLRs) indicate statistically significant differences in gas
phase abundances or excitation between different spatial positions. The abscissa shows the line
height-to-continuum ratios of lines in K6: 64 kms~!. Under the low excitation temperatures
and high background continuum in K6: 64 kms~!, this is a proxy for the line optical depth.
The ordinate provides NLRs with respect to K6: 64 kms~!; for optically thin lines, these are
proportional to the line optical depth ratio. The dashed lines and shading indicate median ratios
and the +30 range. Represented data include transitions from 30 - 44.6 GHz for selected
families of molecules. Species are numbered by: 1 - 4 are SiO, 2?Si0, 3°Si0, and SiS. 5 - 9 are
SO, CCS, HCS™, HoCS, and OCS. 10 - 16 are nitriles HC3N, CH3CN, CH>CN, CHoCHCN,
CH3CH3CN, HC5N, and CCCN. 17 - 21 are aldehydes NHyCHO, CH3CHO, CH3OCHO, cis-
CH>OHCHO, and -CHy;CHCHO. 22 is NH3. 23 - 27 are other oxygenated species HoCCO,
c-HyC30, Ho,COH™, CH30CH3, and +-CH3CH,OH. 28 is the imine CHoNH. The slope at
low optical depths is related to the detection limit; because K6:64 kms™! has the highest
optical depth, lines that are weakly detected towards K6: 64 km s~ are detected towards other
components only if they have higher than the median line optical depth. This implies that the
lower left corners of each panel are below the detection threshold.
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median NLR (such that median # 1) do not necessarily indicate differences in the rela-
tive chemical abundances or excitation. Instead the median NLR may correspond to the
relative optical depth of molecular gas, and it also holds the factor offset introduced by
[f(Tg:) — f(Tcmp)] in Equation 3 towards L and K4. However, statistically significant
differences with respect to the median NLR indicate either (1) excitation differences, with
distinct excitation of some molecules, or (2) chemical differences, with different relative
gas phase molecular abundances present in distinct gas components. If statistically sig-
nificant scatter is observed in lines of a single molecule (e.g. differences in the NLR of
different lines of CH3CHO), excitation differences are implicated. Although low excitation
conditions are common in the gas components discussed here, differences in the excitation
conditions can impact the excitation of different K-states, and weak masing effects may
selectively enhance or deplete the populations of certain states (Menten 2004; Faure et al.
2014). Where line excitation is not implicated, the differences are attributable to chemical

abundance differences.

Trends in Figure 4.3

Transitions that appear to vary the most between different panels of Figure 4.3 include
CH,NH 1,1 —2¢2, CCS 35-2,, HCS™ J=(1-0), HyCS 1¢; — 009, and weaker transitions of
large aldehyde and O-bearing species. Of these species, CH,NH is known to be weakly
masing at 1 GHz (Godfrey et al. 1973) and is masing in this survey as well; H,CS has
been reported to exhibit non-thermal behavior at cm wavelengths (Sinclair et al. 1973); and
transitions of the O-bearing species -CH3CH,OH and Ho,COH™ exhibit weak masing in
this work. While the lines included in Figure 4.3 appear in absorption and are therefore
not themselves masing, the energy state populations may be very sensitive to the physical

conditions. Significant effort will be required to determine the excitation conditions re-
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sponsible for the observed line strengths, providing powerful constraints on the physical
conditions in the gas.

While aware of the presence of non-LTE excitation in these lines, we expect that a few
of the trends indicate true gas phase relative abundance differences. In this discussion, rela-
tive abundance differences are relative to the median abundance ratio of molecules sampled
in two components of gas. In most panels, transitions of CH3CH,CN appear consistently
below the median value, indicating that K6: 64 kms~! likely has a high gas phase abun-
dance of the species compared to other gas components. Similarly, K6:64 kms~! likely
has enhanced relative abundances of most S-bearing species, with only L: 56 kms~! hav-
ing NLR values that are similar to the median. As many of the O-bearing species have
multiple lines with high NLRs, we expect that these do reflect true abundance differences.

We expected to observe similarity between the low velocity gas towards all three re-
gions and the high velocity gas in the regions, with a distinction apparent between the

L and

two sets of spectra. Instead a different trend is present. K6: 64 kms™!, L: 56 kms™
L:76 kms~! exhibit very similar excitation. This can be seen by inspecting transitions of
CH3CHO, NH>;CHO, and CH;CHCN in particular. Each of these three molecules has mul-
tiple transitions sampled in Figure 4.3, and for each of these species, the NLR values of
all transitions show little variation. On the other hand, K6: 82 kms™!, K4:62 kms™', and
K4:82 kms~! show a different pattern of excitation and are more similar to each other than
they are to the first set of components. Evidence for this follows from the significant amount
of scatter observed in lines of CH;CHO (K6: 82 kms~!), NH,CHO (K6:82 kms~! and
K4:62 kms™'), CH,CHCN (K4: 82 km s~ '), CH3CH,CN (K4: 62 kms™!), HC5N (K4: 62
kms~! and K4: 82 kms™1), and cis-CH,OHCHO (K4: 62 kms™').

In the first set of components, all lines of NH,CHO and CH3CHO, and most transi-

tions of small molecules are consistent with the median NLRs, although NHj transitions
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show some variability. Observed lines of the S-bearing molecules SO, HCS™ and H,CS
are comparatively depleted in L:76 kms~!. Lines of CH3CH,CN are depleted in both
L:56 kms~! and L: 76 km s~ relative to K6: 64 kms™?, and lines of CH,CHCN may be
slightly depleted in L: 76. kms~!. On the other hand, multiple lines of O-bearing species,
including ¢-H,C30 (L: 56 kms~! and L: 76 kms~!), H,COH™" (L: 76 kms~!), CH;OCHO
(L:56 kms™!), and +~-CH3CH,OH (L: 56 kms™!), are enhanced in both components in L.
While further analysis is required, this likely indicates higher gas phase abundances of the
specified O-bearing species, particularly where multiple lines consistently demonstrate en-
hancement (i.e. for c-H,C30 and +-CH3CH,OH in L: 56 kms™!). Particularly because no
maser emission is detected at either component towards L, we do not anticipate that the
energy state populations are significantly enhanced or depleted by these processes, further
supporting the interpretation of the results as indicating true differences in relative abun-
dances.

In the second set of components, inclduing K6: 82 kms™—!, K4: 62 kms™!, and K4: 82
kms™!, we note low line ratios for some S-bearing species including H,CS, CCS (K6: 82
kms~! and K4:62 kms™1!), and HCS' (K6:82 kms™!). Additionally, CH;CH,CN lines
are lower than the median NLR towards K6: 82 kms™! and SiO isotopologues have some-
what low values. Towards all three regions, multiple O-bearing species exhibit high NLRs.
In K6: 82 kms™!, H,COH™, cis-CH,OHCHO, ~-CH,CHCHO, ~-CH3CH,OH, and the ni-
trile species CsN, exhibit enhanced line radiation relative to the median. In K4: 62 kms™!,
cis-CH,OHCHO and H,COH* have high NLRs, and in K4: 82 kms™!, lines of H,CCO
and c-H,C30 have high NLRs. With respect to one another, K6: 82 kms™! and K4: 82
kms~! exhibit similar excitation (evidenced by NLR values for molecules with multiple
line transitions), but very different line strengths for some S-bearing species. With respect

to one another, they also show differences in the relative abundances of some aldehyde and
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nitrile species, with NLR values that are consistently offset from the median. They addi-
tionally show differences in which weak O-bearing transitions are detected, possibly indi-
cating relative abundance differences. K4:64 kms~! has a very similar molecular inven-
tory to that of K6: 82 km s~1, but the excitation is somewhat distinct. Besides the relative
depletion of SiO isotopologues in K6: 82 kms~!, the relative abundances are quite consis-
tent with those in K6: 64 kms™!, indicating that these two regions have similar chemical
conditions.

As is clear from this discussion and in agreement with the above discussion of Fig-
ure 4.2, Figure 4.3 reveals statistically significant differences from the median values for
both velocity components towards all three regions. In fact, by comparing the panels to
one another, it is apparent that no two components have consistent line radiation, revealing
variability in excitation and relative abundances on small spatial scales. As a result, the
gas phase molecular abundances and excitation of the 3 spatial regions x 2 velocity com-
ponents should be treated separately. This does not imply that each of the 6 clouds is an
entirely localized body, but that sufficient variability is observed so that signals from differ-
ent positions cannot be combined, particularly for transitions that exhibit greater degrees

of variability.

4.3.2 Implications for the Structure of Sgr B2

If the structure of Sgr B2 included two clouds in the envelope that are extended over the
continuum structure, we would observe that the molecular abundance ratios and excitation
should be self consistent in the low velocity material and in the high velocity material.
The low velocity material could show a very distinct pattern from the high velocity gas
however. If this were the case, the panels corresponding to low velocity material in Figure

4.3 (panels b and d) should have very few points outside of the shaded 30 errors. While the
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high velocity material (panels a, ¢, and e) could have points outside of this, the same points
should appear outside of the shaded region in all three panels. As is evident from Figures
4.3 and from the discussion above, this is not observed. The differences in line radiation
thus indicate that we cannot adopt the most simple treatment of the molecular material,
namely as two extended sheets of gas that are not interacting directly with the structure of
the core. Instead, we observe significant variation on size scales of <30 arcsec, indicating
that both the low velocity component and the high velocity component are likely located
proximate to the star forming core and are not envelope components.

As K6:64 kms™! and K4:62 kms~! components, separated by <10 arcsec, show a
great deal of differentiation, it does not appear likely that the low velocity gas is located in
the extended envelope, removed from the immediate mechanical and radiative environment
of the HII regions and embedded sources. The low velocity gas, varying in both excitation
and in relative molecular abundance values towards the regions, is instead likely located
proximate to the HII regions. The low velocity gas towards K6 and K4 may be part of the
same structure, however we argue that the gas is located close to the core and is therefore
responding to localised conditions. A similar result was deduced from interferometric ob-
servations of FeO towards Sgr B2(M), which observed that the FeO abundance is enhanced
in gas observed in absorption against Sgr B2(M) compared to the surrounding area (Fu-
ruya et al. 2003); this implies that the material is directly shocked or otherwise affected
by the core itself, and therefore is located proximate to the core. Nonetheless, it is well
established that the low velocity component absorbing gas in Sgr B2(N) and (M) is part of
an extended structure of >50 arcsec size scale (Huettemeister et al. 1995, and references
therein). Therefore the low velocity cloud may be an extended structure (2 1 arcmin) lo-
cated in the immediate viscinity of the cores, creating locally variable gas phase abundances

and excitation due to radiative and/or mechanical interactions with HII regions. While Fig-
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ure 4.3 demonstrates similarity in excitation between K6: 64 km st and L: 56 kms™!, the
ATCA data cannot provide direct observational evidence that the L: 56 kms~! gas is part
of the same structure as K6: 64 kms~1. Other work has provided some evidence that they
are, however (see e.g. Sato et al. 2000, and references therein).

While K6:82 kms~! and K4: 82 kms™~! are more similar to one another, differences
nontheless persist. The chemistry and excitation may be localised to a lesser degree than
the low velocity gas. While this gas does not appear to be located in the extended enve-
lope, it may be located further from the cores than the low velocity gas in Sgr B2(N). As
L:76 kms~! shows a distinct pattern of excitation and gas phase abundance, it is not obvi-
ous in our observations that it is related to the high velocity gas observed towards K6 and
K4. However, the work of Hasegawa et al. (1994) and Sato et al. (2000) provides evidence
connecting the gas clouds, indicating that the high velocity material may also be part of an
extended structure (> 40 arcsec). It is plausible however that a very clumpy structure in
the envelope, as proposed by Goicoechea et al. (2003), could account for the differences
between the high velocity gas in K6 and K4 while allowing the gas to be located in the
envelope.

If we adopt this structure, in which the low velocity material is located closest to the
Hi1 regions, then the expanding K6 ionization shell would interact mechanically and radia-
tively with the 64 km s~! molecular gas given the HiI region kinematics compiled in Tables
3.3 and 3.4, driving shocks into the system and contributing near-UV radiation to generate
a PDR. These conditions could produce the more highly varying line ratios for molecules
towards K6. Towards L, the low velocity molecular material would not be expected to me-
chanically interact with the HII regions given the recombination line kinematics described
in §4.2, although it very likely sets the radiative environment.

Furthermore, if the high velocity components are indeed further from the HII regions
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than the low velocity components, we may be directly observing the colliding molecu-
lar clouds that are triggering star formation in Sgr B2, consistent with the scenario first
proposed by Hasegawa et al. (1994). In this scenario, an extended high velocity cloud (at
75 <vrsr <90 kms~!) collides with the body of Sgr B2 (at 40 < v;gr < 50 kms™!), gen-
erating star formation in processed material at an intermediate velocity of 55 < vy ggr <70
kms~!. The observed 2-component molecular gas thus may be a direct observation of re-
maining material in the high velocity cloud continuing to collide with the processed cloud,
a process that may trigger yet more star formation. This scenario is consistent with the
observation of molecular line material at ~65 kms~! towards Sgr B2(M) (Huettemeister
et al. 1995). However, significant pieces of evidence for this scenario remain missing. For
example, there should be observational signatures of a shock at the interface of the colliding
gas clouds at a velocity intermediate to the high and low velocity gas components. While
the line profile of 28SiO is wing-broadened, the optically thin isotopologues of SiO do not
show such a signature. Additionally, to elucidate the interaction between the HII region
and the low velocity component molecular gas, high spatial and spectral resolution obser-
vations of CI, CI1, NI, NII, and OI are required to provide information on the PDR at the
surface of the HII region. Notably, however, carbon recombination lines are not observed
in this material.

The evidence that the low velocity material is closer to the HII regions remains tenuous
however, and additional evidence suggests the situation may be yet more complex. Recom-
bination lines towards K6 have 2-component profiles centered at velocities of 60 and 84
km s~!, while molecular gas is observed at 64 and 82 kms™!. If the K6 shell is an expand-
ing HII region that only interacts mechanically with the low velocity molecular gas, then it
is a coincidence that the high velocity molecular gas is at nearly the same velocity as the far

side of the expanding shell. Likewise, this scenario requires that the L: 56 kms~! molec-
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ular gas component is more closely associated with the HiI region (at 77 kms™!) than
the L: 76 kms~! molecular gas component. The velocity correspondence between the HI1
region and the L: 76 km s~! molecular gas may be merely coincidental, however, a deeper

look at structure is warranted.

4.4 Selected Molecular Distributions in Sgr B2

Clear evidence of differentiation is present in the data cubes, with most detected molec-
ular transitions observed either in absorption preferentially along the K5 and K6 shells, L,
and K4, or in emission towards the LMH and “h” hot cores (Figure 4.4). Figure 4.4 illus-

trates the two main spatial distributions observed.
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Fig. 4.4 — 40% and 80% integrated line emission contours over 40 GHz continuum illustrate the
two most common distributions of molecular line radiation. a. CHyCN (2 - 1), CH3CHO (2> -
191), and Z-CH3CHNH (22 - 1¢1) are observed in absorption (dashed contours) preferentially
towards the K5 and K6 shells. b. NHQD (313 - 303), CH3CH2CN (431 - 330), and SOQ (193,18
- 183 15) are detected in emission towards the LMH hot core, and NH>D and CH3CH>CN are
detected in emission towards “h”. The central positions of the elliptical regions from which
spectra were extracted are indicated by the crosses. The synthesized beam shapes for the con-
tinuum (thin black ellipse) and spectral lines (colored ellipses) are shown in the lower left
corner.
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While most transitions detected towards K6, L, and K4 have spatial distributions similar
to the absorption lines in Figure 4.4a, low energy transitions from a handful of detected
molecules show simultaneous absorption towards the continuum and emission from one
or both hot cores. Transitions of NH;, HCS™, CH5CN, CH,CHCN, CH3CH,CN, HC;N,
NH,CHO, CH30CHO, and CH30CHj; are prominent in absorption in the foreground of
the HII regions and in emission from the LMH and usually “h” (notably, NH,CHO is not
detected in “h”). Additionally, detected transitions of OCS, HNCO, and NH,;D produce
strong emission towards the LMH and “h” and very weak absorption against the radio
continuum. The data also contain multiple instances in which molecules whose spatial
distributions might be expected to be correlated exhibit very distinct morphologies.

The molecules SiO and HNCO are widely regarded as excellent shock tracers and there-
fore might be expected to exhibit similar spatial distributions. Enhanced gas phase abun-
dances of SiO are achieved by grain sputtering upon passage of a shock (Schilke et al. 1997;
Caselli et al. 1997; Pineau des Forets et al. 1997), and HNCO is observed to be enhanced in
multiple regions that have known shocks (Rodriguez-Fernandez et al. 2010; Minh & Irvine
2006; Martin et al. 2008). The spatial distribution of HNCO has been observed to follow
that of SiO in multiple sources via observations with single dish telescopes (Zinchenko
et al. 2000). However, Figure 4.5 shows that the distributions of transitions between low-
energy states of S10 and HNCO in the core of Sgr B2(N) are anti-correlated. The HNCO
202-1¢1 transition produces very strong line emission in both hot cores, whereas only very
weak absorption is detected towards K6 (the absorption contour of HNCO is at 2.5% of the
peak emission line strength). On the other hand, for the J = (1-0) transitions of all isotopo-
logues of SiO, the images include absorption against the continuum structure and a negative
“bowl” indicating extended emission that could not be recovered with the interferometer.

No compact emission by SiO isotopologues is observed towards the “h” hot core. We note
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the presence of a weak emission feature on the high velocity wing of 8SiO eminating from
the northwest edge of the LMH. Due to the line density towards the LMH and the absence
of an emission feature on the low velocity wing, which would be more consistent with the
velocity of the LMH, we cannot firmly identify the noted feature as an SiO line.

The distributions indicate chemical differentiation for these two species in Sgr B2(N).
HNCO is highly abundant in the LMH and “h” hot cores and depleted in the molecular gas
observed against the HII regions; on the other hand, even if the noted wing feature is from
SiO, the species has a significantly lower column density in the LMH than in the absorbing
gas. Any emission generated by SiO in the LMH is entirely overwhelmed by the absorbing
gas components, including in the optically thin transitions of the isotopologues. Although
the higher energy states (100 K < E; <300 K) of SiO should be preferentially populated
in the LMH and “h”, Neill et al. (2014) reported the non-detection of SiO in HEXOS data
sampling SiO transitions with T >160 K. SiO thus appears to be depleted from the gas
phase in the LMH and “h” hot cores, but highly abundant in molecular material in the low
velocity (50-65 kms™—!) and high velocity (70-85 kms™!) gas observed in absorption
towards the HII regions, and in extended material around the core. A similar distribution
of gas phase SiO has been observed in the source G34.26+0.15 (G34.26), which contains
a hot core, UC HII regions, collimated outflows, and molecular gas interacting with stellar
winds (Hatchell et al. 2001; Watt & Mundy 1999). Towards G34.26, SiO was observed to
be widespread and highly abundant in the material interacting with stellar winds; it was not
detected in the hot core, however (Hatchell et al. 2001).

The spatial distributions of transitions from species in the CS-family present yet another
puzzle; whereas transitions of CS, CCS, CCCS, and H,CS are detected in the absorbing gas
with no apparent emission from the hot cores, line radiation from the J = (3-2) transition

of OCS shows a similar behavior to that of HNCO (Figure 4.6). Very weak line absorption
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Fig. 4.5 — Integrated line contours of the (1-0) transitions of SiO isotopologues are anticorre-
lated with the 2g2-1¢; transition of HNCO. a. 29Si0, 30SiO, and Si'®0 are observed in ab-
sorption (dashed contours) against the continuum and exhibit no emission associated with the
hot cores. b. HNCO is present in emission towards the LMH and “h” hot cores. A very weak
absorption feature (with a contour at 2.5% of the peak line strength) is detected slightly north of
K6. The crosses indicate the center positions of the elliptical regions from which spectra were
extracted. The synthesized beams for the continuum and line images are shown in the lower
left corner.

by OCS (with the lowest contour at 4.5% of the peak emission) is detected towards K6 and
K4, but nearly all of the OCS radiation is emission produced in the hot cores. OCS, like
HNCO, is believed to form on grain mantles and has been linked to shock enhancement

(Ren et al. 2011; Garozzo et al. 2010). Distinct from other CS-containing species, HCS™

appears both in absorption against the continuum and in emission from the hot cores.

4.5 Physical Environment in the Absorbing Material: An
Integrative View

The detection of SiO, CS, and other CS-bearing species and the depletion of HNCO and
OCS in the absorbing molecular material provides insight into the physical environment
in the absorbing gas. The strong absorption by SiO likely results from the presence of

shocks and supersonic turbulence in the gas, although the enhancement of Si0 may instead
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Fig. 4.6 — Integrated line contours of HoCS (191-0gg), CCS (32-31), and OCS (3-2). a. H,CS
and CCS are observed in absorption (dashed contours) against K4, K5, K6, and L, with no
detected emission from hot core regions. Contour levels are at 20, 40, 60, and 80 % of the
peak line strength. b. OCS appears in emission from the hot core regions, the LMH and “h”,
with very weak absorption observed towards K6 and near K4. The contour levels are at 4.5, 7,
20, 40, 60, and 80 % of the peak line strength. The crosses indicate the center positions of the
elliptical regions from which spectra were extracted. The synthesized beams for the continuum
and line images are shown in the lower left corner.

be attributed to the high X-ray flux in this X-ray reflection nebula (Martin-Pintado et al.
2000; Amo-Baladron et al. 2009). Other CS-bearing species found in the absorbing gas,
particularly CCS and CCCS may be formed by chemistry driven by the radical CH (Petrie
1996; Yamada et al. 2002; Sakai et al. 2007), and multiple larger radical species are directly
detected in the spectra towards K6, L, and K4 (Appendix B). The presence of radicals
typically indicates X-ray or UV irradiation typical of XDRs or PDRs (Danks et al. 1984;
Boger & Sternberg 2005; Meijerink et al. 2007).

Further, the ratio of HNCO to CS may be an excellent diagnostic of the radiative envi-
ronment. Using a limited sample of Galactic Center clouds, in which shocks are believed
to be ubiquitous, Martin et al. (2008) demonstrated that the HNCO:CS abundance ratio
is high (~70) in non-PDR shocked regions and an order of magnitude lower in PDRs.
While both species can be photodissociated, CS is less easily destroyed by UV radiation

and can be replenished by a gas phase reaction of S*, an abundant ion in PDRs (Drdla
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et al. 1989; Sternberg & Dalgarno 1995; Martin et al. 2008). In the Horsehead Nebula, CS
is observed to be nearly equally abundant in the PDR and in the dense UV-shielded core
(Goicoechea et al. 2006). On the other hand, HNCO is believed to form efficiently on grain
mantles (Hasegawa & Herbst 1993) and after being released into the gas phase, it is easily
photodissociated by UV radiation (Martin et al. 2008; Roberge et al. 1991). While theo-
retical work contends that the HNCO:CS ratio is time-dependent and more indeterminate
(Tideswell et al. 2010), the very high ratio of CS:HNCO in the absorbing gas provides evi-
dence that this material has an enhanced UV radiation field. Like HNCO, OCS is believed
to form on grains, and the species has been directly observed on ice grain mantles (Gibb
et al. 2004; Garozzo et al. 2010; Palumbo et al. 2011; Ren et al. 2011). Gas phase OCS
is destroyed by near-UV radiation with an even higher photodissociation rate than HNCO
(Roberge et al. 1991; Sternberg & Dalgarno 1995; Sato et al. 1995). The nearly complete
depletion OCS from the absorbing gas is further evidence for PDR conditions.

As Sgr B2 is known to have a strong and pervasive X-ray flux, it is possible that X-ray
radiation instead of UV radiation could destroy HNCO and OCS in the absorbing material.
Due to the extremely high densities of the LMH and “h” hot cores (Belloche et al. 2008,
2014), even X-ray radiation is well shielded. However, HNCO and OCS exhibit widespread
distributions to the west of the core (Jones et al. 2008). In this material, we expect that the
X-ray field is more typical of the bulk of material in Sgr B2. This expectation is consistent
with the prevalence of the X-ray tracer CN in the material to the west of the core (Jones et al.
2008). The widespread distributions thus suggest that X-ray radiation is not responsible for
destroying HNCO and OCS; as such, we interpret the ATCA distributions of CS, OCS, and
HNCO as suggesting the presence of a strong UV radiation field in the absorbing gas.

Additional support for a strong UV radiation field in the absorbing material follows

from the results of §4.3. First, the highly subthermal excitation indicates that the material
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is sub-critically dense, with densities typical of PDRs. Without an excitation analysis, it

is possible to estimate an upper limit of n < a few x 10° cm™3

using the critical densities
of energy states that had undetected transitions in the 30 - 50 GHz range with high quan-
tum line strengths. Huettemeister et al. (1995) determined an upper limit to the density of
the absorbing gas of n <10* cm™3 based on the fact that the HC3N .J = (3-2) transition
is in absorption instead of emission, and independently based on an analysis of the (1,1)
through (6,6) NHj3 inversion transitions. However, the latter estimate may not hold if the
H30™ formation pumping excitation mechanism proposed in Lis et al. (2012) proves ef-
fective for NH;. Densities of 10° <n < 10° cm™2 are typical of PDRs (Ticlens et al. 1993;
Hollenbach & Tielens 1997), and densities of n~ a few x 10°> cm~2 are reasonable in the
hot, supremely dense environment at the core of Sgr B2(N). In section §4.3, we determined
that both absorbing gas components appear to be local to the star forming cores rather than
in the extended envelope material, with the low velocity gas possibly closer to the interface
of the HII regions. If the absorbing gas clouds are proximate to the HII regions, it is not
only reasonable, but structurally required, that they are or contain PDRs.

Second, the species [-C3H™ is detected in the absorbing material, but not in the hot
core. To date, [-CsH™ has been reported in the literature as firmly detected in the Horsehead
Nebula, the Orion Bar, and Sgr B2(N) (Pety et al. 2012; McGuire et al. 2013, 2014b); [-
C3H™ has also been rigorously detected in three other PDRs, with tentative evidence for
its presence in two additional PDRs (B. McGuire 2015, private communication). Further, a
deep search towards multiple hot cores, hot corinos, and dark clouds provided no detections
of [-CsH™ (McGuire et al. 2014b), and while the molecule was observed in the Horsehead
PDR, it was not detected in a molecule-rich UV-shielded core in the Horsehead Nebula
(Pety et al. 2012). Thus, Sgr B2 is the only source in which [-C3H™ has been detected that

is not definitively discussed as a PDR. The species is clearly associated with UV-irradiated
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gas, and its detection in the low and high velocity gas towards K6 supports the hypothesis
that both gas components are PDR sources.

Finally, a few of the organic species detected in the absorbing clouds were recently
reported to be highly abundant in a PDR environment (Gratier et al. 2013; Guzman et al.
2014). CH5CN, HC3N, H,CCO, and CH3CHO were observed in the Horsehead PDR with
abundances enhanced by a factor of 1 - 30 as compared to abundances in the UV-shielded
core in the Horsehead. While the species are known to be abundant in multiple distinct
environments, their detection in the absorbing material in Sgr B2(N) is consistent with the
absorbing material being a PDR.

The data and discussions in this work thus support a structure in which molecular gas at
50 < vysr <70 kms™! is located on the interface of the HII regions at the core of Sgr B2.
This gas component is UV-irradiated by the O-stars that power the HII regions, and may
mechanically interact with the HII region, particularly towards K6 where the shell-shaped
HII region is thought to be expanding. The high velocity cloud (70 < vysp <85 kms™!)
is also close to the core, although it may not be as deeply embedded as the low velocity
material. It may be actively colliding with the low velocity cloud consistent with a cloud-
cloud collision scenario (Hasegawa et al. 1994), although additional evidence is required to
verify this. Based on the detection of [-C3H™ and the nearly complete depletion of OCS and
HNCO, it appears that both absorbing clouds are PDRs. This hypothesis should be further
tested via comparison to high spatial and, ideally, high spectral resolution observations of
neutral and ionized carbon, sulfur and oxygen.

However, merely calling the gas clouds PDRs is an over-simplification. The clouds
contain supersonic turbulence requiring shocks, have a high X-ray flux, and likely have
an enhanced cosmic ray flux as compared to most Galactic sources. It is quite possible

that a different factor drives the chemistry of different groups of species; for instance, the
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strong X-ray flux may produce radicals that drive the chemistry of imine molecules (with
an X=N-H group), whereas UV radiation may drive the sulfur and carbon-chain chemistry
and selectively destroy certain molecules. Meanwhile, shocks may liberate silicon-bearing
species and dust mantle species to be processed in the soup of ionic, atomic, and molecular
gas.

Regardless of the physical parameters driving the formation of each species, the ex-
tracted spectra suggest that a multitude of organic molecules, including nitriles, aldehydes,
alcohols, and imines, either form or persist in the presence of UV irradiation, X-ray ra-
diation, and shocks. While we expect that some of the observed species will not prove
ubiquitous in more typical Galactic PDRs, all of the detected species can at least survive
moderate UV radiation fields and are promising targets for exploring the chemical com-

plexity in PDRs.

4.6 Conclusions

In this chapter, we have coupled a full-spectrum analysis of spectra extracted from
the positions of three HII regions with image data in order to constrain the physical and
chemical structure of Sgr B2. We utilized the output of a line-fitting script applied to the
three spectra, each of which contains recombination line emission and multiple components
of molecular line absorption. In all three spectra, molecular absorption associated with
Sgr B2 was observed in two velocity components separated by 20 kms~! , although the
velocities varied between the different positions.

The molecular inventories of the two velocity components of absorbing gas were de-
termined and the approximate excitation conditions were characterized, showing that the
gas clouds that give rise to the absorption are highly subthermally excited (Tg, ~ 10 K

<& Tgin). Line radiation was then inspected using the relative line strengths in different gas
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components to determine whether the molecular line radiation is self-consistent at distinct
spatial positions (Figure 4.3). This methodology can determine the chemical similarity
between clouds at different spatial positions or velocities under conditions of similar ex-
citation conditions, and the method could be quantified to further establish the degree of
similarity. In the era of broadband spectral line observing, the method could be highly use-
ful for quickly determining if observed clouds are chemically distinct and demonstrating
relative enhancement of different families of molecules. The application of this method
toward a variety of sources is necessary to determine its utility.

We applied the method to the ATCA data in order to test whether the molecular gas
radiation is consistent with an extended distribution that is not interacting with the local
structure of the core, as would be expected if the absorbing gas is in the envelope. We
determined that in both primary velocity components, the three spatial regions show sta-
tistically significant differences in their line radiation, indicating differences in either line
excitation or gas-phase molecular abundances. Many of the differences appear to be due
to relative gas-phase abundance differences. The molecular gas in the low velocity com-
ponent proved more highly variable, indicating that it may be subjected to more localized
conditions and therefore located deeper within the star-forming core. It may be on the in-
terface of the HII regions, interacting mechanically and radiatively with the structure of the
HiI regions. In agreement with cloud-cloud collision scenarios, the 82 kms™! gas is likely
located further from the core. However, required pieces of observational evidence for the
proposed structure remain unavailable, particularly high spatial (few arcsec resolution) and
spectral (10 - 25 kms™!) resolution images of atomic and ionic lines of carbon, oxygen,
and sulfur.

Finally, we discussed the spatial distributions of a few detected molecular species pro-

viding evidence for chemical differentiation between species including Si0, HNCO, OCS,
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CS, CCS, and additional CS-bearing molecules. We explored the implications of the spatial
distributions for the physical environments of the molecular gas. The observed distributions
and physical structure indicate that both primary absorbing gas components are likely PDR
environments, although shocks, high X-ray fluxes, and high cosmic ray fluxes may have
equal influence on the observed chemistry. The data reveal that molecules including (1)
silicon-bearing species, (2) sulfur-bearing species, (3) carbon chain molecules, (4) multi-
ple classes of oxygenated species including aldhydes and alcohols, (5) nitrogen species of
pre-biotic importance including nitriles and imines are abundant in the exotic PDR envi-

ronments.



Chapter 5

Molecular Line Absorption by Diffuse
and Translucent Clouds in the

Line-of-Sight to Sgr B2
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Abstract

The 1-50 GHz PRebiotic Interstellar MOlecular Survey (PRIMOS) contains absorp-
tion by ~50 molecular lines observed in clouds located in the line-of-sight to Sgr B2(N).
The line-of-sight clouds are associated with diffuse and translucent clouds located in the
Galactic Center, Bar, and spiral arms in the disk. We measure the column densities and es-
timate abundances, relative to Hs, of 16 molecules and additional isotopologues observed
in this material. We use absorption by optically thin transitions of c-C3H, to estimate
the molecular hydrogen columns, and argue that this method is preferable to more com-
monly used methods. We discuss the kinematic structure and abundance patterns of small
molecules including the sulfur-bearing species CS, SO, CCS, H,CS, and HCS™; oxygen-
bearing molecules OH, SiO, and H,CO; hydrocarbon molecules c-CsH,, [-C3H, and [-
C3H™; and complex organic molecules CH;0H, HC3N, CH3CN, CH3;CHO, and NH,CHO.
Finally, we discuss the implications of the observed chemistry for the structure of the gas
and dust in the ISM.

Highlighted results include the following. First, whereas gas in the disk has a molecular
hydrogen fraction of 0.4, clouds on the outer edge of the Galactic Bar and in or near the
Galactic Center have molecular fractions of 0.8 and 20.9. Second, we suggest that CS has
an enhanced abundance within higher density clumps of material in the disk, and therefore
may be diagnostic of cloud conditions. If this holds, the diffuse clouds in the Galactic disk
contain multiple embedded hyperdensities in a clumpy structure. Thirdly, the considerable
abundances of complex organic molecules (COMs) indicate that grain surface chemistry

may occur more effectively than previously known.
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5.1 Introduction

The diffuse and translucent ISM serves as a significant reservoir for gas in the Galaxy,
and is believed to be involved in processes of gas accretion, recycling and feedback from
star formation, and in the first stages of molecular cloud formation. Thus, an understanding
of this material is essential for understanding the processing of gas in galaxies. Although
the first interstellar molecular detections were made in diffuse gas, namely CH, CH™, and
CN (Swings & Rosenfeld 1937; McKellar 1940; Douglas & Herzberg 1941), the diffuse
ISM was not expected to have a very rich molecular chemistry, and recent observations
have proven surprising. While our picture of the physical and chemical structure of the
diffuse ISM continues to evolve, the chemistry reveals three primary phases with blurred
boundaries. First, the most diffuse material produces absorption primarily by light hy-
dride species (e.g. Gerin et al. 2010; Qin et al. 2010; Indriolo et al. 2015). The absorp-
tion components tend to be broad Av > 15 kms™!, indicating large spatial extents, and
estimated physical conditions include low densities (50 < n < 300 cm~?), high tempera-
tures (80 < T' < 300 K) (Snow & McCall 2006), and low molecular hydrogen fractions
( f(Hy) = NH#;NHZ < 0.1) (Indriolo et al. 2015; Snow & McCall 2006). In the second
phase, heavier molecules appear, including HCN, CS, H,CO, and c-C3H,, but estimated
physical conditions still include low densities (100 < n < 500 cm™?%) and warm tempera-
tures, similar to the more diffuse material (Snow & McCall 2006; Liszt et al. 2006, 2012).
Generally, this phase occurs under central extinction conditions of Ay, 2 0.2 mag (imply-
ing a total extinction Ay 2 0.4), and higher molecular hydrogen fractions, of f(Hs) ~ 0.4,
are observed (LLiszt et al. 2012). The third phase includes embedded regions of enhanced
density including translucent clouds, which are defined as having central extinctions of
1 < Ay, < 2.5 (Snow & McCall 2006). The kinematic signatures of these include absorp-

tion over the same general velocity range as the diffuse material, but with more narrow
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features. Galactic disk translucent clouds have densities of order 5 x 10 cm™ and cool
temperatures of 15 < 7T'< 30 K. In Galactic Center translucent clouds, densities may be
higher, up to 10* cm ™2 (Greaves et al. 1992; Greaves & Williams 1994), and temperatures
are much warmer at 50 < 7'< 90 K.

Diffuse and translucent clouds are best observed by molecular line absorption against
strong continuum sources. Absorption techniques provide the high sensitivity required to
detect the very low column densities of most molecules present in diffuse and translucent
clouds. Previous absorption studies have investigated molecular abundances and corre-
lations between different species under varying hydrogen column densities. These stud-
ies have indicated that certain species including HCO™, C,H, and ¢-C3H, have constant
abundances with respect to Hy (Greaves & Nyman 1996; Liszt et al. 2012), whereas other
species, including H,CO and CS exhibit more variable abundances that do not appear to
track closely with the hydrogen column density (Liszt et al. 20006).

In all three phases, standard chemical models underpredict the molecular abundances
by multiple orders of magnitude (LLucas & Liszt 2002; Godard et al. 2012), indicating a poor
understanding of the physics and chemistry of these regions. Grain surface processes have
not typically been implicated in diffuse cloud chemistry, as ice mantles should not form
under the low extinction, low density, and warm temperature conditions present, although
some models have considered hydrogenation on grain surfaces (Viti et al. 2000; Price et al.
2003; Hocuk et al. 2016). In higher optical depth translucent clouds, with Ay, = 2 under a
standard interstellar radiation field, grain chemistry may become more important (Ticlens
& Allamandola 1987), although this depends on the precise conditions present. Chemical
models incorporating turbulence dissipation, where material is heated and compressed pe-
riodically, produce model predictions that are more consistent with observations for light

hydride species in diffuse clouds (Godard et al. 2009, 2012). Yet much work remains in
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order to understand the coupled physics and chemistry within the diffuse and translucent
media, including the physical and chemical exchange between the three phases.

Furthermore, the diffuse and translucent gas in the Galactic Center appears to be sys-
tematically different from that observed in the disk by multiple measures. Besides the
temperature and density differences noted above, observations have indicated very high
abundances of Hj with a very high filling factor (of nearly 1) (Oka et al. 2005) and a larger
fractional volume filled by translucent clouds in the Galactic Center compared to the disk,
due largely to the extreme amount of gas mass in the Galactic Center (Morris & Serabyn
1996). CR ionization rates in diffuse gas in the Galactic Center have been measured to be
enhanced by 1 to 3 orders of magnitude compared to the disk (I.e Petit et al. 2016; Indriolo
et al. 2015), and significantly higher X-ray fluxes are also present (Amo-Baladron et al.
2009). It is not precisely known how this affects the chemistry in these regions, although
chemical models typically predict lower molecular abundances in high CR flux conditions
due to molecular dissociation (e.g. Quan et al. 2016).

In this chapter, I present absorption profiles by sixteen molecules and additional iso-
topologues in the line-of-sight to Sgr B2(N), as measured by the GBT PRIMOS data, which
provide a highly sensitive spectrum towards Sgr B2 described in §2.2. While absorption
and emission associated with Sgr B2 spans the velocity range of +40 to +90 km s, diffuse
and translucent clouds believed to be located in the Galactic Center, Bar, and spiral arms
are observed in the range of -130 to +40 kms~!. While the exact locations of most of the
cloud components are not very confidently known, the following guidelines are helpful for
interpreting abundance patterns. Features in the velocity range of -130 to -55 kms™! are
believed to be located within 1 kpc of the Galactic Center, and although some of the ma-
terial at 0 kms™! is presumably local to the Orion Arm, most of the absorption from -10

to +20 kms™! is also generated near the Galactic Center. Amongst the most prominent
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features, the -106 kms™! cloud is associated with the Expanding Molecular Ring (EMR)
that spans the Galactic Center and marks the outer edge of the CMZ at a 200 to 300 pc
galactocentric distance (Whiteoak & Gardner 1979); the -73 kms™? cloud is suggested to
be part of the 1-kpc disk located deep within the Galactic Bar (Wirstrom et al. 2010); and
while some researchers have suggested that the ~0 km s~ component consists of ejecta
from Sgr B2 (Wirstrom et al. 2010), multiple observations have shown that this feature is
widespread across the Galactic Center, and is a rather unique system containing molecular
line absorption and weak recombination line emission across the Galactic Center (Jones
et al. 2012; Royster & Yusef-Zadeh 2014), as well as weak masing in the viscinity of Sgr
B2(N) (Corby et al. 2015). The gas from -55 to -35 kms~! is associated with gas in the
near 3-kpc arm located on the outer edge of the Galactic Bar, while the material from -35
to -10 kms~! is believed to arise in a spiral arm in the disk at a Galactocentric distance of
~4 kpc (Whiteoak & Gardner 1979; Wirstrom et al. 2010).

The remainder of the chapter is organized as follows. In §5.2, we present the line
profiles (§5.2.1), cloud kinematics (§5.2.2), and measured column densities and abundances
(65.2.3). In §5.3, we discuss the method for molecular hydrogen column estimation. In
§5.5 and §5.6, we discuss observed molecular abundances for small molecules and large

molecules respectively, and implications for the cloud structures, before concluding in §5.7.

5.1.1 Molecular Excitation and the Line-to-Continuum Ratio

The densities in diffuse and translucent clouds are insufficient to excite molecules much
beyond the CMB temperature, and excitation temperatures within this material are observed

to span the range of 2.7 K < 7., <4 K (Greaves & Williams 1994; Linke et al. 1981). As
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a result, the equation for line optical depth reduces to

T=—In(1+T,/T¢),

for baseline subtracted line strength 77, absorbing against a continuum source of strength
Tc. The value T7/T¢ fully characterizes the line optical depth, and I therefore show all
data in this scale. This scale additionally provides higher precision measurements, as many
sources of calibration error that typically apply to single dish radio data cancel in this
ratio, including atmospheric opacity corrections, telescope efficiencies, and absolute flux

calibrations.

5.2 Results

In observations toward Sgr B2(N), two absorption components are associated with Sgr
B2 itself, at +64 and +82 kms~! (Huettemeister et al. 1995; Corby et al. 2015). We assume
that line absorption and emission in the range of +40 to +90 kms~! is from Sgr B2 and re-
frain from further discussing this material, instead focusing on the molecular composition
of clouds observed in the velocity range of -126 to +38 kms~!, associated with material in
the line of sight to Sgr B2. Throughout this chapter, we assume that excitation conditions in
all absorbing components are equivalent and characterized by 7., = 3 K. This assumption
has been validated in the line-of-sight to Sgr B2(M) for CS (Greaves & Williams 1994),
and has been widely adopted for studies of diffuse and translucent clouds in line-of-sight
absorption (e.g. Nyman 1984; Greaves & Nyman 1996; Lucas & Liszt 1993). The as-
sumption is further validated in Section 5.2.3, in which we explore the line excitation of
molecules sampled by multiple transitions in the PRIMOS data. By assuming equivalent

excitation in all line-of-sight clouds, it is possible to directly compare column densities in
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different clouds from a single line profile.

5.2.1 Spectral Profiles

In the 1-50 GHz spectrum obtained by PRIMOS, foreground absorption is detected
from ~50 molecular transitions of 17 molecules and six isotopologues. The transitions
are between low energy states (typically E;, <10 K), and are produced by OH, CS, SO
SiO, NH3, CCS, HCS™, H,CS, [-C3H, [-C3H™, ¢-C3H,, H,CO, CH30H, CH3CN, HC3N,
CH3CHO, NH>CHO, and detected isotopologues of these species. In this section, we
present the results for all observed molecules except for NH3, whose absorption in the
metastable transitions should be treated in a different analysis. Table 5.1 lists transitions
that were observed in line-of-sight absorption with sufficient signal-to-noise and baseline
stability to enable a fair characterization. For all listed transitions, we fit Gaussian compo-
nents over the velocity range of -126 to +38 km s~! using the FITGAUSS function provided
in the GBTIDL data reduction package and/or with a Gaussian fitting function constructed
by the authors. We attempted to use as few Gaussian components as could account for
the line profile to within the noise level and we determined errors as the square root of the
diagonal entries of the covariance matrix. Gaussian fits are overlaid on all spectral profiles
shown in the paper, and individual Gaussian components are shown with a dashed profile.
For transitions with resolvable hyperfine structure or A/E splitting, including [-CsH (J =%—
%, Q= %), HC;5N (2-1) and (3-2), CH3CN (1-0), CH3CHO (1¢1-0¢p) and (292-1¢1), and
NH5;CHO (141-0¢p), we fit the primary hyperfine component and assumed that the satellite
lines have the same line shape with the height set by the relative line strengths of the satel-
lite and primary features. All line profiles listed in Table 5.1 are shown in Appendix A with
Gaussian fits overlaid.

Figure 5.1 shows the absorption profiles and Gaussian component fits to selected lines



Table 5.1 — Summary of molecular lines observed in line-of-sight absorption

Molecule Transition Frequency Er 0p Catalogue
(MHz) (K) (arcsec)

OH J=3 Q=3 F=17-2" 1612.2310(2) 0.0026 JPL
OH J=3 Q=g F=17-1~ 1665.4018(2) 0.00 JPL
OH J=§ Q=§ F=27-2~ 1667.3590(2) 0.0026 JPL
¢-C3Hs lio- lo1 18343.143(2) 2.350 40.3 CDMS
¢-C3Hs 220 - 211 21587.4008(3) 8.672 34.3 JPL
¢-C3Hy 211 - 202 46755.610(2) 6.428 CDMS
c-HBCCoH  140- 1y 18413.8248(7) 2.291 40.1 CDMS
H,CO lig- 111 4829.660(1) 15.163 JPL
H,CO 211 - 212 14488.479(1) 21.922 51.1 JPL
H,CO 312 - 313 28974.805(10) 32.059 JPL
H}?*CO lio- 111 4593.0885(1)  15.12649 JPL
H}*CO 211 - 212 13778.8041(2)  21.72296 JPL
288i0 1-0 43423.76(5) 0.000 17.0 CDMS
28i0 1-0 42879.949(3) 0.000 17.3 CDMS
30Si0 1-0 42373.427(5) 0.000 17.5 CDMS
SO 1p-0y 30001.58(10) 0.000 CDMS
CS 1-0 48990.955(2) 0.000 CDMS
C3s 1-0 48206.941(2) 0.000 CDMS
CCS Ny=19-24 22344.031(1) 0.533 33.1 CDMS
CCS N;y=23-15 33751.370(1) 1.606 CDMS
HCS™ 1-0 42674.195(1) 0.000 CDMS
H»CS 1o1 - Ogo 34351.43(2) 0.000 CDMS
I-CsHT 1-0 22489.864(2) 0.00 CDMS
I-CsHT 2-1 44979.544(3) 1.079 CDMS
I-CsH J=2-10=1F=2-1f 32627.297(2)  0.00086 CDMS
[-CsH J=§ - 2 Q=§ F=2-1e 32660.645(2) 0.00086 CDMS
CH3OH 202 -3_13 12178.597(4) 19.504 CDMS
CH3;0OH 211 - 303 19967.3961(2) 27.053 CDMS
CH3;0H 1o1 - Ogo++ 48372.4558(7) 0.000 CDMS
13CH30H 202 -3_13 14782.27(5) 19.196 CDMS
HC3N 2-1F=3-2 18196.3104(10) 0.437 CDMS
HC3N 3-2 27294.289(10) 1.310 CDMS
HC3N 4-3 36392.324(10) 2.620 CDMS
HC3N 5-4 45490.3138(5) 4.366 CDMS
CH3CN 19-0¢ F=2-1 18397.9960(1) 0.000 JPL
CH3CN 2p-19 F=3-2 36795.5670(1) 8.029 JPL
CH3CHO lo1 - 000 E 19262.141(1) 0.098 384 JPL
CH3CHO lo1 - 000 A 19265.137(1) 0.00 384 SLAIM
CH3;CHO 212-111 A 37464.168(20) 3.167 JPL
CH3;CHO 212-111 E 37686.868(20) 3.225 JPL
CH3CHO 202 - 191 E 38506.035(3) 1.022 SLAIM
CH3CHO 202 - 11 A 38512.081(3) 0.923 SLAIM
CH3CHO 211-110E 39362.504(20) 3314 JPL
CH3CHO 211-110A 39594.287(20) 3.218 JPL
NH,CHO o1 - Ogp F=2-1 21207.3338(2) 0.00 34.8 CDMS
NH>;CHO 291 - 111 40875.4416(2) 3.962 CDMS
NH>CHO 202 - 1o1 42386.0590(2) 1.018 17.5 CDMS
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of OH and ¢-C3H,. The profile of OH (ng Q=% F=27-27) at 1667 MHz includes very

broad line components, many of which have Av > 20 kms™!

, and the absorption fully
covers the velocity range of -120 to +40 kms~! with no absorption-free channels. While
the OH (J=% Q=g F=17-17) transition at 1665 MHz is extremely similar to the profile of
the 1667 MHz transition (Appendix A), the (J=3 Q=2 F=1*-2") line profile at 1612 MHz
appears somewhat different. The 1612 MHz transition has a higher line strength in the
-40 kms~! cloud and weaker absorption in the velocity range of -90 to -60 kms™?, as
discussed in §5.2.4. While the line absorption at 1612 MHz also fully covers the velocity
range of -120 to +40 kms™! and contains broad (Av > 10 kms™!) Gaussian compo-

nents over this range, lower line width features, of 3 < Av < 10 km st

, are superposed
on the broad line absorption. In contrast to the broad line widths of the 1667 MHz OH
transition in particular, absorption by c-C3Hs consists of comparatively narrow features,
leaving segments of the spectrum without detectable absorption. In this profile, many nar-
row components (with Av < 3kms™!) are superposed on moderately broad components
with 3 < Av <10 kms™1,

In the line absorption by c-C3H,, at least ten line-of-sight absorption components are
clearly distinguishable, peaking at velocities from -106 to +25 kms~!. Throughout this
section, we treat these features independently and refer to these clouds by their approximate
center velocities. The center velocities and velocity ranges considered are provided in Table
5.2. Due to the nearly constant abundance of ¢-C3H, in diffuse and translucent gas (Liszt
et al. 2012), we use this species as a diagnostic for the total column of Hs and compare the
profiles of other species to c-C3Hy. We further discuss the validity of this in §5.3.1.

Figure 5.2 shows high signal-to-noise transitions of H,CO, CS, and SO. H,CO and CS

are detected in the same ten velocity components as c-CsHs, while SO is detected in all

components with the exception of the -92 kms~! cloud. Line absorption by ¢-C3H, and
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Fig. 5.1 — a. Line-of-sight profiles of OH and ¢-C3Hs> are plotted in blue with individual
Gaussian fit components shown with black dashed lines and the complete Gaussian fit overlaid
in solid black. b. Gaussian fit parameters of center velocity and line width for individual
Gaussian components fit to the profiles of OH and ¢-C3Hs. Horizontal dashed lines indicate
line widths of 10 kms~! and 5kms™'. In all panels, black vertical lines indicate the velocities
of line absorption by Sgr B2 at +64 and +82 kms™!, and colored lines are located at -106,
-73.5,-40, and +3 kms™'.
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Table 5.2 — Velocity ranges considered for each cloud

Nominal Velocity Vo U1

(kms™1) (kms™1) (kms™1)
-120 -126 -116
-106 -110 97.5
-92 97.5 -86.8
-80 -86.8 78
-73 78 -67
-58 -62 -54
4711 -54 425
-4002! 425 35
23 33 -12
0 -11 11.5
2003 11.5 38

[1] For COMs, we use the range of -54 to -44.5.

[2] For COMs, we use the range of -44.5 to -35.

[3] For transitions with significant wings from
Sgr B2, we use the range of +11.5 to +20.

H,CO are fairly similar but have notable differences. Whereas absorption by c¢-C3Hs is of a
similar peak line strength in the -92, -73, -40, and -23 kms~! clouds, the peak line strength
in HoCO absorption varies more substantially in these components. In the H,CO profile,
the -73 kms™! and the -23 kms~! components have similar line strengths, whereas the
-40 kms~! component is a factor of ~3 stronger and the -92 kms™! cloud is significantly
weaker.

The absorption profile of CS (1-0) appears qualitatively distinct from the line profiles of
c-C3H; and HoCO. Whereas ¢-C3H; and HyCO exhibit comparatively smooth absorption
profiles, CS line absorption is characterized by sharper, more jagged peaks. This is par-
ticularly true of the clusters of clouds around -47, -40, and -23 kms™!, where CS absorbs
in narrow, sharp peaks without as much broad-component absorption as is present in the
line profiles of ¢-C3H, and HoCO. This is best illustrated by the -47 kms™! gas, in which
the line strengths of the narrow features are significantly greater than the strength of the
broad absorption component in the CS profile, whereas the opposite is true for c-C3H, and

H,CO. Similarly, absorption by SO (1y-1,) has narrow lines with little broad-component
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Fig. 5.2 — The absorption profiles of HoCO, CS, and SO are overlaid by individual best fit
Gaussian components (black dotted line) and the sum of best-fit Gaussians (black solid line).
Black vertical lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™!,
and colored lines are located at -106, -73.5, -40, and +3 kms~!. In the profile of SO, the
dashed-dotted line indicates the 8,7 - 8,% transition of CH3OH at +64 kms~!, which appears
in emission.
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absorption in the -47 and -40 kms~! clouds.

Figure 5.3 includes selected line profiles of CS-bearing molecules. Generally, the pro-
files of C31S and CCS are similar to one another, with strong line absorption in the -106,
73, -40, and 0 km s™! clouds and narrow peaks characterizing the -47 and -40 kms™! gas.
The profiles of H,CS and HCS™ appear to be less characterized by deep, narrow absorption
features, although this could be because these two profiles do not have sufficient signal-to-
noise to permit a full characterization of narrow features. The patterns of absorption are
somewhat different for these two species than for CS, C**S, and CCS. For H,CS, little to
no absorption is detected at -73 kms™!. In the profile of HCS™, only weak absorption by
HCS™ is observed in the -40 kms~! component whereas CS, C**S, CCS, and H,CS pro-
duce strong absorption in this cloud.

Figure 5.4 shows the line profiles of 28SiO and 2°SiO. Compared to ¢-C3Hs, H,CO, and
CS-bearing species especially, the profiles of SiO isotopologues are much smoother and are
predominantly characterized by moderately broad components (with 3 < Av < 10 kms™).
Strong absorption is present particularly at -73 and 0 kms™!.

The line profiles of [-C3H and [-C3H™ are shown in Figure 5.5. As the transitions of
[-CsH have hyperfine structure, we have only fit the primary (F=2-1) line, with these com-
ponents shown by dashed Gaussian profiles, and we add the hyperfine structure to the total
fit (solid black line) as described above. The presence of the hyperfine structure, combined
with the somewhat weak signal and line blending, makes it difficult to characterize the line
profiles of [-CsH. From the (J:% - % Q:% F=2-1 [=f) line profile at 32627 MHz, we can

confidently characterize the absorption at -106, -92, -80, -73, -40, -23, and 0 kms~'. In

this line profile, we also notice strong absorption at -57 and -48 kms™!

, possibly arising
from the -58 and -47 kms~! clouds. In the line-of-sight profiles by other molecules in the

PRIMOS data, however, absorption by the -58 and -47 kms™! clouds is weaker than ab-
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vertical lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms~!, and
colored lines are located at -106, -73.5, -40, and +3 kms~ 1.
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Fig. 5.4 — The absorption profiles of ®SiO and 2?SiO are overlaid by the best fit Gaussian
components (black dotted line) and the sum of best-fit Gaussians (black solid line). Black
vertical lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™!, and
colored lines are located at -106, -73.5, -40, and +3 kms™—!.
sorption by the -40 and -73 kms~! clouds. Thus, if the absorption at -57 and -48 kms~! is
from [-C3H, then the -58 and -47 km s~ clouds would have exceptionally high abundances
of [-C3H compared to other clouds. If the features are from [-C3H, the (F=1 - 0) hyperfine

transitions should occur at -122 and -113 kms™!

, respectively, in the rest frame of the
(F=2-1) transition. Absorption features are present at both of these velocities, although
the observed features are somewhat weaker than the hyperfine lines should be given the
strength of the (F=2- 1) features. In the (/ =e) transition at 32660 MHz, the velocity range
of -60 to -20 kms~! is obscured by blending with line absorption from cis-CH,OHCHO in
SgrB2 at +64 and +82 km s—!. Nonetheless, an absorption feature at -58 km s~! is possibly
detectable and somewhat resolved on the low-velocity edge of the +64 kms~! component

of cis-CH,;OHCHO. This profile is also not inconsistent with there being line absorption by

[-C3H at -47 kms~!, although it is not possible to claim this feature is detected. However,
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if absorption by the (F=2 - 1 [ =e) transition is present at -58 and -47 kms~!, the (F=1-0)

1

hyperfine components would occur at -80 and -73 kms™, and would account for all ab-

sorption at these velocities. Because the -73 and -80 kms~! components were detected in
the (I =f) component, we are inclined to believe that the absorption at -80 and -73 kms™ 1 is
from the -80 and -73 kms~* clouds, and are not hyperfine features from the -58 and -47
kms™! clouds. Therefore, we treat the features at -48 and -57 kms™! in the (I =f) profile
at 32627 MHz as unidentified lines but warn of the possibility that the absorption is from
the line-of-sight clouds.

In the line profile of I-C3H™' (2-1), line absorption is clearly detected within the O
kms~! cloud, and absorption is also present in the -106, -73, and -47 kms~! clouds. An
unidentified emission line at 44994 MHz in the rest frame of Sgr B2 prevents characteriza-
tion of the -40 kms~! cloud. In the (1-0) transition of -CsH* (Appendix A), absorption
is also clearly detected at ~0 kms~?, and the profile provides evidence supporting the de-
tection of [-CsH™ in the -73 kms~! cloud. The detection of /-CsH™ remains somewhat

L or is con-

suspect, as it either contains substantial absorption from -120 to -110 km s~
fused with a different line or with baseline effects. We note that the baseline is stable on
either side of the velocity range of interest, so do not favor the latter explanation. However,
as the -106 km s~ !component is too weak to be detected in the (1-0) transition, we treat
I-CsH™ in the -106 km s~ cloud tentatively, and recommend that it should be confirmed
in an additional transition.

Figure 5.23 shows profiles of 2CH30H and *CH30H with detected absorption by
the diffuse and translucent clouds. Most notably, we observe emission at ~3 kms™! in
the class I methanol maser line at 36.2 GHz, although the line has a Gaussian shape and

therefore does not exhibit apparent line narrowing associated with strong masing. No maser

emission is observed from the other diffuse and translucent clouds. We also observe promi-
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Fig. 5.5 — Absorption profiles of [-C3H and I-C3H™ are overlaid by the best fit Gaussian com-
ponents (black dotted line) and the sum of best-fit Gaussians (black solid line). Black vertical
lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms~!, and colored
lines are located at -106, -73.5, -40, and +3 kms~!. Hyperfine structure for each of these ve-
locity components is indicated by dotted vertical lines of the same color. The data are overlaid
by Gaussian components fit to the main hyperfine component shown in blacked dotted lines,
and by the total fit to the profile, which assumes that hyperfine or A/E components are present
with the same line shape as the primary component, but with the height scaled by the ratio of
the line strengths. In the profile of [-C3sH at 32627 MHz, the black dashed-dotted line marks
unidentified transitions that are not consistent with the typical profile of diffuse cloud absorp-
tion in this line of sight. In the line profile of /-CsH at 32660 MHz, the black dashed-dotted
line marks a transition of cis-CH,OHCHO at velocities of +64 and +82 kms~! associated with
Sgr B2.
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nent absorption centered at ~3 kms™! in the (20,2-3-1 3) transition at 12.2 GHz and in the
(21,1-30,3) transition at 19.97 GHz. Absorption by the (2 2-3_1 3) transition of "*CH3O0H is
also present at ~3 kms~!. All of the above transitions are associated with the E-state of
methanol and are very likely affected by population inversions, which generate the maser
emission at 36 GHz and enhanced absorption in cerain other transitions. Finally, we ob-
serve the ground state transition of the A-state of methanol at 48 372 MHz. Whereas ab-
sorption by the ~0 kms™! cloud is blended with the wing of the emission by Sgr B2 and
with a line of CH3NH,, the profile includes clearly detected absorption at -106, -73, and
-40 kms™!. As these clouds do not show any sign of having a population inversion, we
expect that the profile is reflective of the true methanol columns in these clouds.

Figure 5.7 includes the profiles of other complex organic species, including HC3N,
CH3CN, CH3CHO, and NH,CHO. Hyperfine structure is handled as described above. The
COMs are prominent in the -106, -73, -40, and 0 km s~ clouds, and are typically strongest
at -106 and ~0 kms~!. While CH3;OH absorption in the (101—005r *) transition is strongest

at -106 kms~!, weaker by a factor of two at -73 kms~!

, and weaker by another factor
of two in the -40 kms™! cloud (Figure 5.23), the molecules shown in Figure 5.7 have
different relative line strengths within these clouds. For HC3N and CH3CHO, the -106
and ~0 kms~! clouds have similar peak line strengths, and are a factor of 2 to 3 stronger
than in the -73 kms™! cloud. CH3CN is stronger in the -106 kms~! cloud than in the
~0 kms™! cloud by a factor of >2, whereas absorption by NH,CHO has a significantly
greater peak line strength in the ~0 km s~ cloud than in the -106 km s~! cloud, by a factor
of ~3. The -40 kms™! cloud is in most cases the weakest of the four clouds marked by
vertical lines. For CH3CN and CH3CHO, the peak line strength in the -40 kms~! cloud
is similar to that in the -73 kms™! cloud. On the other hand, absorption by HCsN and

NH,CHO are significantly weaker in this component than in the -73 kms™! cloud.
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Fig. 5.6 — The absorption profiles of CH3OH and "3 CH30H are overlaid by the best fit Gaussian
components (black dotted lines) and the sum of best-fit Gaussians (black solid line). Black
vertical lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™—!, and
colored lines are located at -106, -73.5, -40, and +3 kms~!. In the profile of CH3OH at 48372
MHz, the black dashed-dotted line marks a transition of CH3NH; at +64 kms™—! associated
with Sgr B2.
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Fig. 5.7 — Absorption profiles of HC3N, CH3CN, CH3CHO, and NH2CHO are shown in blue.
Black vertical lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™!,
and colored lines are located at -106, -73.5, -40, and +3 kms~1. Hyperfine or A/E structure
for each of these velocity components is indicated by dotted vertical lines of the same color.
The data are overlaid by Gaussian components fit to the main hyperfine component shown in
blacked dotted lines, and by the total fit to the profile, which assumes that hyperfine or A/E
components are present with the same line shape as the primary component, but with the height
scaled by the ratio of the line strengths.
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5.2.2 Cloud Kinematics

Figure 5.8 shows the Gaussian fit parameters of center velocity and line width for
all components fit to selected line profiles. In this figure, it is apparent that the -106
kms~! component has particularly consistent and well defined parameters of line center
and width, at v ~ -105.7 kms~! and Av ~ 3.1 kms~'. The standard deviations on these
parameters, of 0.2 and 0.3, respectively, are consistent with the errors to individual mea-
surements. While a few of the high signal-to-noise lines (like HyCO (114-111)) have broader

components at or near -106 kms™?

, all transitions shown in Figure 5.8 have absorption at
(v, Av) ~ (-105.7 kms~!, 3 kms~!), with the exception of CH3CN, which requires a 2-
component fit at -106 kms~!. For some high signal-to-noise transitions, a narrow wing

1

is present to the positive velocity side of the -106 kms™ cloud, at approximately -102

kms~!, and a moderately broad wing is present towards the negative velocity side, at ~115
kms™1.

The -92 kms™! cloud is centered at -92.6 kms~' and has mean width of Av = 2.7
kms~!. The line widths vary significantly more for the -92 kms~! cloud than for the -106
kms~! cloud, with measured values ranging from Av = 1 to 5 kms™'.

In the -80 km s~! cloud, most line fits are tightly clustered around v ~ 80.4 kms~! and
Av = 3.5 kms~!. Absorption by the -73 kms™! cloud typically has a larger line width,
with a median value of 4.9 kms~!. Whereas lines of SiO, and H,CO have higher line
widths, of 9-12 km s, most other species have widths of ~5 kms™!, although significant
scatter exists.

The -58 km s~ cloud is centered at -57.6 km s~ ', and has a line width of ~2.1 kms™!
with statistically significant scatter.

The -47 kms™! cloud consists of two narrow velocity components, at -46.6 and -44

kms~!, in addition to a broad component that is prominent in transitions of ¢-C3H, and
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widths of 10 kms~! and Skms~1.

Horizontal dashed lines indicate line
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H,CO. The narrow components have very consistent line center velocities, and typical
widths of 0.7 and 1.0 kms~! at -46.6 and -44 kms~!, respectively. Similarly, for small
species with high signal-to-noise, the -40 kms~! component consists of two narrow lines,
at -40.8 and -38.7 kms~!, with widths of 1.9 and 1.5 kms™!, respectively. For lower
signal-to-noise transitions, the two components are fit with a single Gaussian with a higher
line width.

As observed in the highest signal-to-noise transitions, the -23 kms~! cloud consists of
many narrow features superposed on two moderately broad features which dominate the
integrated flux. These two moderately broad features are at -27.1 and -20.1 kms™!, with
widths of 4.8 and 4.6 kms™!, respectively, although significant scatter exists. The -23
kms™! cloud was fit with a single Gaussian feature for some transitions with low signal-
to-noise. Naturally, these fits therefore have higher line widths.

Finally, the ~0 and +25 kms~! clouds contain multiple superposed components, in-
cluding broad profiles (Av > 10 km s~!) with moderately broad (3 < Av < 10 kms™!) and
narrow (Av < 3 kms™!) features superposed. Fits to this material typically include a fea-
ture at -1.8 kms™!, a strong component at +3.5 kms™!, a component at +9 kms~!, a broad
component centered between 10 < v < 15 km s~!, and a broad feature at +30 kms~!. The
exact profiles vary significantly in different lines however, producing substantial scatter in

Figure 5.8.
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5.2.3 Column Density and Abundance Measurements

We determined column densities of every molecule in each distiguishable cloud com-

ponent. To do so, we obtained the integrated line optical depths by

B V1 B TL ] . hV/k’
frao= [ (R Tm) (= wa <t
(5.1)

(Nyman 1984; Greaves & Nyman 1996) with T = 2.73 K over the bounding velocities
vp and v; provided in Table 5.2. We obtain column density values for clouds at -120, -106,
92, -80, -73, -58, -46, -40, -23, ~0, and +20 kms~!, and the bounding velocities for these
clouds are provided in Table 5.2. We convert from integrated line optical depths to column
densities by:

Q f Tdv L

SZJMQ e_EL/kTEz — G_EU/kTEz cm (5.2)

N = 8.0 x 102

by the conventions used in (Lucas & Liszt 1993; Greaves & Nyman 1996), where Q is the
partition function, E;, and Ey are the upper and lower state energies, S;; is the intrinsic
line strength, and p is the dipole moment in Debye. The calculation presumes that the
absorbing gas extends homogenously over the continuum. This assumption is standard in
studies of diffuse and translucent gas in line-of-sight absorption.

While the value of the partition function is typically estimated from equations like those
provided in McDowell (1988, 1990), these equations diverge from the true values at low
temperatures of 7., <10 K. Due to the extremely low excitation temperatures in the line-
of-sight clouds, we determined the partition functions directly by counting states with () =
Yge~E/FTer  For this and for input line parameters required in Equation 5.2, line data from
the Cologne Database of Molecular Spectroscopy (CDMS; Miiller et al. 2005), the NASA

Jet Propulsion Laboratory catalogue (JPL; Pickett et al. 1998) and the Spectral Line Atlas of
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Interstellar Molecules (SLAIM; F. J. Lovas, private communication) were accessed through
the ALMA Spectral Line Catalogue - Splatalogue'. In the data output from the CDMS and
JPL catalogs, the value S;;u? incorporates the degeneracy of the upper state g;;. The value
of the degeneracy varies depending on how states are defined, i.e. whether hyperfine states
and torsionally excited states are treated individually or collapsed. As a result, care must
be taken to ensure consistency between the adopted or calculated value of the partition
function and the line parameters used for the column density calculation. In our work, the
partition functions were computed directly from the line data at 7' = 3 K using all states
with energy £/ < 100 K (and up to 300 K for molecules with fewer transitions). We further
verified that our calculated values of the partition function are in agreement with the values
published by the catalogs at temperatures of 9, 19, and 38 K. We applied the method of
direct summation for all species except for CH;OH and '*CH3;OH, for which we used
Q = 1.27T%? and Q = 1.26 T%/2, respectively, as calculated from equations provided in
Blake et al. (1987).

For molecules with only a single transition observed in line-of-sight absorption (i.e.
SiO, SO, and CS isotopologues), it was then straightforward to determine the molecular
column density. For molecules with multiple transitions, we determined the reported col-
umn density as the best fit to all measured transitions as determined by an error-weighted
least-squares method. Within the velocity range, the error (¢) was determined by the errors
on the heights and line widths of Gaussian fits added in quadrature, plus a 2 mK error over
the Gaussian components contributed by baseline uncertainty. The baseline uncertainty
refers to the baseline being slightly above or below the zero line in segments of the line
profile, despite our best efforts of baseline subtraction.

We determine that a model with 7., = 3 K does a good job of accounting for the

line absorption for nearly all molecules in nearly all components. Initially, we allowed

'The ALMA Spectral Line Catalogue is available at www.splatalogue.net; (Remijan et al. 2007)
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both 7., and N, to vary and determined that values of 2.5 - 4 K produced the best fits
in almost all cases. After determining that 3 K is appropriate, we set 7., = 3 K before
obtaining the best-fit values for the molecular column density. For illustration, Figure
5.9 shows the modeled and observed values of the integrated line optical depth obtained
with T,, = 3 K for seven observed transitions of CH3CHO and three of ¢-C3H,. For all
transitions, the best fit was within 1.5¢ of the observed value. For most molecules, the
values of IV, obtained with different transitions are within a factor of 2 of each other. For
H,CO, ¢-C3Hs, and [-C3H, the values typically vary by < 10%. We generally recommend
30% erros on the column density estimates, and somewhat lower errors of ~15% on relative
column densities between different components of a single molecule.

The only molecule for which the model with 7;, = 3 K does not work very well is
CH3CN. The CH3CN (Jxg = 2¢-1p) and (2;-1;) transitions appear to have higher line
strengths than expected given the strength of the J = 1-0 transition. This would suggest a
higher excitation temperature and would therefore provide a lower limit to the molecular
column. However, the (2-1) transition CH3CN is very difficult to constrain due to the over-
lap of the hyperfine structure in the (Jx = 2y-1() and (2;-1,) transitions and the presence of
multiple velocity components; thus it is not entirely clear if the excitation of this species is
higher. As 3 K works well for the remaining species, we expect that 3 K is also appropriate
for CH5CN.

In order to determine abundances relative to Hy, we estimated the hydrogen column
in each component assuming that the abundance of c-C3H; is constant and equal to X =
MNLIXI? = 2.5 x107°. This assumption is based on the work of Liszt et al. (2012), which
found that X...c,u, = (2-3) x 1079 with little variation in diffuse clouds in the Galactic disk.

In §5.3.1 we argue that this is the best method for estimating the molecular hydrogen col-

umn in the PRIMOS data. The resulting hydrogen columns are provided in Table 5.3. For
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the sake of comparison, we also include the hydrogen columns measured by previous au-
thors towards Sgr B2(M), located 45 arcsec south of (N), by conversion from H'¥*CO™ and
13CO (Greaves & Nyman 1996; Irvine et al. 1987). Although clouds are present at mostly
the same velocities in the two sightlines, the relative line strengths in the different kine-
matic components vary. As such, the two estimates of the molecular hydrogen column
density are not expected to match perfectly. However, we do see approximate agreement
for most of the clouds, providing one indication that our conversion from N, c,pu, to Ny, is
appropriate.

Additionally, Table 5.3 includes the neutral hydrogen column densities reported by
(Indriolo et al. 2015) in the sightline to Sgr B2(N). These were measured by HI absorption
in the 21-cm line observed with the Effelsberg 100-m telescope (Winkel et al. 2016). While
(Indriolo et al. 2015) reported column densities over velocity ranges that include multiple
distinct clouds as observed by c-C3Hs, quite very strong trends are present in the molecular
fractions measured. The molecular fraction in the -23 kms~! cloud, located in the disk, is
0.4, consistent with values measured in other diffuse clouds that contain heavy molecules
(Liszt et al. 2012). In the velocity range dominated by gas in the 3 kpc arm, 80 % of the
hydrogen is in molecular form, and an even higher molecular fraction is measured in the
velocity range dominated by Galactic Center gas, with 290% of the hydrogen column in

molecular form.

5.2.4 Abundance Patterns

Using the molecular hydrogen columns in the first row of Table 5.3, we convert molec-
ular column densities to abundances with respect to Hy. The resulting abundances are pro-
vided in Table 5.4 and plotted against Ny, in Figures 5.10, 5.11, and 5.12. The abundance

results are summarized for each molecule below.
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Fig. 5.10 — Molecular abundances of OH, H,CO, SO, and CS-bearing species. The black solid
line represents the assumed abundance of c-CsHs used for the abundance determination. In
order from lowest to highest hydrogen column, the -120, -58, -80, -92, -47, -40, -73, -23, -106,
+25, and ~0 kms~! components are marked with vertical dashed lines. Colored vertical lines,
as labeled, mark the -106, -73, -40, and 0 kms—! clouds.
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Table 5.3 — Molecular and neutral hydrogen column density estimates in units of 102! cm~2

Parameter Position Absorption Cloud Velocity (kms™1)
2120 -106  -92  -80 -73 -58 -47 -40 -23 0 +25

N(H,) (N) 014 26 103 092 18 040 12 14 22 92 52
NH)M (N 3.8 2.7 0.40 2.6 2.2 14.4
NH)Z M) 6 1.2 0.9 9 3 16
NH)BE ) 5 9 4 14
NHDH  (N) 1.0 1.5 4.0 |
f(Hy) N 0.9-0.95 0.8 | 0.4 |
Ay,Pl~ o [ 01 13 05 05 09 025 07 085 1.9 >42 >24

[1] Measurements are binned from previous row.

[2-4] Values from [2] Greaves & Nyman (1996) by conversion from H!3CO™, [3] Irvine et al. (1987) by con-
version from '3CO, and [4] Indriolo et al. (2015) from 21 cm HI absorption.

[5] Central extinction of the cloud, estimated by 2Ay, = Ay = (Ng1 + 2Np,)/(2.2 x 10?1 cm™2), from
(Giiver & Ozel 2009).

108 Molecular Abundances
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Fig. 5.11 — Molecular abundances of SiO, [-CsH, and [-C3H™. In order from lowest to highest
hydrogen column, the -58, -80, -92, -47, -40, -73, -23, -106, +20, and ~0 km g1 components
are marked with vertical dashed lines. The abundances were calculated using two slightly
different hydrogen columns for the -40 km s~ cloud, as marked by magenta vertical lines.



Table 5.4 — Derived molecular abundances.
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Molecule Absorption Cloud Velocity (kms™!) Units
-120 -106 92 -80 73  -58 47 40 23 0 +25
OH 23 08 15 22 1.1 15 10 08 16 07 1.7 1076
c-C3H, 25 25 25 25 25 25 25 25 25 25 25 107°
c-H¥CCCH 1.0 15 0.7 <03 03 1.0 1.2 10710
H,CO 34 46 <19 36 29 15 24 57 27 48 37 1077
Hi3CO 7.3 3.8 3.1 >1.6 88 59 97 >05 107
SO 15 <03 07 16 08 09 32 <18 15 1.2 107°
CS 16 20« 15 21 21 03 07 31* 11 1.1* >07 1078
C31s 23 05 24 34 <13 07 45 12 20 1.1 107?
CCS 34 1.1 209 25 >07 46 18 1.8 1.9 10710
HCS™* 32 29 3.2 1.8 <44 27 3.3 10710
H,CS 33 13 <1.6 55 <29 1.8 04 10710
Sio >0.5 157 20 <03 02f 05 06 17 1.5 107°
298i0 4.2 4.6 11 14 13 1071
30810 2.7 10~
I-C3H 23 19 30 37 <74 41 26 18 1071
I-CsHT 5.4 3.7 13 14 6.6 52 107
CH;0H 1.0 1.1 0.6 <430t <14t 1078
I3CH;0H 14 <68 1078
HC3N 17 58 6.8 20 <23 14 918 10710
CH3;CN 58 04 2.0 29 <06 3.7 1010
CH5CHO 1.0 <l.1 11 <04 06 <04 10 07 1079
NH,CHO 1.2 <20 22 04 <13 4.0 1.4 10710

* Peak optical depths are >0.7 in CS absorption.

 Appears to be a wing associated with the -73 or -40 kms™! gas instead of a separate component.

1 Value is likely overestimated due to the presence of methanol maser emission at ~3 kms

—1

§ Due to the hyperfine wing of HC3N, we used a velocity range of +11.5 to +20 kms~! for the measurement.
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Fig. 5.12 — Molecular abundances of complex organic molecules. In order from lowest to
highest hydrogen column, the -80, -92, -47, -40, -73, -23, -106, +25, and ~0 km st compo-
nents are marked with vertical dashed lines. Colored vertical lines, as labeled, mark the -106,
73, -40, and 0 kms~! clouds. The abundances were calculated using two slightly different
hydrogen columns for the -40 km s~ cloud, as marked by magenta vertical lines.
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OH

The (J=3 Q=3 F=1"-1") and (J=3 Q=3 F=2"-2") transitions of OH at 1665 and 1667
MHz have extremely similar line profiles and very consistent values of N,,.. are derived
using the two lines, with measurements nearly always within 10% of one another. In Ta-
ble 5.4, we report values obtained from a best fit to these two lines and obtain values of
order 107°. The (J=% Q=% F=1%-27) line profile at 1612 MHz appears somewhat different
however. Column density measurements made using the 1612 MHz transition are slightly
higher, by a factor of 1.5 to 3, than the values reported in Table 5.4 for the clouds at -120,
-58, -46, -40, -23, 0, and +25 kms~! clouds. The abundance estimate is slightly lower (by
a factor of 3) in the -92 kms™! cloud, and an order of magnitude lower than the reported
values at -80 and -73 kms~!. OH does not appear to occupy the same volume of gas as
c-C3H,, as evidenced by the differences in the line profiles, so it is not appropriate to in-

terpret the measurements as true abundances. We include the values as they likely have

physical significance, however, as discussed in §5.5.2.

CS-bearing molecules, SO, and H,CO

H,CO, SO, and most of the CS-bearing species share similar abundance patterns. The
CS abundance varies by an order of magnitude within the clouds, and no trend is evident
with the cloud hydrogen column. While an abundance of ~2 x 10~% is most commonly
measured, we note anomolously lower values in some clouds, and a particularly high value
of 3.1 x1078 in the -40 kms~! cloud. In addition to CS, high abundances of H,CO, SO,
CCS, and H,CS are measured in the -40 kms~! cloud. Conversely, the abundance of
HCS™ is lower in the -40 kms™! cloud than in other measured clouds. Whereas HCS™ is
consistently measured to have an abundance of ~3 x 107! in other clouds, it is nearly a

factor of two lower in the -40 kms™! cloud. Figure 5.13 shows the abundances of H,CO,



221
SO, CCS, H,CS, and HCS™ plotted against the abundance of CS. The abundances of CCS
and HyCS positively correlate with the CS abundance, with a slope that is similar to the
identity line, although scatter exists. On the other hand, the abundance of HCS™ does not
vary linearly with the CS abundance; instead it is low in the -40 kms™! cloud and nearly

constant for all other clouds.

Molecular Abundances
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Fig. 5.13 — Molecular abundances of HoCO, SO, and CS-bearing species plotted against the
abundance of CS. The black solid line represents the identity line of the CS abundance. In
order from lowest to highest CS abundance, the -58, +25, -46, 0, -23, -92, -120, -106, -80, -73,
and -40 kms~! components are marked with vertical dashed lines.
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The abundances of HoCO and SO also positively correlate with that of CS. The ob-
served trends in log(Xso) V. log(Xcs) and log(Xu,co) V. log(Xcs) are shallower than the
CS-identity line, however, with slopes of 0.25 and 0.5, respectively. Additionally, while

these species show a clear correlation, significant scatter is present.

SiO

The abundance of SiO varies by an order of magnitude in different clouds. Further-
more, Xsio does not correlate with Ny,or Xcs. In the -73 kms™, ~0 kms™! , and +25
km s~ clouds in the Galactic Center, the SiO abundance is 1.5 to 2 x10~?. However, not
all clouds believed to occur in the Galactic Bar or Galactic Center have high abundances
of SiO; in the -58 kms™? cloud, for example, SiO is at least an order of magnitude less
abundant. In material located external to the Galactic Bar at -23 and -40 kms™!, SiO

abundances are of order 5 x 10710,

l-CgH and l-C3H+

The abundances of [-C3H range from ~2 to 4 x107'°, with a median value of 2.6
x1071°, whereas the abundance of [-CsH* varies more substantially, from 3.7 x107!! to
1.4 x10719. The [-C3H and I-C3H™ abundances do not appear to correlate with Ny, or with

Xcs.

Complex Organic Molecules

CH3OH: The relative abundances of the COMs show significant variation in different
clouds. The abundance of CH30H is measured from absorption in the ground state transi-
tion of the A-state (1y1-0go++) for the -106, -73, and -40 kms~! clouds. While abundances

of ~1078 are measured in the -106 and -73 kms™' clouds, located in the Galactic Cen-
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ter and deep within the Bar, a slightly lower value of ~ 6 x 107 is measured in the -40
kms~! cloud.

In the material at 0 km s, absorption by the E-state (20,2-3-1,3) transition at 12.2 GHz
and the (2, ;-3¢,3) transition at 19.97 GHz indicate an exceptionally high abundance of 4.3
%1076, The values estimated by the two lines differ by about 15%, thereby exhibiting good
agreement. However, it is likely that the line absorption in these two lines is affected by the
population inversion responsible for the emission feature in the 36 GHz class I methanol
maser (Figure 5.23). It is well established that in many class I methanol maser sources, the
class II maser transition at 12.2 GHz displays enhanced absorption relative to LTE (Val'tts
et al. 2010; Menten 1991). This would cause the methanol column density to be overes-
timated based on this line. The mechanism for creating the enhanced absorption is quite
obvious for the 12.2 GHz line; for the F/-state, the population inversion of the class I masers
act to overpopulate the £ = —1 states. As the lower energy state in the 12.2 GHz line is a
k = —1 state, we should see significantly enhanced absorption. While the 19.97 GHz line
is also a class I maser line (see e.g. Val'tts et al. 2010), although less common and typically
weaker than the 12.2 GHz line, the mechanism for creating the enhanced absorption is less
obvious, and this line has not been discussed as exhibiting enhanced absorption towards
class I maser sources to the best of our knowledge. Nonetheless, enhanced absorption may
be the most likely reason for the severely high abundance measured, and we interpret the
value measured in the 0 kms~! cloud as an upper limit that may be a severe overestimate.
A precise treatment of the radiative transfer is warrented for methanol at 0 kms™!.

HC3N, CH3CN, CHsCHO, NH,CHO: The abundance of HCsN varies by nearly an
order of magnitude, from ~2 x 10710 in the -40 and -23 kms~* clouds, located at the
outer edge of the Bar and in the disk, respectively, to 1.7 and 1.4 x 107 in the -106

and ~0 kms~! clouds located in to the Galactic Center. The -73 and -80 km s~ clouds,
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believed to be located deep within the the Galactic Bar, have intermediate values of ~ 6 to
7 x 10719, Therefore, the abundance of HC3N appears to be higher in clouds within the
Galactic Center than in clouds external to the Galactic Bar.

The median abundance of CH5CN is 2.5 x 107'°, and the measured abundances span
an order of magnitude. In the Galactic Center clouds at -106 and ~0 kms~!, CH3CN has
a high abundance of 5.8 and 3.7 x1071°, In the -92 kms™! cloud, also believed to be
located in the Galactic Center, the abundance is significantly lower, at 4.2 x10~!*. The
-40 kms~! cloud also contains a fairly high abundance of CH3CN, of 2.9 x107!°, which
is slightly greater than the measured value in the -73 kms™! cloud located internal to the
Galactic Center. The -23 kms~! cloud contains a lower abundance of CH3CN, with an
upper limit of 6 x 107!, Thus, the abundance of CH3CN appears to vary substantially in
the diffuse and translucent clouds, but there is no clear distinction between Galactic disk
and Galactic Center clouds.

CH;3CHO has an abundance of ~1 x 1077 in the Galactic Center clouds at -106 and
~0 kms~!, and in the Galactic Bar material at -73 kms™'. In the -40 kms™' cloud
located at the outer edge of the Galactic Bar, the abundance is lower, at ~6 x1071%, and in
the Galactic disk cloud at -23 kms™!, it is even less abundant, with an upper limit of ~4
%x1071°, Thus, from the clouds sampled in this line of sight, CH;CHO appears to be more
abundant in diffuse clouds internal to the Galactic Bar than in the Galactic disk.

Finally, the abundance of NH,CHO also varies by an order of magnitude. NH,CHO is
most abundant in the ~0 kms™! cloud, at 4 x 10~!°, moderately abundant at ~1 to 2x 1010
in the -106 and -73 kms™~! clouds located in the Galactic Center and Bar, respectively, and
significantly less abundant in the -40 kms~! cloud, at 4 x 107!, This suggests that the
abundance of NH,CHO is systematically higher in translucent clouds located closer to the

Galactic Center.
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Isotopologue Ratios

The abundance ratios (or equivalently, integrated column density ratios) between iso-
topologues show significant variation within different clouds (Table 5.5 and Figure 5.14).
The 2C/*3C ratio is probed by H,CO, ¢-C3Hs, and CH30H. Values of H,CO/HA3CO of 45
to 65 are obtained for the -106, -40, -23, and ~0 kms~! gas, while higher values of ~95
are found in the material at -73 and -80 kms~!. Thus, the ratios of H,CO/H}3*CO do not
show any systematic change with respect to Galactocentric distance. Values of c-CsHs/c-
H!'3CCCH are ~20 in the Galactic Center clouds at -106, -92, ~0 , and +25 kms™1, slightly
higher at ~35 in the -73 kms~! cloud located deep within the Galactic Bar, and signifi-
cantly higher, at >74 and ~100 in material in the Galactic disk at -40 and -23 kms™,
respectively. The ratio of CH;OH/'3*CH3OH is measured to be 33 in the ~0 kms~! mate-
rial assuming similar excitation of 2CH3OH and **CH3O0H, and this value is intermediate

between the '2C/'3C ratios for H,CO and c-C3sHs in this cloud.

Table 5.5 — Isotopologue abundance ratios. Components marked with a **’ are optically thick
in absorption by CS.

Molecules Absorption Cloud Velocity (kms~1)

-106 -92 -80 -73 -58  -47 -40 -23 0 +25
X(c-C3H)/X(c-H'3CCCH) 24 17 35 >74 100 25 21
X(HoCO)/X(HA3CO) 63 94 96 <152 64 46 49 <791
X(CS)/X(C34S) 8.5% 30 85 6.3*% 9.6 6.8% 9.7 54 6.2
X(Si0)/X(?Si0) >13 2201 12 12
X(Si0)/X(3°Si0) >19
X(*?Si0)/X(3°Si0) 1.6
X(CH30H)/X('*CH30H) 32

[1] Absorption in the velocity range of -85 to -67 kms~! was included in this measurement.

Isotope ratios of silicon are probed by measurements of 28Si, 29Si, and 3°Si. In the
~0 and +25 kms~! material, we obtain 2*Si0/*?SiO = 12, and at -73, we obtain a higher
value of 22. The 2?Si/*°Si ratio is measured to be 1.6 in the -106 kms~! cloud.

The 32S/31S ratio is probed by CS/C3S. For all clouds except for the -92 kms™! cloud,
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Fig. 5.14 — Isotopologue abundance ratios. In order from lowest to highest hydrogen column,
the -80, -92, -47, -40, -73, -23, -106, +20, and ~0 kms~! components are marked with vertical
dashed lines.
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the measured isotopologue ratio ranges from 5 to 10. No trend is evident with hydrogen
column or with Galactocentric distance. Within the components with optically thick CS
absorption (with peak 7 > 0.7), in which the measured isotopologue ratio may be depressed
from the true value, we obtain measurements ranging from 5.4 to 8.5. In components with
lower optical depths (of 7 <0.5) in the CS (1-0) line, values of <10 are observed. In the
-92 kms~! component, we obtain CS/C34S = 30, and it is unclear why this component is

anomolous.

5.3 Cloud Hydrogen Columns: Considerations for Inter-
preting Abundances

We have obtained new measurements on the hydrogen columns within each cloud in the
line-of-sight to Sgr B2, and on abundances of more than a dozen molecules and their iso-
topologues. Before discussing the molecular abundances, we explore the validity of using
c-C3H; as a proxy for Hy and other preliminaries required for intrepreting the abundance

measurements.

5.3.1 Molecular Hydrogen Columns by Conversion from c-CsH,

The hydrogen columns estimated by conversion from c-C3H, column densities are, for
most clouds, similar to previous estimates made in the line-of-sight towards Sgr B2(M)
(Table 5.3). To the best of our knowledge, molecular hydrogen columns within diffuse and
translucent clouds have not previously been estimated by conversion from N.c,u,. We
propose that this is a more direct and accurate method of estimating the hydrogen col-
umn, and discuss the possible limitations of this method. In previous studies of diffuse

and translucent clouds, hydrogen column estimates have been made assuming a constant
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abundance of either CO or HCO™ (Greaves & Nyman 1996; Irvine et al. 1987). How-
ever, due to the high optical depths of transitions of CO and HCO™, the column densities
of the '2C isotopologues are estimated by conversion from *CO or H'*CO™. Previous
authors have assumed differing ratios of 2C/*3C isotopologues internal to the Galactic
Center, Bar and disk. This is dangerous for numerous reasons, including that some of the
clouds have poorly constrained Galactocentric distances. These methods require two as-
sumed conversion factors, and each conversion introduces substantial error. As is clear
from our observations of isotopologues (Figure 5.14), significant variation occurs in the
isotopologue ratios in different clouds, and for many molecules, these cannot be accounted
for by the Galactocentric distances presumed. Furthermore, it is known that isotope frac-
tionation occurs, creating discrepancies between the true isotope ratios (i.e. 1>C/*3C) and
the isotopologue ratios (i.e. 12CO/**CO and H'2CO*/H'¥*CO™"). Also, while it may be safe
to assume a constant abundance of HCO™ with respect to H,, the assumption of a constant
CO abundance is easily contested in diffuse and translucent gas, given a growing body of
evidence suggesting the presence of CO-dark molecular gas in UV-irradiated environments
(see e.g. Wolfire et al. 2010), and evidence that Noo/Ny, varies by a factor of >100 in
diffuse and translucent clouds (Sonnentrucker et al. 2007). Thus, the assumptions required
for estimating the molecular hydrogen column by conversion from CO and/or HCO™ are
not supported by observations.

Conversion from c¢-C3H, is more direct, as it utilizes optically thin transitions of a
molecule that has been systematically explored in diffuse and translucent clouds (e.g. Liszt
et al. 2012) and does not require an isotope ratio conversion. In addition to having a sta-
ble abundance in diffuse and translucent clouds, c-C3Hs; is observed to have precisely the
same abundance with respect to molecular hydrogen in the dense (n ~ 10° cm™2) Horse-

head PDR (Pety et al. 2005), indicating that the value of N(c-C3H5)/N(H3) may be highly
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stable in UV-irradiated gas over a wide range of temperatures and densities. The primary
limitation to this method of conversion results from the fact that the constant abundance
of c-C3H, was established in diffuse gas in the Galactic spiral arms and has not been suf-
ficiently tested in the Galactic Bar or Center where CR-ionization rates and X-ray flux
are elevated. Nonetheless, this appears to be the best means of determining the hydrogen
column at our disposal, and we recommend further exploration of abundance patterns of

c-C3H; via observations and modeling.

5.3.2 Defining Cloud Borders

We also point out differences in how we distinguish between clouds. In the previ-
ous studies, authors have combined multiple cloud components for hydrogen column and
molecular abundance estimates. For example, the clouds at -47 and -40 km s~ were
treated as a single cloud in analyses by previous authors (Irvine et al. 1987; Greaves &
Nyman 1996; Wirstrom et al. 2010). As the -47 and -40 km s~! clouds have demonstrable
differences in molecular abundances, for example in the abundance of CS, we treat these
systems as distinct. For the purpose of follow-up studies of the chemistry within these envi-
ronments, we consider it prudent to treat the clouds as specifically as is possible rather than
present average abundance values which may not be representative of any environment in
the cloud. In this vein, we might consider dividing the clouds further. For example, the -40
kms~! cloud contains two narrow velocity components that are clearly resolvable in CS
absorption. However, for many of the lower signal-to-noise transitions, particularly of the
COMs and low-abundance CS-bearing species, we do not have the signal-to-noise required
to distinguish the two components. Thus, we have maximized the specificity with which

we may treat individual clouds.

Finally, it is standard to interpret a hydrogen column as an extinction value, with Ay=
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1 corresponding to

Ny + 2Ny = 2.2 x 102 cm™2

(Giiver & Ozel 2009). Obviously, the implied extinction values will vary depending on
where the clouds are distinguished. For example, if the -47 and -40 kms~ clouds are
adjacent and do not contain UV-radiation sources located between the two clouds, then
it 1s, indeed, physically appropriate to treat the two clouds as a combined system with
a higher extinction. However, we know little about the three-dimensional geometry of
the clouds and incident radiative fields. In fact, substantial differences may occur in the
incident UV radiation field depending on the Galactocentric distance and on the precise
local environment of the cloud, so that two clouds with similar hydrogen columns may
experience very different radiative fields at their centers. Secondly, cosmic rays, known
to be multiple orders of magnitude more prevalent in diffuse clouds the Galactic Center
(Le Petit et al. 2016), may induce local UV-radiation fields very deep within the cloud,
and X-rays which are particularly prevalent in the Galactic Center can penetrate the diffuse
and translucent clouds (Amo-Baladron et al. 2009). Finally, the geometry and structure
of the diffuse and translucent ISM can significantly affect the radiative field experienced
within the cloud. Thus, we do not put much emphasis on the total hydrogen column as
a determinant of the chemistry observed within the clouds, and indeed we do not observe
significant trends with total hydrogen column in Figures 5.10 - 5.12. Instead, we point out
differences between clouds located internal and external to the Galactic Center and Galactic
Bar, and look for clues to the structure of different clouds.

Translucent clouds are typically defined as systems with central extinction values of 1
< Ay < 2.5. Most of the clouds, as divided in this work, do not meet this definition, having
central extinction values of 0.5 to 1.0 (Table 5.3). This clearly depends on how the clouds

are binned, however we point out that most of the clouds considered here are intermediate
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between diffuse clouds and translucent clouds as defined by this extinction threshold, and

are likely transitional regions.

5.4 Discussion of Isotopologue Ratios and Fractionation

The observed isotopologue ratios of HoCO and c-C3H, suggest systematic differences
between the two. Therefore, it is clear that isotope fractionation is present for at least one
of the species. While isotope ratios of ¢c-C3H, have not been studied closely, models by
Langer et al. (1984) indicate fractionation occurs for the HoCO/HL3CO ratio, such that this
provides an upper limit to 12C/**C, while the 12CO/"3CO ratio provides a lower limit. Ex-
tensive studies of the 12C/!3C ratio have been published using isotopologues of CO, H,CO,
CN, and CH™ (Wilson 1999; Wilson & Rood 1994; Stahl et al. 2008; Milam et al. 2005).
While the studies show definitive evidence for variation in different sources of the same
galactocentric distance, a general trend of increasing 2C/!3C ratios with increasing Galac-
tocentric distance Dgc 1s well established, with typical values of ~20 in the Galactic Cen-
ter, ~50 at a Galactocentric distance of 4 kpc, and ~70 at the solar Galactocentric distance.
The ratios measured by HoCO/H3CO in this data are significantly larger than these values
and do not show any trend with Galactocentric distance, but do show substantial variation.
The ratios measured by c-CsHy/c-H*¥CCCH, namely ~20 in the Galactic Center, 35 at <1
kpe, 75 at 3 kpc, and 100 at 4 kpc, show a very clear trend with Galactocentric distance,
and are mostly similar to the previous measurements of 2C/!3C ratios.

The isotope ratio of 32S/31S has been investigated (Frerking et al. 1980; Chin et al. 1996;
Mauersberger et al. 1996) as well, but is not as thoroughly researched as the carbon isotope
ratio, and disagreement persists over what trends are present with Galactocentric distance.
These authors obtained values of 24.4 £ 5, whereas we observe substantially lower values

of 5 < CS/C3**S < 10 for all clouds with the exception of the -92 kms~! cloud, which
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has a higher value of 30. Generally, chemical fractionation is not believed to affect sulfur
chemistry substantially, as the zero point energies of *2S and *S are quite similar.

Finally, the ratios of 28Si/?°Si and 2°Si/*°Si have not been systematically investigated in
the Galaxy. In the ~0 and +25 km s~! material, we obtain 2*Si0/??SiO = 12, and at -73, we
obtain a higher value of 22. Additionally, we measure 2?SiO/3°SiO = 1.6. Within the solar
system, a value of 22Si/2Si= 19.7 is observed (Wilson 1999; Penzias 1981). Assuming that
chemical fractionation does not significantly affect the SiO isotopoluges, our data indicates
that the 28Si/?°Si in the -73 kms~! cloud is consistent with the local value, while 2°Si

I material located in

is enhanced relative to the main isotope in the ~0 and +25 kms™
the Galactic Center. Additionally, early investigations of 2?Si/*°Si have determined values
of 1.5 without a gradient with galactocentric distance (Penzias 1981; Huettemeister et al.
1998). The measured value of 2°Si/*°Si in the -106 kms~! gas is consistent with this,
supporting the supposition that the value of 2°Si/*°Si does not systematically vary with
Galactocentric distance.

Given these observations, a few trends can be pointed out. First, H,CO/H13*CO is not a
good probe of the *2C/*3C ratio, and includes significant fractionation. If the fractionation
can be understood, this may be interesting from a chemistry perspective. Secondly, 34S is
substantially enhanced in the clouds measured here compared to previous measurements
in other clouds, assuming that CS/C34S does not undergo fractionation. Finally, we notice
that the -73 kms~! material has values of ¢-CsHy/c-H">CCCH and 28Si/?°Si that are in-
termediate between those observed in Galactic Center clouds and those of clouds located

external to the Galactic disk. This is consistent with the -73 km s~! material being located

external to the Galactic Center and in the Bar.
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5.5 Discussion of Molecular Abundances and Implications

for Cloud Structure

5.5.1 Sulfur-bearing Chemistry: CS, SO, HCS", CCS, and H,CS

Clearly, diverse sulfur-bearing chemistry is observed within the diffuse and translucent
clouds. The abundances of a few of the sulfur-bearing molecules detected here have been
investigated in previous studies of diffuse and translucent clouds, most recenty by Lucas
& Liszt (2002) and Neufeld et al. (2015). Lucas & Liszt (2002) measured the abundances
of CS, SO, and HCS™ in diffuse clouds absorbing against extragalactic point sources at
high Galactic latitude, while Neufeld et al. (2015) measured the abundances of CS and
SO in diffuse and translucent clouds in the Galactic plane. In this section, we discuss our
observational results in frequent reference to these two papers. Additionally, Drdla et al.
(1989) reported abundance measurements of CS and HCS™ in diffuse and/or translucent
clouds at high Galactic latitude, and contributed the most comprehensive theoretical model
predictions for sulfur-bearing molecule abundances in diffuse clouds published to date.

In the following discussion, we come to the following main conclusions on sulfur-
bearing chemistry based on the data shown here and in the context of these papers. First,
in clouds in the Galactic disk, we find that CS, and likely SO to a lesser degree, prefer-
entially inhabit the highest density regions of the diffuse and translucent clouds, with true
abundance enhancements in high density material. Secondly, whereas the abundances of
CS and HCS™ are predicted to be closesly coupled (Drdla et al. 1989; Lucas & Liszt 2002),
we do not observe this and our abundance ratios of CS:HCS™ disagree with the observa-
tions of Lucas & Liszt (2002) and Neufeld et al. (2015). Third, SO and H5CS are severely
overabundant as compared to model predictions (Drdla et al. 1989), and model predictions

for CCS in diffuse and translucent clouds have not been published. With the wealth of data
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published, and with recent advances in chemical models, we suggest the sulfur-bearing

chemistry in diffuse clouds should be revisited.

CS: Abundances and Implications for Cloud Structure

Our reported CS abundances vary by more than an order of magnitude, with a median of
1.6 x 1078, Thus, CS has a high abundance in this material as compared to most interstellar
environments; the median value is similar to the abundances observed in the hot core in
Sgr B2(N) and in the Orion Molecular Ridge (Neill et al. 2014; Crockett et al. 2014) and
a factor of two to three times higher than in the dense Horsehead PDR (Goicoechea et al.
2006) and the dark cloud TMC-1 (Ohishi et al. 1992). While the measurements presented
here are in excellent agreement with values reported by Greaves & Nyman (1996) in the
line-of-sight to Sgr B2(M), the CS abundances in the sightlines to Sgr B2(N) and (M) are
significantly larger than those reported in other sightlines by Lucas & Liszt (2002) and
Neufeld et al. (2015). In both latter papers, the authors derived abundances that typically
ranged from 1 to 5 x 1079, although one of the ten clouds measured by Neufeld et al. (2015)
was larger, at 1078, While Lucas & Liszt (2002) obtained significantly lower values than we
measure, they noted that the CS abundance appears sporadic in the diffuse clouds; in some
clouds with significant column densities of HCO™, and presumably therefore of Hy, CS was
undetected, whereas it was clearly detected in other clouds with lower HCO™' columns.
In the data presented here, by Lucas & Liszt (2002), and by Neufeld et al. (2015), the
abundance of CS does not appear to scale with the total molecular or neutral hydrogen
column. Additionally, we do not observe systematically higher or lower abundances in the
Galactic Center/Bar clouds compared to disk clouds.

While there is no clear differentiation between Galactic Center/Bar clouds and disk

clouds based on the CS abundance values observed, there is an apparent distinction be-
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tween the shapes of the CS profiles in Galactic Center clouds compared to disk clouds. As
described in Section 5.2.1 the CS absorption in Galactic Centar/Bar clouds, for example
at -106, -73, and 0 kms~!, includes absorption over the same moderately broad velocity
ranges as do ¢-C3Hs and HoCO. On the other hand, the profile of CS contains very sharp,
narrow peaks in the clouds located external to the Galactic Bar, namely in the -47 and -40
kms~! clouds believed to be located in the 3-kpc arm at the outer edge of the Bar and in
the -23 kms~! cloud. This suggests that CS is highly sensitive to the physical conditions
within the clouds, and may indicate a systematic difference in the structure of clouds that
are located in the Galactic Center compared to those present in the disk.

In the Galactic disk clouds, where CS contains narrow peaks with little broad compo-
nent absorption as compared to c-CsH; and H,CO, we suggest that CS is significantly more
abundant in the highest density regions of the cloud. While chemical models notoriously
underpredict abundances of sulfur-bearing species in the diffuse ISM, the known reactions
can achieve higher CS abundances at higher physical densities and/or higher visual extinc-
tions (see e.g. Lucas & Liszt 2002; Neufeld et al. 2015, and references therein). However,
as the total hydrogen column has been shown to be a poor predictor of the CS column
density and abundance in the data presented here, in Lucas & Liszt (2002), and in Neufeld
et al. (2015), it appears that the CS abundance is more sensitive to density conditions than
to extinction in the diffuse and translucent medium. This claim is also supported by pre-
vious observations; the work of Greaves et al. (1992) suggests that CS resides in material
that is significantly more dense than average in the line-of-sight to Sgr B2(M). While the
mean densities in the clouds appear to be n ~ 300 to 500 cm 2, CS resides in material with
densities of 4000 < n < 15000 cm ™ as estimated by a Large Velocity Gradient (LVG)
analysis of CS (1-0) and (2-1).

This result suggests that the diffuse and translucent clouds contain a significant amount
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of structure. The CS observations cannot be accounted for by a gradual density enhance-

ment with Ay, indicating a greater degree of clumping than previously assumed.

SO

The absorption profile of SO suggests that it too has an enhanced abundance in the high-
est density regions in the -47, -40, and -23 kms~! clouds, with narrow peaks dominating
the absorption in the -47 and -40 kms~! clouds especially. The abundance of SO shows
a positive linear correlation with the CS abundance but does not vary as much as CS does
(Figure 5.13). Therefore the SO abundance may be enhanced, but by a lower factor than
CS, in the highest density regions. Lucas & Liszt (2002) also found a positive but loose
correlation between SO and CS in diffuse gas.

The SO abundances, with a median value of 1.4 x 107, are similar to those measured by
Lucas & Liszt (2002) and Neufeld et al. (2015). Lucas & Liszt (2002) notes that gas phase
models of sulfur-bearing chemistry underpredict this value by multiple orders of magni-
tude. Even upon considering shocks and turbulence dissipation, models underpredict the
SO abundance by an order of magnitude (Neufeld et al. 2015). Because the abundances
of CS are significantly higher in clouds along the sightline to Sgr B2(N), we obtain sig-
nificantly larger values of the ratio N¢s/Ngo than do Lucas & Liszt (2002) and Neufeld
et al. (2015). In most clouds, these authors had found that N¢s/Ngo = 2, although a higher
value of 5.8 was present in the cloud with the anomolously high CS abundance, mentioned
above, in Neufeld et al. (2015). We obtain values of Ncs/Ngo ranging from 3 to ~50, with
a median value of 7. Ratios of Ncs/Ngo have been observed to vary significantly in different
clouds; even in clouds in similar evolutionary states and with apparently similar conditions,

very different values may be observed (e.g. Gerin et al. 1997).
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HCS*, CCS, and H,CS

Among the lower abundance CS-bearing species the results demonstrate a positive lin-
ear correlation between the abundances of CCS and H,CS with CS (Figure 5.13), although
scatter exists, due in part to baseline instability and line confusion in the lower signal tran-
sitions. On the other hand, HCS™ displays a different abundance pattern, with a con-

I cloud. While observation of

sistent abundance in all clouds except for the -40 kms~
additional transitions of HCS™ should be conducted to confirm this trend, the depressed
abundance of HCS™ in the -40 kms™! cloud is notable because all other sulfur-bearing
species have higher abundances in this cloud than in any other. If a larger fraction of the
-40 kms~! cloud consists of higher density material, it may be that the HCS™ abundance is
lower in the highest density regions of diffuse and translucent clouds. The abundance pat-
terns thus suggest that the ratios of Nycg+/Ncs, Nycs+/Nees, and Nyeg+/Nu,cs appear to
be sensitive to cloud conditions within diffuse and translucent clouds, making these ratios
potentially useful probes of physical conditions. Although in a distinct environment, Corby
et al. (2015) observed that CS, CCS, and H,CS have indistinguishable spatial distributions
in Sgr B2, while HCS™ has a distinct spatial distribution, further supporting the trend that
CS, CCS, and H,CS track each other, and that the ratios of HCS™ to other CS-bearing
species are sensitive to physical conditions.

According to chemical models, the molecules HCS™ and CS are among the most closely
related species present in the ISM, as they participate in a direct exchange in both the
formation and destruction of CS (Drdla et al. 1989; Lucas & Liszt 2002). In the reaction

network considered by Drdla et al. (1989) and Lucas & Liszt (2002), CS is believed to be

formed primarily from the dissociative recombination reaction of

HCS"™ + e~ — CS +H, (5.3)
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where HCS™ is first formed by reactions beginning with S™. Three mechanisms dominate
the destruction of CS in these networks. In the first two, photoionization and ion-exchange

reactions destroy CS to form CS™, by

CS +~ — CS* (5.4)

and

CS+ Xt —CST+ X, (5.5)

where X is a cationic species and X is the corresponding neutral species. CS™ then

quickly reacts to form HCS™:

CS* +H, — HCS* + H (5.6)

In the third destruction route, CS reacts with H; to form HCS™ directly:

CS + Hf — HCS* + H,. (5.7)

As CS is formed by a reaction of HCS™ and all dominant destruction pathways for CS
form HCS™, we would expect the abundances of CS and HCS™ to be delicately balanced,
and for the two abundances to track each other. While chemical models of sulfur-bearing
chemistry in diffuse clouds underpredict the abundance of HCS* by multiple orders of
magnitude, Lucas & Liszt (2002) determined that if the observed abundance of HCS™ is
injected into a diffuse cloud, it is possible to account for the CS abundances observed in
their sample, further emphasizing the theoretical importance of N¢s/Nycg+. In clouds in
the Galactic Center, where H3+ is = 10 times more abundant compared to diffuse clouds in

the disk (Oka et al. 2005), we might expect an offset in the ratio, tending towards a higher
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relative abundance of HCS™.

In stark contrast to this, the abundance of HCS™ appears to be uncorrelated with that
of CS. HCS™ exhibits an exceptionally consistent abundance of 3 x 107! in this study,
and this value perfectly matches the measurements made in the diffuse clouds sampled by
Lucas & Liszt (2002). On the other hand, we observe very large variations in CS abun-
dances, by a factor of 2 10 in our study and = 30 if we also consider the measurements
made by Lucas & Liszt (2002) and Neufeld et al. (2015). Furthermore, instead of observ-
ing more HCS™ relative to CS in the Galactic Center clouds due to the higher abundance
of Hj, we see the opposite. Whereas Lucas & Liszt (2002) measured Ncs/Nycg+ = 13.3
4 1.0 in diffuse clouds in the Galactic disk, we find much higher values (and therefore
lower HCS™ abundances relative to CS) ranging from 50 to 65 in most Galactic Center/Bar
clouds. The constancy of the HCS™ abundance in clouds measured in this study and in Lu-
cas & Liszt (2002) indicates that the HCS™ abundance is (1) consistent over a wide range of
densities and extinction values, (2) independent of the CS abundance, and (3) independent
of the Galactocentric distance. As the same values are measured in absorbing clouds in the
Galactic disk as in the Galactic Center and Bar, it appears that the HCS™ abundance is not
highly sensitive to the CR-ionization rate or X-ray fluxes in diffuse gas.

CCS and H,CS have similar abundances to HCS™, of (1-3) x1071°, and like HCS™,
these are also significantly more abundant than predicted by models appropriate in diffuse,
translucent, and/or any other UV-irradiated material (e.g. Drdla et al. 1989; Goicoechea
et al. 2006). In fact, the observed enhancement of HyCS is five orders of magnitude larger
than predicted by Drdla et al. (1989), and no prediction was published for CCS. With
the recent observational constraints on sulfur-bearing chemistry in diffuse and translucent
clouds provided here, in Lucas & Liszt (2002), and Neufeld et al. (2015), and in dense

PDRs (Goicoechea et al. 2006), a revised theoretical treatment of sulfur-bearing chemistry,
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and particularly of CS-bearing chemistry, is warrented. Certainly, advances in the theory of
turbulence chemistry, PDR chemistry, and gas phase and grain surface reaction networks
could prove effective for reproducing the observed chemistry. More importantly, a thorough
theoretical treatment of the sulfur-bearing chemistry may illuminate the patterns embedded
in the varying abundance ratios, producing a more nuanced understanding of what the
chemistry tells us about the physical and radiative structure of the diffuse and translucent
ISM. For example, the ratio of N¢s to Nycg+ may prove an excellent probe of physical
conditions, however a solid theoretical understanding of the reaction networks is requisite

for interpreting the ratios.

5.5.2 Oxygen-bearing Chemistry: OH, H,CO, and SiO
Interpreting OH Absorption

OH has four hyperfine transitions in the (2H3/2 J = %) state, at 1612, 1665, 1667,
and 1720 MHz. All four transitions can exhibit masing, typically in very high density
(10 < n < 10° cm™3) environments (Gray et al. 1991; Elitzur 1992) associated with
star formation, shocks, and AGB winds. Under lower density conditions in which strong
masing is not produced, thermal absorption or emission line profiles are observed. How-
ever, to the best of our knowledge, there have been no reported observations in which the
four hyperfine transitions are in LTE. Instead, recent work by Ebisawa et al. (2015) has
demonstrated that non-LTE excitation of the ground state hyperfine transitions of OH are
ubiquitous in clouds that do not host strong masing, including a translucent cloud, a cold
dark cloud, and a PDR, and additional reports of similar behaviors have been reported
commonly (see references in Ebisawa et al. 2015), although the reported instances tend
to involve emission line sources. Whereas the 1665 and 1667 MHz transitions produce

emission that is more consistent with LTE conditions over a wider range of physical con-
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ditions, the 1612 MHz component appears in absorption against the CMB background and
enhanced emission is present in the 1720 MHz linet (Ebisawa et al. 2015). The divergence
from LTE occurs by a collisional excitation mechanism, even at very low physical densities
of ~10 cm™3 (Elitzur 1992).

In §5.2.4, we described that the 1665 MHz and 1667 MHz transitions have very consis-
tent absorption profiles, with primarily broad (Av > 10 kms™!) absorption components,
resulting in statistically identical OH column density measurements. However, the profile
of the 1612 MHz transition is clearly different, as are the column density values measured
using the 1612 MHz transition. The discrepancy between the measured values indicates
that a non-LTE excitation effect is present for OH in diffuse clouds. The 1665 and 1667
MHz transitions should better represent the true kinematic distribution and column density
of OH, and we thus exclude the 1612 MHz profile from further discussion.

OH is the only molecule observed in the PRIMOS data that is more typically present in
the most diffuse gas of the CNM and in the WNM than in the higher density regions. It is
formed through warm temperature chemistry which can occur efficiently under conditions
of shocks and turbulence dissipation (see e.g. Godard et al. 2009, 2014, and references
therein). Turbulence dissipation in particular is believed to significantly impact the chem-
istry observed in the CNM, with periodic episodes of turbulence dissipation injecting sig-
nificant amounts of high-temperature molecules into the CNM (Godard et al. 2009). Under
the denser, darker, cooler, and less turbulent conditions of the embedded translucent cloud
material, OH should not be formed efficiently, and the reactive radical species should be
destroyed efficiently.

As expected from this, the OH absorption profiles at 1665 and 1667 MHz are more
similar to those of small hydride molecules observed with Herschel (e.g. Godard et al.

2012; Indriolo et al. 2015) than to other absorption profiles observed in the PRIMOS data.
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Comparing the profiles of OH and c-C3Hy (Figure 1), it is apparent that OH is present in
more diffuse material than c-C3Hs. If ¢-C3H, indeed traces Hy even at very low extinction
(Liszt et al. 2012), this implies that OH is present in material in which there is not suffi-
cient H, self-shielding to yield a high molecular hydrogen fraction. Furthermore, the OH
absorption profiles indicate that OH is less abundant in the regions of enhanced density.
This is evident as the profiles do contain significant optical depths within the narrow peaks
corresponding to the enhanced ¢-C3Hy absorption.

Finally, we comment on the values of Noy//Ny, derived. We determine a median value
of Nou/Nu, = 1.5 x107°. In the line of sight to Sgr A, Karlsson et al. (2013) found similar
but slightly higher values of 1.8 to 5.8 x107% in line-of-sight clouds associated with the
same structures that we observe, namely in the EMR (at -130 to -95 kms™! in our data),
the 3-kpc arm (at ~40 kms~! towards Sgr B2), and in the 0 kms~! gas. The values
reported here and by Karlsson et al. (2013) are significantly larger than those observed
in diffuse and translucent gas towards other sightlines however, with values ranging from
5x 1078 to 2 x 1077 observed towards W51 and W49N (Neufeld et al. 2002; Wiesemeyer
et al. 2003). If we consider the abundance with respect to the total hydrogen column by
Ny = Ny + 2 Ny, adopting the HI column densities published in Indriolo et al. (2015),
we obtain typical values of 4 to 6 x10~".

While it is not appropriate to adopt the values of Noy/Ny, in Table 5.4 as true abun-
dances, as OH primarily occupies a different phase of the ISM than the ¢-C3H; from which
Ny, was estimated, we include the values as they likely have physical significance. Lower
than average values may indicate that a cloud is more dominated by translucent material as
opposed to diffuse material. Notably, lower than average values are observed in the -106,
-73, -40, and 0 kms~! , where translucent clouds are particularly prominent and complex

organic species are present.
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H,CO

Excluding OH, formaldehyde is the most abundant species measured in this work, at
typical levels of a few x 10~7. This is significantly higher, by nearly two orders of magni-
tude, compared to measurements in high latitude cirrus clouds and diffuse clouds (Turner
1993; Liszt et al. 2006). With respect to different interstellar environments, these abun-
dances are very high, comparable to those observed in the Orion hot core and molecular
ridge (Neill et al. 2014), and two and four orders of magnitude, respectively, larger than
what is observed in the dark clouds TMC-1 and in the Horsehead PDR (Ohishi & Kaifu
1998; Guzman et al. 2014).

The abundance of H,CO varies by a factor of ~4 within the observed clouds. The
abundance does not exhibit an apparent correlation with N, c,u,, however H,CO exhibits
a positive linear correlation with the observed abundance of CS (Figure 5.13). Liszt et al.
(2006) has demonstrated that the abundances of HoCO and CS are tightly correlated, while
H>CO is not correlated with hydrocarbons like ¢c-C3H,. Once again, the abundance ra-
tios that we observe in the line-of-sight clouds to Sgr B2 are different than what has been
reported in other sightlines; whereas Ny,co/Ncs was measured to be approximately 2-
3 by Liszt et al. (2006), we obtain higher values of ~20. From comparing the profiles of
H,CO and CS, it is unclear why the two species should correlate well. Whereas CS appears
to prefer higher density regions of the diffuse clouds, the absorption profile of H,CO in-
cludes moderately broad absorption components indicating that H,CO is likely abundant in
a larger fraction of the cloud volume. Additionally, it is entirely unclear from a chemistry
viewpoint; whereas CS is believed to form in the gas phase, HoCO is typically believed
to form on grain surfaces, and grain surface processes have not typically been implicated
in diffuse cloud chemistry, as ice mantles should not form under the low extinction, low

density, and warm temperature conditions present. Furthermore, H,CO is not predicted to
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be nearly as abundant as observed under low extinction conditions due to photodissociation

(Liszt et al. 2006).

SiO

Abundances of SiO in the line-of-sight to Sgr B2(M) have been measured by Greaves
& Nyman (1996), and abundance patterns in the sightlines to Sgr B2(M) and W49 N were
discussed by Greaves et al. (1996). In the line-of-sight towards Sgr B2(M), values measured
by Greaves & Nyman (1996) varied by an order of magnitude, from 3 x 107! in the -40
kms~! cloud, to 2 and 3 x 10~ in the -106 and -75 km s~ clouds, respectively. In our
data, we observe values in a similar range, of <2.5 x 107° to 2.0 x 107, We observe
lower values in clouds located closer to the Galactic disk, namely 4 to 6 x107!° in the
-40 and -23 kms~! clouds, and higher values of 1.5 to 2 x10~Y in the -73, 0, and +25
kms™! clouds located in the Galactic Bar and Center. We observe a very low value in the
-58 kms~! cloud, which is surprising because this is believed to be located internal to the
Galactic Bar or Center.

The profile of SiO may also hold clues to the nature of the gas in which SiO is most
abundant. The absorbing components at -73, -40, and -23 km s~ in particular appear to be
broader and more smoothly varying than in profiles of most other molecules. The profile
does not contain the narrow absorption features present in the profiles of most other species
observed in this study, and particularly of CS and SO. Therefore, it does not appear that
SiO is enhanced in the densest material. The components of SiO may be shock broadened
and SiO may be abundant only in recently shocked material. In this scenario, SiO could be
confined to a small spatial region on a shock front, or could be spatially extended perhaps
occupying gas with more recent episodes of turbulence, which is believed to be important in

the diffuse ISM (Godard et al. 2009). Alternatively, the SiO abundance could be governed
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more directly by the X-ray or CR flux in the medium, and the species may inhabit more
diffuse conditions than most molecules observed in this study.

A deeper investigation of the formation and destruction of SiO in diffuse clouds could
help elucidate the structure of the diffuse clouds. For instance, if the SiO abundance is most
directly governed by shocks in these environments, then this data may indicate that the high
density clumps in which CS and SO are abundant are not subjected to the shocks associated
with turbulence dissipation, and tend to be undisrupted within a turbulent medium. This
would put a limit on the size scales of the clumps and could advance our understanding of

the turbulence.

5.5.3 Linear Hydrocarbons: [-CsH and [-C;H"

The linear hydrocarbon species [-C3H has been a known interstellar molecule for three
decades, and is present in multiple distinct environments including evolved stars (Thaddeus
etal. 1985; Pardo & Cernicharo 2007), dark clouds (Thaddeus et al. 1985), and PDRs (Pety
et al. 2012). The cation of this species, [-C3H™, was first detected much more recently,
by Pety et al. (2012) in the Horsehead PDR. Whereas most molecules observed in the
PDR, including [-C3H (Pety et al. 2012), are also detected in a dense, UV-shielded core
in the Horsehead nebula (e.g. Guzman et al. 2014), I-C3H' was not observed towards
the core, providing the first indication that it is abundant only in the presence of far-UV
radiation. Since the initial detection, [-C3H™ has also been detected in the Orion Bar PDR
(McGuire et al. 2014b) and in material in Sgr B2 (McGuire et al. 2013) that likely contains
a high UV and X-ray flux (Corby et al. 2015; Goicoechea et al. 2003). Additionally, [-
C3H™ has been rigorously detected in three other PDR sources, and it is tentatively detected
in two additional PDRs (B. McGuire 2015, private communication). Despite a search for

[-C3H™ towards 35 additional sources including hot cores, hot corinos, and evolved stars,
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the species was not detected (McGuire et al. 2014a,b). Thus, [-C3H™ appears to be an
excellent indicator of a PDR environment.

Although the profile of [-CsH is difficult to interpret due to the presence of hyperfine
structure, line confusion, and weak signal, we determine reasonably consistent /[-C3H abun-
dances of 2 to 4 x107!°. These values are slightly higher than the observed values in the
Horsehead PDR of (1.4 4+ 0.7) x 107!, Adopting the /-C3H column derived in Sgr B2(N)
(McGuire et al. 2013) and the molecular hydrogen column derived in Appendix A of Quan
et al. (2016), a similar value of (1-2) x107!° is present in the PDR/XDR material in Sgr
B2(N).

Measured [-C3H™ abundances in this work range from 4 to 14 x10~!!, although they
have considerable uncertainties of about a factor of 2 given the weak signal and the presence
of line blending. These values are slightly higher than in the Horsehead PDR (3 x 10711)
and in Sgr B2 (2 to 3 x 10~!1). For most clouds with measured abundances of both I-
C3H and [-C3H™ in this survey, the ratio of [-C3H/I-CsH™ ranges from ~3 to 4. The ratios
are therefore quite similar to the value of ~4 observed in the Horsehead PDR, and slightly
lower than the value of ~6 observed in the PDR/XDR gas in Sgr B2. We also note that
the absorbing components of [-C3H™ are, like in the profile of SiO, broader than observed
in the profiles of most other species in this study. While the weak signal may contribute
to this effect, it may be that [-C3H™ is more spatially extended than most species observed
here, preferentially populating the more diffuse material rather than the embedded clumps.
This would be expected if I-C3H™ is formed only in the presence of a strong far-UV field.

While PDR chemistry does a poor job of accounting for the abundances of most molecules
observed in the diffuse ISM (e.g. Godard et al. 2009, 2014), it will be interesting to deter-
mine whether PDR conditions can account for the observed abundances of these two linear

hydrocarbon species, and to explore the effect of turbulence on the molecules. Pety et al.
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(2012) was able to reproduce the observed abundances of both species in the Horsehead
PDR using a PDR model with conditions appropriate in that environment. While the mean
densities are much lower in the diffuse and translucent clouds considered here, it is plau-
sible that the observed abundances of [-C3H and /-CsH™ may also be consistent with PDR
model predictions. A more recent study of the molecules suggests that they are formed
from the photo-destruction of PAHs, with [-CsH™ being an intermediate to the formation
of [-C3H (Guzman et al. 2015). As it is well established that PAHs are prevalent in the dif-
fuse ISM, the abundances of -C3H and [-C3H™ should not be sensitive to the gas density,

and rather should be sensitive to PAH abundances and the UV field within the cloud.

5.6 Complex Organic Molecule Abundances and Implica-

tions for Cloud Structure

5.6.1 CH;0H

First, it is surprising to see emission in the 36 GHz class I maser line by material at

1. Maser emission has never been associated with diffuse or translucent cloud

~3 kms™
material. In most molecular lines, the material near 0 kms~! behaves in a way that is
consistent with a diffuse or translucent cloud. In particular, for molecules with multiple
observed transitions, relative line strengths are reasonably consistent with excitation to the
CMB temperature in this material, requiring that the gas has a low to moderate density.
The population inversion generating 36 GHz masing can be excited over a wide range of
densities, including n ~ 103 to 10* cm™3 (Cragg et al. 1992), appropriate in the highest
density material in these clouds. However, masing is not observed in all gas in this density

range, and the 0 kms~! cloud is unique amongst the line-of-sight clouds treated here. The

~0 kms~! cloud therefore is set apart from the other systems by this feature.
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Although masing by the 36 GHz line is observed in various environments, it is com-
monly associated with colliding systems, including bipolar outflows and HII regions ex-
panding into a medium (Flower et al. 2010; Val'tts et al. 2010). It has been suggested that
the ~0 kms™! cloud consists of ejecta from the cores of Sgr B2 (Gardner et al. 1988;
Wirstrom et al. 2010). If this is the case, the masing might be due to a collision of the
ejecta with ambient gas. However, the cause remains uncertain, particularly because there
is insufficient evidence to conclude that the material is the Sgr B2 ejecta, as absorption at
~0 kms~! is pervasive across the Galactic Center (Royster & Yusef-Zadeh 2014; Jones
et al. 2012; Neufeld et al. 2003) rather than local to the vicinity of Sgr B2. It will be in-
teresting to determine whether masing occurs at a similar velocity in additional positions
across the Galactic Center.

We interpret the abundances at -106, -73, and -40 kms~!, determined from the ground
state transition of A-CH3;OH as true abundances of ~1 x 1078 in the -106 and -73 km s~ clouds,
located in and near the Galactic Center, respectively, and slightly lower at ~6 x10~? in the
-40 kms~! cloud, located at the outer edge of the Galactic Bar. Additionally, while our up-
per limits to the abundance in other clouds are not severely restrictive, we can definitively
say that CH3OH has a lower abundance within a few of the clouds in the Galactic Center.
Therefore, CH3;OH is not equally abundant in all of the Galactic Center clouds observed
in this line of sight, however, in the very limited sample of three clouds with measured
abundances, CH3OH is more abundant near the Galactic Center.

The measured CH3;OH abundances can be compared to values reported by Turner
(1998) in a sample of high latitude cirrus clouds and Clemens-Barvainis cores, and to up-
per limits established by Liszt et al. (2008) in high latitude diffuse clouds. While a few
of the clouds measured by Turner (1998) had much higher values (of up to nearly 10~7)

and nearly half had non-detections, a value of ~3 x10~? was representative of most of
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the clouds with detected methanol. We note that the majority of the clouds with detected
methanol had higher hydrogen columns than most of the clouds measured here, implying
central extinctions of 1.6 < Ay, < 2.0. Turner (1998) estimated the methanol abundances
upon adopting assumptions about the cloud geometry and density structure and assuming
that methanol was confined to a small filling factor of ~25%. On the other hand, our mea-
surements are made as average values over the velocity range specified, and we would ob-
tain even higher values under the same assumptions. As a result, the lower limits for clouds
with non-detections in the line-of-sight to Sgr B2 are in the range of measurements in the
sources observed by Turner (1998). The abundances measured in the -106 kms~! and
-73 kms~! cloud are greater than in most clouds observed by Turner (1998), and if we
adjusted the abundances based on the assumptions applied by Turner (1998), they would
be substantially more so. Finally, in their sample of high latitude diffuse clouds, Liszt
et al. (2008) did not detect methanol and obtained upper limits to the abundance of 2 to 7
x 10719, significantly lower than values observed in the -106, -73, and -40 kms™" clouds.
The detection of CH30H in these sources is interpreted to indicate that dust surface
chemistry plays a significant role in the clouds in which methanol is detected, as asserted
by Turner (1998) and Liszt et al. (2008). Although some models of diffuse gas indicate that
grain surface chemistry may play an important role in diffuse and translucent clouds (Viti
et al. 2000; Price et al. 2003; Hocuk et al. 2016), grain surface chemistry has been ignored
in most models due to the difficulty of forming ices on grain surfaces under the UV fields
present in these low-extinction environments (e.g. Drdla et al. 1989; Turner et al. 1999;
Godard et al. 2014). By our current understanding, ice mantles can form only when the
extinction experienced by the grain is Ay = 2 under the standard interstellar radiation field
with G, =1 (Tielens & Allamandola 1987). Given the hydrogen columns measured (Table

5.3) in the -106, -73, and -40 kms~! clouds, we would not expect ice mantles to form
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under standard assumptions of the cloud structure, and this is especially true in the -106
and -73 kms~! clouds located in or near the Galactic Center, due to the stronger X-ray and

CR irradiation present.

5.6.2 HC;N, CH;CN, CH3CHO, and NH,CHO

The observation of COMs in this material is somewhat surprising. While some of the
COMs were detected in clouds with much lower hydrogen columns (e.g. CH3CN at -
92 kms™!), five clouds are observed to contain the most prominent absorption by COM:s.
These clouds include the highest molecular hydrogen column clouds, with Ny, > 2.5 x 10%!
cm~2, but in this small sample, we do not observe trends of increased abundance with hy-
drogen column. Of the five prominent clouds, three are located in the Galactic Center (at
-106, ~0 and 425 kms™!), one is located deep within the Galactic Bar (at-73 kms™1), and
one is located on the external edge of the Galactic Bar in the 3-kpc arm (at -40 kms™!).
Additionally, we consider the upper limits to abundances in material in the disk at -23

L. For comparison, we note that clouds at -73, -40, and -23 kms~! have similar

kms™
molecular hydrogen columns in our measurements, and the total hydrogen columns (Ny =
2Ny, + Ny) are larger in the -40 and -23 km s~! clouds than in the -73 kms™! clouds.
The -106 kms~! cloud has a 30 to 40% higher molecular hydrogen column, whereas the
~0 and +25 kms™! clouds have significantly higher molecular hydrogen columns under
the current cloud divisions employed.

Based on the very limited sample of measured abundances, HC3N appears to have sys-
tematically higher abundances within clouds located in the Galactic Center compared to the
disk, and intermediate values in the Bar. Comparing the -73, -40, and -23 kms~! clouds

which have similar total hydrogen columns, and the -80 kms~! cloud with a lower hydro-

gen column, we observe significantly higher abundances by a factor of 23 in the Galactic
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Bar clouds at -80 and -73 kms~! compared to the -40 and -23 kms™! clouds in the disk.
The Galactic Center clouds at -106 and ~0 kms~! have even higher abundances by a fac-
tor of 2 to 2.5. HC;3N is also abundant in energetic and highly irradiated environments
in the central regions of external galaxies, including Ultra-Lumininous Infrared Galax-
ies (ULIRGs) (Lindberg et al. 2011). HC3N has further been detected in the Horsehead
PDR with an abundance of ~10~! (Gratier et al. 2013), an order of magnitude less abun-
dant than the disk translucent clouds and two orders of magnitude lower than the Galactic
Center translucent clouds measured here. The work by Gratier et al. (2013) shows that
the abundance of HC5N is sustained in a UV-irradiated environment, however, it does not
demonstrate an increased abundance in the PDR compared to a UV-shielded core. Thus,
UV-irradiation alone does not appear to drive the HC3sN enhancement. The observational
results presented here, and the extragalactic observations of HC3N suggest that it may form
efficiently in the presence of strong UV, X-ray, and/or CR irradiation; yet models predict re-
duced abundances of HC3N in the presence of radiative and CR fluxes in excess of Galactic
disk values (D. Maffucci 2016, private communication).

The abundance of CH3CN appears to vary in the diffuse and translucent clouds, but
there is no clear distinction between Galactic disk and Galactic Center clouds. On the other
hand, CH3;CHO appears to be more abundant in diffuse clouds internal to the Galactic Bar
than in the Galactic disk, with a factor of two lower abundance in the -40 kms™! cloud
and a factor of >3 in the -23 kms~! cloud as compared to material in the Galactic Center
and Bar. Perhaps CH3CHO, like HC3N, is enhanced in the presence of high X-ray or
CR-irradiation.

The detection of NH,CHO is notable because there is presently no known gas phase
formation route for NHoCHO capable of producing observed abundances, and ice surface

chemistry is observed to occur efficiently in the laboratory (Kanuchova et al. 2016), and
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is believed to be essential for forming NH,CHO. In the five clouds in which it is firmly
detected, NH,CHO has a much greater abundance in material in the Galactic Center and
Bar compared to the -40 kms™! cloud in the disk, with abundance ratios ranging from 3
to 10. The abundance of NH,CHO is most elevated in the ~0 kms~! cloud, which has
the highest hydrogen column density, and is also quite high in the -73 kms~! cloud. No-
tably, these two clouds have the highest SiO abundances, suggesting a possible association
with shocks. While we do not favor interpreting the column density directly as extinction
due to the multitude of uncertainties in physical conditions and spatial structure (§5.3.2),
it is notable that the 0 kms™! cloud has a sufficient hydrogen column that ice chemistry
should occur on the dust grains, and NH,CHO may be liberated by passing shocks. How-
ever, under the assumption of a homogeneous dust distribution, the -73, -106, and -40
kms~! clouds would not be expected to form ice mantles at extinction levels of Ay, < 1.
Nonetheless, we observe considerable abundances of NH,CHO within these clouds, and
particularly within the -73 kms™! cloud.

Clearly, the results warrent further investigation by chemical modeling, including closer
consideration of the impact that Galactic Center conditions, with higher densities, temper-
atures, shocks, and X-ray and CR-ray fluxes, may have on the chemistry of the COMs.
The detection of the diverse range of COMs may indicate that ice grain mantles are able
to form within these systems despite the harsh conditions in these low extinction translu-
cent clouds. The results may further indicate that this process of ice accummulation occurs
more readily in the Galactic Center than in the disk, requiring substantial differences in the
cloud structure. This may be related to the differences in the kinematic signatures in CS

absorption by clouds located internal and external to the Galactic Bar.
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5.7 Conclusions

We have compiled the line profiles of ~40 molecular lines with line-of-sight absorp-
tion by diffuse and translucent clouds observed towards Sgr B2(N) with the GBT PRIMOS
data. The data reveal the presence of ~10 kinematically separate clouds. In each cloud, we
determined the column densities of observed molecules and estimated the molecular hy-
drogen column density by assuming a constant abundance of ¢-C3Hs. Conversion from the
c-C3sH; column density provides a new method for measuring the hydrogen column, which
is, for numerous reasons, preferable to conversion from isotopologues of more abundant
molecules like CO and HCO™. We then converted the molecular column densities to abun-
dances and considered the abundance patterns. We summarize new results below, including
systematic trends with Galactocentric distance.

The CS profiles indicate that CS may be a good diagnostic for physical conditions.
Whereas ¢-C3Hs has been shown to have a constant abundance in diffuse and translucent
clouds (Liszt et al. 2012), the abundance of CS varies quite significantly in different clouds.
No systematic offset is apparent in the abundances within clouds located in the Galactic
Center/Bar compared to the disk, and we do not observe a trend with Ny, . In the clouds lo-
cated in the disk, CS appears to preferentially occupy the highest density material, and the
kinematic profile suggests a difference in the cloud structure between diffuse and translu-
cent clouds in the Galactic Center and the disk. Namely, the translucent clouds in the disk
contain embedded sources with narrow line widths (of Av & 1) and high CS abundances;
clouds in the Bar and Center instead contain CS ubiquitously over the same velocity range
as c-C3Hs and H,CO are observed. Abundances of H,CO and SO are positively correlated
with the CS abundance, confirming the correlation between HoCO and CS observed by
(Liszt et al. 2006). Finally, CS-bearing molecules may prove excellent diagnostics for the

cloud physical conditions, however significant advancement in chemical models is needed
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first.

The abundance of SiO varies significantly in the clouds, and the broad profiles of SiO
may suggest that it is more spatially extended than most of the molecules and does not
reside in higher density embedded clumps. If SiO indicates shocks in these environments,
then it is apparent that the -106, -73, and ~0 kms~' material is highly shocked, with
the highest SiO abundance in the -73 kms™! cloud, and that the -40 kms~! material has
recently experienced shocks. These clouds also contain high abundances of the complex
organic molecules, so that shocks may be implicated in their formation or observed gas
phase abundances. If shocks enhance the COM abundances by liberating ice mantle species
from the dust grains, this would imply that ice grain chemistry is effective in environments
where ice mantles are not classically expected to form (Tielens & Allamandola 1987). If
the gas structure is highly inhomogeneous, however, ice mantle formation may be effective.

Finally, the COMs CH30H, HC3N, CH3CN, CH3CHO, and NH,CHO are prevalent in
the observed material, and their formation is not understood in these environments. Partic-
ularly CH30OH and NH;CHO are believed to form on ice mantles, and efficient gas phase
synthesis routes are not known. While ice mantle chemistry could occur in the ~0 and +25
kms~! clouds, it is not expected in the other material. This can potentially be accounted for
if the structure of the material is highly inhomogeneous, as explored in Chapter 6. Addi-
tionally, HC3N and CH3CHO appear to be systematically more abundant in the translucent
clouds in the Galactic Center compared to the disk, and may be associated with CR or

X-ray irradiation.



5.8 Appendix: All Spectral Line Profiles

T/ Te

Line-of-Sight Absorption Towards Sagittarius B2(N)

255

0.00

-0.06¢

-0.12¢

OH (J=Z 0=I F=1¥-2") at 1612 MHz

010/ OHEU=20=IF=

0.00 .
-0.10 V‘%\ o

-0.20+

-0.30+

17-17) at 1665 MHz

N

0.00
0.20 Vx\

-0.40¢+

OH (J=§ =% F=27-2") at 1667

MHz

-

%

-100

-50

Velocity (km s7!)

0

50

100

Fig. 5.15 — Absorption profiles of OH are shown in blue. Black vertical lines indicate the
velocities of line absorption by Sgr B2 at +64 and +82 kms~—!, and colored lines are located

at -106, -73.5, -40, and +3 kms— 1.
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Fig. 5.16 — Absorption profiles of OH are shown in blue. Black vertical lines indicate the
velocities of line absorption by Sgr B2 at +64 and +82 kms~*!, and colored lines are located at
-106, -73.5, -40, and +3 kms—!. The data are overlaid by individual Gaussian components fit
(blacked dotted lines), and by the total fit to the profile (black solid line).
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lines indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms~!, and col-
ored lines are located at -106, -73.5, -40, and +3 kms~!. The data are overlaid by individual
Gaussian components fit (blacked dotted lines), and by the total fit to the profile (black solid
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Line-of-Sight Absorption Towards Sagittarius B2(N)
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Fig. 5.18 — Absorption profiles of HoCO and HA3CO are shown in blue. Black vertical lines
indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™!, and colored lines
are located at -106, -73.5, -40, and +3 kms~!. The data are overlaid by individual Gaussian
components fit (blacked dotted lines), and by the total fit to the profile (black solid line).
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Fig. 5.19 — Absorption profiles of SO and CS are shown in blue. Black vertical lines indicate
the velocities of line absorption by Sgr B2 at +64 and +82 kms~!, and colored lines are located
at -106, -73.5, -40, and +3 kms~!. The data are overlaid by individual Gaussian components
fit (blacked dotted lines), and by the total fit to the profile (black solid line).
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265

Line-of-Sight Absorption Towards Sagittarius B2(N)
CH,CN (1, - 0y) at 18397 MHz

0.000

-0.004

-0.008

T/Te

0.02¢

0.00 Pt

-0.02¢

-0.04|

-0.06¢

Fig. 5.25 — Absorption profiles of CH3CN are overlaid by the best fit Gaussian components
(black dotted line) and the sum of best-fit Gaussians (black solid line). Black vertical lines
indicate the velocities of line absorption by Sgr B2 at +64 and +82 kms™!, and colored lines
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components is indicated by dotted vertical lines of the same color. The data are overlaid by
Gaussian components fit to the main hyperfine component shown in blacked dotted lines, and
by the total fit to the profile, which assumes that hyperfine or A/E components are present with
the same line shape as the primary component, but with the height scaled by the ratio of the
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Abstract

In this final scientific chapter, we present exploratory work on the spatial structure
of diffuse and translucent clouds. The work highlights a recent serendipitous discovery
within broadband data obtained for an alternate scientific purpose. The data include direct
observations of the inhomogeneous structure of the diffuse and translucent ISM on spatial
scales of 6000 AU to 0.1 pc. In this chapter, we present the observational results, discuss the
implications for the structure of this material, and discuss the capabilities that broadband
observations offer for extending our understanding of the coupled physics and chemistry
occuring. We discuss the results in the context of recent theoretical predictions for the
distribution of dust in the diffuse ISM, in which hypercompact condensates of dust form

the seeds of cool, dense gas clumps embedded in the diffuse ISM.

6.1 The Spatial Structure of Diffuse and Translucent Clouds

Diffuse and translucent clouds are observed in the foreground of either extragalactic
point sources or Galactic HII regions spanning a few tens of arcseconds. To date, ob-
servational analyses have assumed that diffuse and translucent clouds are homogeneously
extended over the continuum source. It has been conjectured that translucent clouds are
moderately extended, spanning spatial scales of a few parsecs (Greaves & Nyman 1996;
Greaves & Williams 1994), significantly larger than the background continuum sources
they are observed against, and that diffuse clouds are even more extended and homoge-
neous (e.g. Qin et al. 2010).

The molecular chemistry has been treated under the assumption of homogeneity in spite
of observations indicating substantial inhomogeneities in the HI distribution. So-called

“tiny HI clouds”, or alternatively tiny scale atomic structure (TSAS), have been observed
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in the Galactic disk (e.g. Heiles 1997; Dutta et al. 2014). These systems are observed to oc-
cupy size scales of tens to hundreds of AU in the Galactic disk (Rollinde et al. 2003; Heiles
& Stinebring 2007), and may contain neutral hydrogen column density enhancements of
~30 to 50% compared to sightlines that do not intersect the tiny clouds. While there have
been a few reports of time variability for molecular lines revealing tiny scale molecular
structure (TSMS) (Rollinde et al. 2003; Heiles & Stinebring 2007), there has been little
investigation of how the distributions of molecules couple with the HI distributions.

Furthermore, a few structures have been reported with inhomogeneities of somewhat
larger size scales, of a few thousand AU, which are still very small compared to the size
scales of typical molecular clouds. In their review of the 2006 meeting entitled Small
lonized and Neutral Structures in the Diffuse ISM, Heiles & Stinebring (2007) remarks that
“There’s a large range of unstudied scale sizes lying between tiny and typical parsec-scale
structures.”

The literature contains a few chemical modeling studies of diffuse clouds with mi-
crostructure under low extinctions of Ay <0.5. The authors assume that the embedded
hyperdensities are overpressured and therefore transient systems; models have included
embedded hyperdensities of 10 by 100 pc size scales under a range of densities from 3 x 102
cm~? to 10° cm™3 and lifespans of 1 to 1000 yr (Bell et al. 2005; Cecchi-Pestellini et al.
2009). The models demonstrate that the embedded systems can significantly affect the ob-
served chemistry in the entire system (Cecchi-Pestellini et al. 2009), even with transient
knot lifespans of 100 yr (Bell et al. 2005). These models have assumed that the hyper-
densities have high temperatures, even larger than the diffuse clouds in which they are
embedded, and are byproducts of turbulent wave energy dissipation. The model presented
in Cecchi-Pestellini et al. (2009) predicted that H,O" and SH* should be present in de-

tectable abundances, and indeed, these species were observed soon thereafter (Ossenkopf
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etal. 2010; Menten et al. 201 1), making this a rare case where a chemical model prediction
was clearly validated by observations.

However, observational papers have expressed consternation as to the source of the
inhomogeneities (Heiles & Stinebring 2007), and chemical models have included “a pop-
ulation of transient density enhancements maintained by some external and unspecified
sources” (Cecchi-Pestellini et al. 2009). Both observational and theoretical researchers
have assumed that the lifetimes of the hyperdensities must be short, as they should be
extremely overpressured (Heiles & Stinebring 2007, and references therein). However, re-
cent theoretical work on an electric effect of charged dust in the diffuse ISM (Tsytovich
et al. 2014) may provide an explanation for these systems. The models of Tsytovich et al.
(2014) predict that dust in the diffuse and translucent ISM should not be homogeneously
distributed, but instead should congregate into tiny cloudlets of dust with very high dust
densities. These cool very efficiently, so that a cool gas halo can form surrounding the
tiny cloudlet, possibly explaining the TSAS. The models provide the first theoretical ex-
planation for the TSAS, and they predict that the hyperdensities are cool, whereas previous
treatments of the systems assumed that they should be hot. The systems are thereby stabi-
lized, enabling them to be more long-lived, although they could be periodically disrupted
by turbulence.

In this chapter, we discuss observations of inhomogeneities in translucent clouds on
spatial scales of 6000 AU to 0.1 pc, intermediate between the size scales of previously
observed TSAS and the supposed spatial scales of the translucent clouds. We additionally
explore the possible connection between the observed chemistry and spatial structure with

the model predictions by Tsytovich et al. (2014).



272

6.2 Novel Observations of Translucent Cloud Inhomogeneities

VLA data of 18 GHz transitions of HC3N and CH35CN show that, at least for organic
species in translucent clouds located in the Galactic Center, the assumption of homogeneity
is incorrect. While the HC3N and CH3CN transitions were targeted for a different scientific
purpose, the large bandwidths provided by the upgraded VLA enabled this discovery.

If the translucent clouds have homogeneous distributions over the background source
continuum structure as typically assumed, a high resolution image of an absorption line ob-
served against a background HII region should show a constant line optical depth. Because
molecular excitation temperatures in diffuse and translucent gas are equivalent to 7-\g, the
optical depth of an absorption line is entirely characterized by the ratio of 77./T¢ (e.g. Liszt
et al. 2012). Thus, if the foreground material is extended and homogeneous, the value of
T7./T should be constant in all pixels in which a measurement can be made (i.e. in pixels
with a sufficient background continuum strength).

Towards Sgr B2(N), an optical depth measurement can be made over a ~20 arcsec field,
as defined by the spatial extent of the shell-shaped HII regions and adjacent compact HII re-
gions (Gaume et al. 1995). When 1imaged by the VLA with 1 arcsec resolution, clumps
containing high column densities of HC3N and CH3CN are clearly detected at the veloci-
ties associated with translucent clouds in the line-of-sight. Figure 6.1 shows the integrated
line strength in the specified velocity component, showing that each detected velocity com-
ponent consists of a clump at a different spatial position. The ~0 kms~! component con-
sistently appears at a position to the NW of the shells, whereas the -106 km s~ component
appears at a position to the E of the center of the shells, and the -73 kms~! component
has an enhanced line strength towards a position to the SW of the center. The spectrum
extracted from the position of each clump is shown below each panel. The spectra fur-

ther demonstrate the optical depth differences. For instance, towards the strong continuum
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source (known as K4) against which the ~0 kms~! component is observed, a clear ab-
sorption feature is observed at +3 kms~!, but no absorption features are detected at the

velocities of other line-of-sight features at -40, -73, or -106 kms™*.

At the position of
the -106 kms™! clump, little to no absorption is observed associated with other line-of-
sight clouds at ~0, -40, or -73 kms™!, and the corollary can be said at the position of
the -73 kms™! clump. Figure 6.2 shows the integrated line optical depth images for each
velocity component; at the positions of the clumps, the line optical depth is enhanced by
a factor of =5 over most positions on the field. Given the signal-to-noise of the measure-
ment, the clumps have column densities that are at least a factor of 20 higher than some
positions on the field. The clumps have spatial scales with an upper limit of the beam size
of 1 arcsec. The 1 arcsec size scale corresponds to 8000 AU at an 8.5 kpc distance (likely
appropriate for the -106 and ~0 kms~! clouds) and 7000 AU at a distance of 7.5 kpc
(likely appropriate for the -73 kms~! cloud at a Galactocentric distance of 1 kpc). We note
that clumping is also present towards Sgr B2(M), located 45 arcsec south of Sgr B2(N),
indicating that multiple clumps containing strong absorption by the COMs are embedded
in more extended systems.

This result is further corroborated by ATCA data at 30 to 44 GHz towards Sgr B2 with
~ 5 arcsec resolution, in which clumps are found at positions that are consistent with those
observed with the VLA. Figure 6.3 shows the integrated optical depth in gas at ~0 and ~10
kms~! in 36 to 40 GHz lines of CH;CN, HC3N, and NH,CHO. Nearly all of the detected
absorption by the ~0 km s~! material is observed towards precisely the same position as
in the VLA data, showing an optical depth enhancement by at least a factor of 6 over
most positions on the field. This figure also shows that the material at ~10 kms~! has a
somewhat different spatial distribution than absorption at ~0 kms~!. Although the ~10

km s~! material, like the ~0 km s~! material, has the strongest absorption at the position
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of the NW continuum source (namely K4), the ~10 kms~! material is more widespread.

The ATCA data also contains line-of-sight absorption profiles by smaller molecules, and

Figure 6.4 shows the absorption by the ~0 and ~10 kms~! clouds by CCS, SO, and SiO.

The figure shows the same general trends, although the distributions of CCS and SO in

particular are more widespread both at 0 and 10 kms™!, thereby demonstrating a lesser

degree of enhancement in the clumps. From this, it is evident that the COMs preferentially

reside within the clumps to a greater degree than the smaller species.
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Figures 6.5 shows the integrated line optical depths of COMs in the -106, -73, and -

40 kms~! clouds. Again, inhomogeneities are apparent, with a factor of ~5 enhancement

towards positions that generally agree with the positions at which the clumps were observed

with the VLA. Figure 6.6 shows the spatial distributions of smaller species in the -106, -73,

and -40 kms™! clouds. In general, these appear to be more widespread than the COMs,
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and show somewhat different spatial patterns. ALMA data at 3-mm further indicate that
many smaller translucent cloud species exhibit a clumpy distribution in translucent clouds
in the Galactic Bar, Center, and disk, on spatial scales probed with a 3 arcsec beam (A.
Belloche 2015, private communication).

The independent observations of different transitions provide significant evidence that
spatial inhomoegeity is substantial; in some cases, nearly all of the absorption arises from a
single position with an upper limit to the size scale set by the beam size. Given these inde-
pendent confirmations, it is evident that interferometric observations towards this pointing

position enable us to directly observe the clumpy substructure of translucent clouds.

6.3 An Emerging Theory of Diffuse Cloud Substructure

As briefly mentioned above, recent theoretical results predict the presence of signifi-
cant clustering in the distribution of dust, and the predicted systems may be related to the
observed inhomogeneities. In the work of Tsytovich et al. (2014), models of interstellar
dust in the diffuse ISM predict the formation of compact, optically thin cloudlets of dust
in which the dust density is enhanced by a factor of ~107 compared to a homogeneous
distribution. In conditions appropriate for the Galactic disk, the dust cloudlets should oc-
cupy size scales of 1 to 10 AU. In the models, irrespective of the dust size and composition,
nearly all interstellar dust condenses into these systems; while the clouds may be periodi-
cally disrupted by turbulence, they reform on very fast time scales, so that most interstellar
dust should be within them rather than dispersed in the ISM at any given time. The precise
size scale of the dust cloudlets is determined by how highly charged the dust is. Cloudlets
forming in a medium with substantial UV or CR irradiation (like in the Galactic Center)
may be an order of magnitude larger, spanning perhaps 50 to 100 AU (A. Ivlev 2016, pri-

vate communication).
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The dust cloudlets affect the surrounding gas in a few important capacities. First, they
provide efficient coolants to gas, enabling gas to condense and form gas halos surrounding
the dust cloudlets. According to the model, the halos should be 1 to 2 orders of magni-
tude larger in spatial extent than the dust cloudlets (Tsytovich et al. 2014). Thus, in the
Galactic Center, these halos may occupy size scales of 500 to 5000 AU. Compared to the
surrounding diffuse material, the gas density in the halo is enhanced by a factor of T¢/T gy,
where T is the temperature in the initial diffuse medium. From observations in Galactic
disk diffuse clouds, this factor is typically 10 to 20; in Galactic Bar and Center clouds, this
factor may be more like 20 to 30. We note that this factor is similar to the observed density
margin between translucent clouds and diffuse clouds.

The dust cloudlet/gas halo substructure also enhances grain surface chemistry on the
cold dust grains (Ivlev et al. in prep). Ongoing investigations indicate that the molecular
hydrogen fraction f(Hsy) in the entire body of diffuse gas can be significantly enhanced with
this structure compared to a homogeneous dust structure, providing better consistency with
observations (A. Ivlev 2016, private communication; Ivlev et al. in prep). The substructure
should also enhance the production of ice mantle species including H,CO, CH3O0H, and
NH,;CHO. In fact, similar physical structures have been implicated in chemical models
attempting to account for the chemistry observed in other Galactic environments due to the
improved efficiency of chemical reactions in conditions of high dust densities (A. Vasyunin,

private communication).



282

6.4 Implications for Diffuse and Translucent Cloud Struc-
ture and Chemistry

While translucent clouds have typically been treated as cohesive systems, interferomet-
ric data shows that they contain a clumpy structure as traced by complex organic molecules.
From the VLA data, we have an upper limit to the clump size corresponding to 8000 AU;
this is slightly larger than the size scales of the gas halos predicted by the models, of up to a
few thousand AU. Additionally, as the translucent clouds in the line-of-sight to Sgr B2 are
measured to have higher gas densities than the diffuse clouds by a factor of 20 to 30 times,
it is quite plausible that the clumps composing the translucent clouds are the predicted gas
halos. This could explain the complex molecular chemistry observed within them, as the
organic species may be produced due to the presence of the dust cloudlets.

The dust and gas distribution may resolve several issues pertaining to the chemistry
and physics of the diffuse ISM. First, recent results from Herschel data indicate that the
gas and dust temperatures are entirely decoupled in the Central Molecular Zone, with very
warm gas temperatures of >50 K in dense gas (Morris & Serabyn 1996) to over 300 K
in more diffuse material (Oka et al. 2005), but with cold dust temperatures of 15 to 20 K
throughout (Ginsburg et al. 2016). The predicted dust distribution accounts for the observed
discrepancy.

Secondly, the structure can enhance the predicted abundances of molecules in the dif-
fuse ISM. For numerous molecules, models underpredict the observed abundances by mul-
tiple orders of magnitude (Neufeld et al. 2015). The dense, cold dust enables the formation
of ice mantles needed for forming NH,CHO, for instance. Through mechanical exchange
between the gas halo and the ambient diffuse media, the structure may also populate the

diffuse ISM with smaller grain surface species like H,CO that are not as easily destroyed.
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Third, the theory predicts a distinct structure in the highly X-ray and CR irradiated
material in the Galactic Center than in the disk. The predicted size scales for the dust
cloudlets and gas halos are one to two orders of magnitude larger. The larger cloudlets in
the Galactic Center may be more effective at enhancing the grain surface molecules than
the smaller systems in the disk diffuse clouds. This is consistent with the results of the
previous chapters, in which many molecules, and particularly complex organic molecules
were observed to be more abundant in the Galactic Center clouds. Additionally, in the
previous chapter, the kinematic profile of CS suggests a different structure in the Galactic
Center diffuse and translucent clouds than in the disk clouds. Whereas the diffuse clouds
in the disk contain many distinct embedded clumps of lower individual optical depths, the
higher density clouds in the Galactic Center have more consistent and well-defined borders,
with higher integrated optical depths. This too is consistent with the predicted differences

in the structures in the Galactic Center and disk.

6.5 Future Prospects

The direct observations of the cloud substructure and the theoretical predictions suggest
a very different structure for diffuse and translucent clouds. The proposed dust structure
solves numerous questions raise by observations, and furthermore, it provides testable pre-
dictions. The interferometric data indicates that it is possible to directly observe the sub-
structure in different molecules. In fact, the COM transitions are among the weakest lines
detected in the line-of-sightmaterial by the PRIMOS data, so that it will be easier to observe
the spatial structure of most other molecules. Therefore, we have access to the physical and
chemical structure of the diffuse and translucent ISM. Utilizing this will involve observ-
ing spectral lines of multiple molecules at matched resolution to determine whether some

species exhibit a greater deal of clumping than others. It is quite plausible that the COMs
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will preferentially populate the densest or most UV-shielded material, whereas HoCO may
exhibit a lesser degree of enhancement in the clumps. These can be compared with HI dis-
tributions as measured by 21 cm line absorption and the Hs distribution probed by c-C3H,.

In this way, we can directly observe the distributions of HI, Hs, and various molecules,
combining multiple spatial resolutions as allowed by the source geometry and the signal
strength. These measurements enable accurate constraints on the layered physical and
chemical structure of the diffuse and translucent ISM, providing localized conditions that
can be directly compared with model predictions. Iteratively through measurements and
models, this material may provide an excellent opportunity to compile and demonstrate a

working understanding of the physics and chemistry of the diffuse ISM.



Chapter 7

Concluding Remarks
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7.1 Summary and Future Studies

This dissertation has highlighted the rich spectral line data that is now easily attainable
with new-generation radio telescopes. We have explored a few of the many facets of these

data sets, including:

e the increased potential for serendipity in broadband data sets compared to last-generation
data sets, and the capacity to complete many different projects with a single observa-

tion requiring limited telescope time (Chapter 6).

e the need for a comprehensive, full-view perspective of interstellar molecular chem-

istry in order to advance astrochemistry toward being a predictive science (§1.2).

e the need for automated data handling to interpret data and to achieve this full-view

perspective (Chapter 3).

e an integrative approach incorporating the kinematics and chemical abundances of
tens of molecules to constrain the physical conditions of molecular-rich material in

highly complex regions (Chapters 4 and 5).

In this work I presented scripts designed to fully fit broadband spectra and perform line
identification (Chapter 3). I demonstrated the performance on data over the full span of cen-
timeter wavelengths toward Sgr B2, the most line-dense object in the Galaxy. The scripts
operate in an empirical rather than model-based way and provide output that characterizes
the kinematics of the source.

Full spectral characterization is essential for inspecting the spatial distributions and
analyzing data cubes for all but the strongest transitions. The utility of the code will in-
crease dramatically if it is interfaced with the image domain, and even further when it is

interfaced with a model for molecular line radiation. The method presented here is distinct
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from that used in alternative efforts for broadband data analyses (Teuben et al. 2013; Moller
et al. 2015), and provides advantages particularly for sources with very complex kinematic
structures. Regardless of whether this or a different code becomes the foundation of a
more widely adopted software for automated data handling, it is located in the context of
exploring the best approach to the new challenges and possibilities introduced by the new
generation broadband radio instruments.

We utilized the output of the code, coupled with inspection of the cubes, to characterize
the chemistry present in rather exotic material in Sgr B2(N) (Chapter 4). The data suggests
that the material is a PDR/XDR, and a great diversity of chemistry is present, including
many complex O-bearing molecules like aldehydes, small S-bearing species, and N-bearing
molecules including nitriles (with -C=N) and imines (with -C=NH); imines in particular
are believed to be biologically relevant. The detected molecules may be interesting targets
to search for in other PDRs. The analysis of the code output additionally suggests that the
molecular gas of interest is located near the star forming cores of Sgr B2, rather than in the
envelope as previously proposed, and is affected by localized conditions in the core.

Additionally, we characterized the molecular content and structure of diffuse and translu-
cent clouds located in the Galactic disk, Bar, and Center in the line-of-sight to Sgr B2.
Data collected with the GBT reveal a greater deal of molecular complexity than previously
known in this material, and complex organic molecules are observed in considerably high
abundances. The observations introduce new puzzles to be addressed by chemical mod-
eling efforts, particularly related to (1) the observed S-bearing molecule abundances and
(2) the formation of COMs in material that would not be classically expected to form ice
mantles. Interferometric observations indicate that the systems may be more complex than
previously known, containing significant spatial structure in transitions of COMs. The

observations of spatial structure enable direct tests of the coupled physics and chemistry
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in this material, and direct constraints on the layered chemical abundances present. This
provides a novel opportunity to compare chemical models to accurate and comprehensive
measurements of localized chemistry and to utilize precise constraints on physical condi-
tions.

Looking to the future, I anticipate dramatic advances in our understanding of the chem-
istry and physics of the ISM. These are made possible largely by the onset of the broadband
radio astronomy era, but also by new laboratory setups designed to directly test chemistry
in conditions analogous to those present in the ISM. The different projects presented here
should be taken in the context of the larger challenge of understanding the chemistry of the
Universe. Each project explores a different parameter space opened up by the arrival of
broadband instruments. Each presented project enables us to peek behind a different cur-
tain, to report that which is most obvious, but moreover to prepare for both the challenges

and the bounty that lie ahead.
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