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ABSTRACT

ITH the advent of modern astrophysical observatories such as the Atacama

Large Millimeter/submillimeter Array (ALMA), the Karl J. Jansky Very

Large Array (VLA), and the Robert C. Byrd Green Bank Telescope (GBT),

the field of astrochemistry is now capable of probing into the heart of many

of the most chemically-rich and complex astrophysical sources, such as massive star form-

ing regions, protoplanetary disks, and evolved stars. However, as new sensitivities and

spatial resolutions are achieved, the synthesis of many competing physical and chemical

processes across the dynamic history of these sources make it difficult to disentangle the

underlying chemistry. It is a worthwhile endeavor, then, to study the earlier stages of star

formation where many of these processes, instead, occur in relative isolation. Here, we

perform two experiments to probe the gas-phase and solid-phase chemistry in prototypi-
cal environments.

To start, we examine how carbon-chain gas-phase chemistry evolves in isolation within
the dark cloud Taurus Molecular Cloud (TMC-1). Here, we performed a deep spectral sur-
vey of TMC-1 with the GBT across 1.8 GHz of bandwidth between 18 and 24 GHz to find
new, exotic carbon-chain molecules. First, we report the detection of 7 new isotopologues
of the large cyanopolyynes, HCsN and HC;N, and, by comparing the relative isotopic ra-
tios, conclude that cyanopolyynes may not have a consistent formation route across the
molecular family. Next, we discuss the first radio detection of an aromatic molecule, ben-
zonitrile (c-C¢HsCN), which may prove to both be a key proxy for benzene and a crucial
chemical link between small carbon chain and the ubiquitous polycyclic aromatic hydro-
carbons (PAHs). Finally, we describe the detection of HC50 and the tentative detection
of HC;O, whose previously undiscovered molecular family appears to have a formation
chemistry that varies significantly from the cyanopolyynes.

In the second half of this manuscript, we study how shocks can impact the chemistry
in astrophysical environments and be used as a probe for the relatively unconstrained
interstellar solid-phase chemical reservoir. First, we discuss the results from interferomet-
ric observations of key shock tracing molecules within the prototypical chemically-active
outflow, L1157. Here, we find that shocks affect the abundance of molecules by either
primarily sputtering ice-produced species into the gas phase, inducing post-shock gas-
phase chemistry, or disrupting the abundance of gas-phase species through the extreme
physical conditions in shocks. Second, we reproduce the majority of the predictions made
from these observations by adapting the three-phase gas-grain chemical network model,
textscnautilus, to include relevant shock physical conditions and processes. Furthermore,
this model can make relevant, testable predictions on the temporal evolution of numerous
shock-relevant molecules in molecular outflows. And so, with work presented here, we
have shown that the underlying chemistry in the interstellar medium can be efficiently
and effectively constrained by studying relatively simple and isolated astrophysical envi-
ronments in great detail.
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Part 1

Introduction



CHAPTER 1

BACKGROUND & SUMMARY

ANY of the biggest scientific questions remaining today relate back to under-
standing the origins of the world around us: from the Origin of our Universe
(58), to the origin of what makes up 95% of the Universe (194), to the origins
of life (18; 233). Directly related to this is another outstanding question in
astronomy and chemistry: what is the origin of Earth’s environment that enabled the for-
mation of life? While significant progress has been made to answer this question, one
major step in the formation of life that has yet to be fully understood is how the prebiotic
molecules, the building blocks to DNA and RNA, are formed from the elemental ashes
produced in the deaths of stars. The initial conditions, or the elemental abundances pro-
duced in supernova remnants and stellar atmospheres, can be observationally constrained
through observations of diffuse clouds (82). Meanwhile, the discovery of amino acids
within comets and meteorites (4; 68), which are thought to be formed out of the primordial
material of the solar system, proves that there was a high degree of chemical complexity
during the formation of planetary bodies. The field of astrochemistry is vital to answer this
question as it seeks to reveal the composition, structure, and dynamics of the molecules
that could create and support life and the environments it forms in.
To date, around 200 molecules have been detected in the interstellar medium or circum-
stellar shells. To study the origin of these species, three major regimes of astrochemistry
have arisen:

# Observational: Here, the emission from molecules are detected and, through the
study of their abundance and the conditions in which they form, used as probes
to determine the underlying chemical and physical processes that produce them.

# Laboratory: Here, analogs to interstellar conditions are created in order to measure
the significance of a variety of chemical and physical reactions and processes on the
overall chemistry of a astrophysical source. In addition, the spectra of molecules
need to be measured in order to be accurately detected in space.

# Theoretical: Here, the experimental constraints acquired by both of these other regimes
are combined to attempt to reproduce the data, to the best ability of our chemical and
physical understanding to date. Also, where observational and experimental meth-
ods are unable to measure a certain value or parameter, theories of physical and
quantum chemistry can be used to estimate the likely values.

It is through the synthesis of these three branches of astrochemistry that it is truly possible
to unveil the mystery of our molecular origins, as each branch provides new constraints



and insights for one another to exploit. Here, we will focus on the observational and
theoretical regimes, while acknowledging the importance of the third, undiscussed branch.

While the first molecules detected in the interstellar medium (ISM) occurred in the
1930’s and 1940’s (CH (210), CN (163), and CH" (65)), the field of astrochemistry first
truly exploded with the advent of new field of radio astronomy in the late 1960’s and early
1970’s with the first detection of polyatomic molecules (e.g. NHj; (42), H,O (43), and H,CO
(207)) and the second most abundant molecule in the Universe after H, (CO (235)).

Soon after, the first astrochemical models were developed for the purposes of explain-
ing the presence of these new species, as well as predict other molecules that would be
promising for future detection (102). Compared to these initial models, which contained
~100 gas-phase reactions and ~35 individual species, modern astrochemical theory has
undergone substantial evolution, now containing ~10*'s of reactions and >500 species
(77;155; 199), and the addition of many chemical and physical processes. One of the most
important inclusions to these models was the incorporation of chemistry occurring on the
surface of or within ice-mantles covering interstellar dust grains (75; 77; 96; 179; 200; 221).
For many of the most complex species detected, the production efficiencies of the solid-
phase formation routes are significant higher than those in the gas phase (77; 99). How-
ever, there is a high degree on uncertainty in the rates and efficiencies among ice-chemistry
networks and laboratory studies (56). And as a result, there has been much study to theo-
retically, observationally, and experimentally determine the significance of ice versus gas-
phase chemistry in astrophysical environments (57; 79; 199).

As discussed earlier, to observationally constrain these two regimes of astrochemistry,
the spectral signatures from interstellar molecules can be used to identify the presence of
specific molecules. Initially, the electronic transitions of molecules, typically found around
the visible part of the electromagnetic spectrum, in either emission within interstellar gas
or in absorption in stellar atmospheres were used to detect the first molecules. However,
the feasibility of this technique is only possible for the smallest of molecules, requires sig-
nificant external energy input to excite the molecules into these states, and can have a high
degree of degeneracy. With the rise of radio receiver technology, it became possible to
detect the rotational transitions of molecules in the radio, millimeter, and sub-millimeter
regimes. These transitions are highly unique for each species and require the lowest en-
ergetic changes between states, which has facilitated the detection of the vast majority of
known interstellar molecules through the use of observatories such as the NRAO 140 ft
(208), the Karl J. Jansky Very Large Array (VLA) (177), the Robert C. Byrd Green Bank
Telescope (GBT) (181), the Atacama Large Millimeter /submillimeter Array (ALMA) (241),
the Institut de RadioAstronomie Millimétrique (IRAM) (85), and the NOrthern Extended
Millimeter Array (NOEMA) (41; 89), and the Nobeyama Radio Observatory (3). In addi-
tion, the ro-vibrational transition of gas-phase molecules have also been studied in much
detail in the infrared (20), but is again limited to smaller and more energetically excited
molecules.

However, one downside of rotational spectroscopy is it is only able to effectively probe
molecules that can freely rotate (i.e. not frozen onto dust grains). Instead, the infrared
vibrational transitions of the ices must be observed in absorption behind a bright back-



ground source, commonly unassociated with the targeted molecules. In addition, many of
these vibrational transitions are very broad and degenerate with similar species, making
the identification of individual species in the ice substantially more difficult than through
rotational spectroscopy. As such, the chemical inventory of detected solid-phase interstel-
lar molecules is significantly smaller than its gas-phase counterpart (<20; (27)). This dis-
crepancy, along with the uncertainties in the underlying ice-chemistry within laboratory
experiments and astrochemical models, leads to the need for the chemistry to be studied
in a wide variety of astrophysical environments with different dominances of gas-phase
and ice-mantle chemistry.

The primary source of astrophysical detections of molecules (especially the most com-
plex) has been in regions undergoing active star formation. And furthermore, the observ-
able chemistry dramatically changes throughout prestellar evolution. In the earliest stages,
the environment is characterized by a cold (7" < 10 K), dense (ny, ~ 10* cm™?) relatively
quiescent dark clouds known also as prestellar globules or cores (21; 83; 121). The cold
temperatures and lack of other significant desorption mechanisms result in the gas-phase
chemistry proceeding in relative isolation to the solid-phase chemistry. This means the
detected gas-phase species in these sources are dominated by unsaturated molecules, or
species whose available carbon valence electrons are not all bonded to atoms so that the
chain contains more double and triple carbon-carbon bonds. The classic example of this
saturation is the conversion of gas-phase CO to CH30H (39), but is seen for many other
carbon-chain “backbones” observed towards darks clouds (21; 83; 121).

Eventually, as the material in these dark clouds continue to amass, the gravitational
pull of the cloud will overcome the thermal pressure of the gas, resulting in a free-fall
collapse of the material. This collapse causes the density and visual extinction to signif-
icantly increase until the system becomes pressure balanced again. Upon this stage, the
very dense gas (>10° cm™?) will begin to heat up as it enters the “hot core” or “hot corino”
stage (for high and low mass star-forming regions, respectively). During this heat up,
many of the species that were locked within the ices on grains are thermally liberated into
the gas phase, where they can be observed to enhance the spectra of hot cores with a high
degree of chemical complexity (99). In addition, the mobility of molecules on the grain
rises and unique surface chemistry can be induced (75). These sources have been found
to be some of the most chemically-rich astrophysical sources known and are the source of
many of the most complex molecules first detected in the ISM.

As the central core continues to accrete more matter, the pre-stellar core will form into a
protostar. In order to conserve angular momentum in this accretion process, much material
will be flattened out into a protostellar disk, while a smaller amount will be launched
relatively perpendicular to the disk in outflows and jets. These outflows have been seen to
display a high degree of chemical complexity (15; 33; 138), due to, in part, the non-thermal
desorption of species from the ice due to ejected material shocking into the surrounding
nascent cloud. Meanwhile, in these disks, material begins to coalesce and many molecules
will begin to freeze back out onto the grains as the high densities in the disk shield the
inner parts of the disk from the various destruction processes associated of residing next
to a protostar. As the protostar evolves, this disk will evolve into a protoplanetary disk



(PPD), where the seeds of planets and comets form from the ice-rich dust grains deep
in the disk. Due to the high optical-depth of these disks and the degree of freeze-out,
the discovery of COMs in PPDs has only been achieved recently (232; 246) and further
detection of more complex species looks increasingly difficult. However, the chemistry
detected does appear to be consistent with cometary studies within our own solar system,
which aligns with the theory that comets can be considered chemical time capsules from
the initial formation of the solar system (67).

As it clear to see, as one tries to follow the chemistry from the earliest stages to the
point just prior to what we can test here in the solar system, the physical and chemical
processes become increasingly convolved and complex. While significant studies of the
most chemically-rich sources have been very fruitful to understand the formation of the
observed molecules (13; 53; 174), the prominence of high degrees of line blending and the
current and recent dynamical history of the source can often prevent us from disentangling
the competing physico-chemical processes occurring simultaneously. With the already
high degree of uncertainty present in many astrochemical models and stellar formation,
it begs the question of to what degree the studies can provide us with answers without a
better fundamental understanding of the underlying chemistry.

However, one key element here is that we know that the chemical complexity exists far
prior to the formation of planets and comets. Or even more so, we know that it is possible
to find astrophysical sources that have only a smaller number of these competing processes
by looking to the earlier stages of star formation. As such, what will be discussed here are a
pair of “experiments” to test some fundamental astrochemical processes that are prevalent
in a variety of astrophysical environments by studying the simplest of sources they exist
in. Our thesis, here is that: We can constrain the fundamental underlying chemistry by
utilizing isolated, simple astrophysical sources as “laboratories.”

In the first laboratory, we will seek to understanding the build up of gas-phase car-
bon chemistry by studying the gas-phase chemistry isolated within dark clouds. Second,
we will probe the relatively unconstrained ice-chemistry reservoir in protostellar environ-
ments and understanding impacts of astrophysical shocks on the chemical make up of a
source through the study of isolated low-mass molecular outflows.

The organization of the rest of this manuscript is as follows: In Part II, we discuss per-
forming a deep spectral survey of the Taurus Molecular Cloud with the Green Bank Tele-
scope in order to constrain carbon-chain chemistry in dark clouds. Within here, we discuss
the detection of isotopologues of HCsN and HC;N, the first aromatic molecule discovered
with radio astronomy - benzonitrile (c-C¢HsCN) - and a new molecular family: HC5O and
HC;0O. In Part IlI, we discuss recent efforts to study the effects of shock-chemistry by
studying the prototypical shocked outflow, L1157, both with interferometric observations
and gas-grain chemical modeling.



Part 11

Constraining Cold, Gas-Phase
Carbon-Chain Chemistry: Deep GBT

Spectral Surveys of TMC-1



PREFACE AND FUTURE DIRECTIONS

While attempting to constrain the complexities of forming large organic molecules in star
forming regions, it is crucial to understand what the initial ingredients one is starting with.
As such, much study has gone into developing a robust chemical inventory in the first
stages of star formation, and in particular dark clouds (83; 121; 135; 191). First detected
with optical telescopes, these objects appears as dark globules in the foreground against
the galactic stellar background. Due to relatively high densities (ny, ~10* cm™?), the inter-
stellar dust within these clouds absorbs a large fraction of intervening photons, resulting in
a high degree of visual extinction. These dark clouds are characterized by being cold (7" ~
10 K) and quiescent, not undergoing any active gravitational collapse or significant phys-
ical evolution. As such, they are observationally characterized to have extremely narrow
molecular line widths (~0.3 km s™'), as the overall Doppler broadening of the molecules
is small (32; 157).

Because of the unique physical conditions within these sources, the subsequent chem-
istry is also unique. The cold temperatures means that the majority of the chemistry on the
ice on dust grains and in the gas-phase are mostly isolated, with very few efficient mech-
anisms to cause desorption (21; 103). Because saturation (i.e. the subsequent addition of
hydrogen atoms to molecules containing double or triple bonds) is highly efficient on ice
(e.g. CO converting to CH3OH), the resulting gas-phase chemistry is dominated by un-
saturated species. In addition, the large Ay results in very few external UV-photons being
capable of penetrating the clouds to induce photodissociation. This facilitates the forma-
tion of exotic species that would normally rapidly dissociate in other physical conditions,
such as diffuse clouds. For example, gas-phase reactions, such as carbon insertion, can be
highly efficient at low temperatures and densities, resulting in the efficient production of
unsaturated hydrocarbons and other carbon-chain molecules (103).

In particular, the Taurus Molecular Cloud (TMC-1, see Figure 1.1) has been extensively
studied both observationally and theoretically. Through numerous dedicated spectral sur-
veys (e.g. (83; 121)), approximately 20% of all known interstellar molecules were first de-
tected in TMC-1, including several members of various unique molecular families such as
carbenes (154), polyynes (11; 116; 189; 206), and unsaturated hydrocarbons (37). Due to this
high degree of chemical complexity and the physical conditions being well approximated
as constant over time, many astrochemical models use this source as a primary reference
point and the initial conditions for more complex physical models (109; 146; 204; 229).
One major way these models are tested for accuracy is by their ability to simultaneously
reproduce the observed abundances towards sources like TMC-1 on a timescale that is ap-
propriate for the age of the source. Because these models can treat the abundances of far



Figure 1.1: Optical photographic image of the night sky around TMC-1, seen top left as a
dark cloud in front of the stellar background. The Pleiades open cluster can also be seen
in the bottom right. Credit: B. A. McGuire

more molecules than can be detected, including many intermediate products, it is crucial
that the inventory of observed molecular abundances covers as many species as possible.

In particular, studying the effects of carbon-chain chemistry in these sources can be very
insightful to understanding the chemistry in more evolved sources. Because the species
in the gas can proceed in relative isolation with respect to the frozen out solid-phase, it is
possible to more easily disentangle the underlying chemistry due to the smaller number
of competing physical processes. Nearly every one of the largest detected molecules (>7
atoms) contain multiple carbons, with a large majority containing 3 or more. Since the
carbon-chains in these molecules are effectively the molecule’s backbone, understanding
how carbon-chain molecules can be formed in a controlled setting can provide crucial
insights into how these larger, saturated species are formed elsewhere. Therefore, it is a
worthwhile endeavor to observationally constrain the chemical reservoirs in these sources
to determine the underlying gas-phase chemistry as it occurs in isolation

Building upon the highly impactful 8.8-50 GHz spectral survey of TMC-1 by Kaifu et al.



(121), we performed a deep spectral survey of TMC-1 in order to detect even weaker spec-
tral features, and hypothetically less-abundant, previously-undetected molecules. Utiliz-
ing the advanced sensitivity and spectral resolution of the Robert C. Byrd Green Bank
Telescope (GBT), our survey achieved a RMS noise level of just a few mK across ~1.8 GHz
of bandwidth between 18 and 24 GHz Here, we discuss three groups of new molecular
detections that resulted from these observations. In Chapter 2, we discuss the detection
of 8 new isotopologues (molecules that differ only in isotopic composition) of HCsN and
HC;N and how comparing their abundances may allow us to constrain what formation
route(s) could be dominant for their molecular family (cyanopolyynes) (32). Chapter 3
examines the detection of the first aromatic molecule found with radio astronomy, ben-
zonitrile (c-C¢HsCN), which will be a key species to trace the formation of benzene and
polycyclic aromatic hydrocarbons (PAHs) (161). Finally, Chapter 4 explains the detection
of a new molecular family, HC, O, with the discovery of HCs0O and the tentative (and later
confirmed) detection of HC;O and how this family’s chemistry deviates from what is seen
in similar carbon-chain families (157).

Going forward, observations are currently underway to expand out this survey to take
advantage of the wide range of spectral capabilities of the GBT. Currently, over 100 hours
of observations have been taken non-contiguously between 8-40 GHz toward TMC-1. With
these observations, we plan to achieve similar or better spectral sensitivity to our previous
TMC-1 survey. This will allow for the detection of many new molecules; some potential
species of interest will be discussed below.

Due to the extremely large bandwidth covered and the low line density in TMC-1,
this survey will also allow for an excellent dataset to utilize velocity stacking techniques,
or the co-adding of multiple spectral transitions from the same species along the same
velocity bins of the spectral lines. Through this co-adding, the signal-to-noise ratio can be
increased by the square root of the number of lines co-added, while sacrificing the ability
to compare the relative line ratios to one other. This technique has been used previously in
this source to suggest the presence of many of the molecules discussed in this manuscript
(e.g. HCyN isotopologues (135) and benzonitrile (125)). Because the spectral lines are
narrow and sufficiently spaced enough in TMC-1, the chance to find interloping lines is
fairly small. While this technique could be used for many proposed species, in particular,
we hope to utilize this technique to detect many of the discussed simple aromatic or cyclic
species that were not detected in Chapter 3. These would provide key additional handles
on constraining the formation of the first aromatic molecules.

Another result from this survey we aim to achieve is to better fill out the inventory
of detected isotopologues. The obvious detection of the final undetected isotopomer,
H3CCN, has already been tentatively confirmed in observations so far. In addition, the
deep observations may be able to probe the isotopologues of some of the potential precur-
sor species to the cyanopolynes, such as the C, H family or other abundant hydrocarbons
neutral and ion species. If these molecules have a similar isotopic composition and struc-
ture to what we see for HCsN or HC;N, it would provide additional evidence for the
formation of large cyanopolyynes. Furthermore, utilizing velocity-stacking, it is possible
we may be able to detect the low-abundance isotopologues such as HC; >N and the '*C
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or D-substituted versions of HCoN.

Building off of the results of Chapter 4, this survey will provide us with the proper
frequency coverage to target strong transitions of the non-detected HC, O species. Our
gas-grain chemical models from that work greatly over predicts the abundance of HC,O,
however, indicating that there is likely either a missing destruction pathway or an overesti-
mate in the formation efficiency for this molecule. Providing actual measured abundances
for HC;0, HC4O, and HC4O, or at least significantly improved upper limits, will greatly
improve the model’s ability to converge on what is producing this deviation from the ob-
servations.

In addition to this survey, several other future projects are planned to proceed further
on this work. First, initial results from the expanded GBT survey suggest that different
species in TMC-1 may, in fact, have different source sizes within the telescope’s beam.
This would imply that the physical distribution of these molecules may not be the same
for all species. As such, we will propose for observations with the Karl G. Jansky Very
Large Array (VLA) to see if it is possible to physically map the morphology of the molecu-
lar emission in TMC-1. This may prove to be a difficult task, however, as it is possible that
a large fraction of the widely distributed material would be resolved out by the interferom-
eter, decreasing the amount of flux we will be able to detect. But, if these morphologies are
both detectable and distinct, this would provide greater insights to the underlying chem-
istry in dark clouds by challenging the common isotropic, isothermal assumptions used in
astrochemical models of TMC-1.

Furthermore, another avenue of future work is to develop a limited gas-phase chem-
ical network that would be capable of considering the relative abundances of different
isotopomers of large carbon-chain molecules. Because any network with any single suf-
ficiently large molecule would require a significant increase in the number of species and
reactions, the total scope of the network would likely focus on a small number of families
of molecules (e.g. formation of cyanopolyyne). Some initial work has been performed on
the development of simple isotope networks (146; 198), but these types of networks are
still relatively understudied.
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CHAPTER 2

DETECTION OF HC;N AND HC~,N
ISOTOPOLOGUES IN TMC-1 WITH THE
GREEN BANK TELESCOPE

The following chapter is primarily reproduced from Burkhardt, A. M.; Herbst, E.; Kalenskii, S. V.;
McCarthy, M. C.; Remijan, A. ].; McGuire, B. A. Monthly Notices of the RAS 2018, 474, 5068-
5075.

We report the first interstellar detection of DC;N and six *C-bearing isotopologues of
HC;N toward the dark cloud TMC-1 through observations with the Green Bank Telescope,
and confirm the recent detection of HC5'”N. For the average of the '*C isotopomers, DC;N,
and HC5'°N, we derive column densities of 1.9(2) x 10!, 2.5(9)x 10!, and 1.5(4) x 10! cm 2,
respectively. The resulting isotopic ratios are consistent with previous values derived from
similar species in the source, and we discuss the implications for the formation chemistry
of the observed cyanopolyynes. Within our uncertainties, no significant *C isotopomer
variation is found for HC;N, limiting the significance CN could have in its production. The
results further show that, for all observed isotopes, HC;N may be isotopically depleted rel-
ative to HC3N and HC;N, suggesting that reactions starting from smaller cyanopolyynes
may not be efficient to form HC,,N. This leads to the conclusion that the dominant produc-
tion route may be the reaction between hydrocarbon ions and nitrogen atoms.

2.1 Introduction

Carbon-chain molecules are a critically important family within the interstellar medium
(ISM); they represent ~40% of all detected species and play a major role in the formation
of more complex chemistry. Carbon chains with interstellar detections include: carbenes
(154), polyynes (11; 116; 189; 206), unsaturated hydrocarbons (37), and the newly detected
HC,, O family (157). Furthermore, it has been suggested that they may be important pre-
cursors to the formation of polycyclic aromatic hydrocarbons (PAHs) (93), which are likely
to be routine targets of observation when the James Webb Space Telescope is launched in
2019 (127).

Reactions of unsaturated carbon-chain molecules (i.e. species whose available carbon
valence electrons are not all bonded to atoms so that the chain contains more double and
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triple carbon-carbon bonds) are often efficient in the ISM, but have many product chan-
nels for which branching ratios are not known. Because of the lack of available labora-
tory measurements of the dominant reaction mechanisms and rate coefficients for these
branching fractions, the ability to directly investigate these pathways through interstel-
lar observations is therefore appealing. One way to probe the underlying chemistry is
through the study of the isotopologues (molecules that differ only in isotopic composition
(e.g. HCCCN vs H"*CCCN)) and isotopomers (molecules that contain the same isotopic
composition, but differ in the isotope positions (e.g. H**CCCN vs HCCCN)) of a species.
For many molecules, specific relative isotopic fractions or isotopomer configurations can
possibly constrain the dominant production method or precursors.

TMC-1, one of the prototypical dark cloud cold cores, has been the subject of intense
astrochemical study. Observationally, it has been the source of many new molecular de-
tections, including a large fraction of the known unsaturated carbon-chains (121; 152; 157;
189; 206). Furthermore, TMC-1 is dynamically stable, characterized by narrow line widths
(~0.3 km s7!), cold excitation temperatures (5-10 K), and a low line density (~1 line per
200 km s~! for reasonable integration times with the GBT), making it ideal for the unam-
biguous detection of new molecules. Finally, because of its simple physical history, it is an
ideal source to test chemical network models (96; 103; 147; 199).

Cyanopolyynes, a family of linear molecules of the form HC, N (where n=3, 5, 7, etc,,
henceforth) with alternating single and triple-bonded carbon atoms, have been detected
in cold dark clouds (29), the expanding envelopes of evolved stars (12), and even ex-
ternal galaxies (151). It has been shown that, unlike many carbon-chains, the *C/**C
ratio for HC;N is constant even into subsequent stages of star formation through ob-
servations of warm carbon-chain chemistry in the low-mass star-forming region L1527
(6; 218). This finding implies that the formation of cyanopolyynes may occur primarily
under dark cloud conditions. These species then remain as relics in subsequent stages
of star formation, and have a unique underlying chemistry compared with other carbon-
chain molecules. However, recent observations of a more evolved core, L134N, suggest
that other formation pathways may dominate at later times (215).

Of particular interest, Loomis et al. (141) recently discussed the non-detection of HC;;N,
which deviates from the log-linear abundance vs molecular size trend seen for smaller
cyanopolyynes (11; 31; 175; 189). Although this trend was previously thought to arise from
a consistent set of gas-phase reactions that add carbons directly to smaller HC, N species
(31; 72; 190; 236), it was proposed by Loomis et al. (141) that cyclisation processes may
need to be considered to accurately explain this deviation. It is clear, therefore, that the
chemistry of this family of species is not fully understood, especially at larger molecular
sizes, and further study is needed.

For the cyanopolyyne family, Takano et al. (214) and Taniguchi et al. (216) discussed
the potential prominence of three formation routes, among others, for a given molecule
(HC,,N), which could each result in different 2C/*3C fractionations. Each of these num-
bered mechanisms is discussed below, and, for clarity, sources of carbon atoms which
could result in **C fractionation are traced from reactants to products in example reactions
in red.
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Mechanism 1 - The reaction between hydrocarbon molecules and the CN radical, including
C,-1Hy + CN — HC,,_,CN + H. (2.1)

Here, the difference between the isotopic fractions of the CN carbon atom and the carbene
C,,H; carbon atoms results in asymmetric fractionation along the chain (72; 101).
Mechanism 2 - Reactions of the next-smallest cyanopolyyne (e.g. HC;N vs HC3N) with hydrocar-
bons, such as

C,H+HC, ;N — HC,C, 2N+ H. (2.2)

For this case, many of the isotopomers would have similar '*C/**C ratios to their corre-
sponding isotopomer of the precursor cyanopolyyne, with potentially some small varia-
tions depending on the precursor hydrocarbon (113; 202).

Mechanism 3 - Reactions of nitrogen atoms and hydrocarbon ions containing the same number of
carbon atoms. One such example is

C,Hi +N — H,C,N"+H
H,C,N* +¢~ — HC,N +H. (2.3)

In this scenario, *C/!C fractionation would be set by this precursor ion. Assuming the
ion’s carbon atoms are sufficiently scrambled, this manifests as no significant variations
among the isopotomers’ ratios (97; 100; 129).

Previously, the ?C/'*C fractionation had only been studied for cyanoacetylene (HC;N)
and cyanodiacetylene (HC;N). For HC3N, Takano et al. (214) found that toward TMC-1
there was a ~40% abundance enhancement of the isotopomer with the '*C residing next
to the nitrogen atom (HC,'*CN) relative to the other two species, suggesting that the pri-
mary formation route could be the neutral reactions between the abundant CN and C,H,
(Mechanism 2.1). This enhancement in the *CN is thought to result from the exothermic
exchange reaction given by

CN + "C" — BCN +C" + AE(34K). (2.4)

Because the reaction is exothermic, only the forward process is efficient at the cold temper-
atures within dark clouds, which results in an enhanced '*C fractionation in CN compared
with the carbene precursors whose exchange reactions are much less efficient (17; 234).
This enhancement of *C in CN relative to measured solar system isotopic fractions has
been ubiquitously observed in Galactic molecular clouds (166).

Meanwhile, Taniguchi et al. (216) found that there was no significant difference in the
abundance of the *C-isotopomers of HC;N toward TMC-1, suggesting that the primary
formation route for HC;N could be from reactions of N with hydrocarbon ions (such as
C5H§—, C5HZ, and C5H;_)

It is also important to compare these results to the dominant formation routes within
chemical network models. Significant work has been done for this molecular family by
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Loomis et al. (141) and McGuire et al. (157) who adapted the KIDA network within NAU-
TILUS (199). At the model’s time of best agreement, multiple formation routes significantly
contributed (>30%) to the formation of cyanopolyynes, many of which do not necessarily
agree with the observational constraints.

We have recently performed deep observations of TMC-1, which has resulted in the
interstellar detection of several new molecules (157). Here, we present the detection of six
of the seven possible *C-bearing isotopomers of HC;N, as well as DC;N. In addition, we
confirm the recent detection of HC5'?N. The observations are presented in §2.2, a review
of the laboratory spectroscopy is given in §2.3, the results and analysis are discussed in
§2.4, and a discussion of the astrochemical implications is given in §2.5.

2.2 Observations

Observations, described previously by McGuire et al. (157), toward TMC-1 were per-
formed on the 100 m Robert C. Byrd Green Bank Telescope (GBT) in Green Bank, WV
with the K-band Focal Plane Array (KFPA) along with the Versatile GBT Astronomical
Spectrometer (VEGAS) spectrometer backend. The beam size varied from 32-40"across
the observed frequency range, with a beam efficiency of ~0.92. The VEGAS backend was
configured for 187.5 MHz bandwidth and 1.4 kHz (0.02 km s™!) spectral resolution. In two
separate frequency setups, a total of ten individual passbands were observed for a total of
1875 MHz of spectral coverage between 18 and 24 GHz. The observations were centred on
«(J2000) = 04"41™m4255, §(J2000) = 25°41'27"0, with pointing corrections performed hourly
with an estimated uncertainty of ~2”. The system temperatures ranged between 40-80 K
during the observations.

Position-switching mode was used with a 120 s ON-OFF cadence and a position 1°offset
from the target. In total, each of the ten frequency windows were observed between ~7.5
and 15 hours on source. Data reduction was performed using the GBTIDL package. The
data were placed on the atmosphere-corrected 77 scale (226) and averaged. A polynomial
fit was used to remove the baseline. Subsequent smoothing to a spectral resolution of 5.7
kHz (~0.08 km s~') improved the signal to noise ratio (SNR) in the weaker features while
maintaining at least 3 channels sampling across the narrowest spectral feature observed.
This resulted in final RMS noises of 3-5 mK (Table 2.1)

2.3 Spectroscopy

For the new species detected here, McCarthy et al. (153) measured the pure rotational
spectra of the isotopologues of several cyanopolyynes, including HC;N, between 6 and 17
GHz, and resolved the nitrogen hyperfine splitting. The rotational spectrum for HC5*N
was measured by Bizzocchi et al. (24). The corresponding quantum transitions, frequencies
(MHz), line strengths (D?), and upper-level energies (K) for transitions falling within our
observational coverage are shown in Table 2.1.
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Table 2.1: Measured and observed frequencies of detected HC;N and HC;N isotopomer
and isotopologue transitions covered in this work and pertinent line parameters from
Gaussian fits.

Species J = J" Frequency® Vier 0 AT}¢ AV Siju? E,
(MHz) (kms™')  (mK) (kms™') (Debye?) (K)
HC;N 17—16 19175.959 5.81 909(3) 0.474(2) 394.9 8.283
1817 20303.946 5.83 978(2)  0.458(1) 4182 9.257
HCg'3CN 18—17 20071.326 5.84 12(1) 0.36(5) 418.2 9.151
19—18 21186.389 5.86 13.2(9) 0.46(3) 4414 10.168
20—19 22301.449 5.84 19(3) 0.31(6) 464.7 11.238
HC;13CCN 1716 19102.044 5.84 16(1)  0.52(5) 394.9 8.251
HC4'3CCy;N 18—17 20294.271 5.89 12(1) 0.54(8) 418.3 9.253
HC3'3CC3N 17—16 19165.136 5.70 9.9(4) 0.50(2) 394.9 8.278
HC,13CCyN 17—16 19097.498 5.81 12.8(3) 0.48(1) 394.9 8.249
18—17 20220.870 5.76 14(3) 0.32(8) 418.2 9.219
HC™¥CCsN 18—17 20063.864 5.80 9(1) 0.51(7) 418.1 9.148
2019 22293.157 5.76 183)  0.42(8) 464.6 11.234
H'3CCsN 2120 23168.899 -d <14.8¢ 0.4¢ 487 .4 12.231
DC;N 19—18 20721.873 5.97 15(3) 0.34(7) 4414 9.945
20—19 21812.486 5.84 12.2(6) 0.62(4) 464.7 10.992
21—-20 22903.097 5.92 16(1) 0.49(6) 487.9 12.091
HCs;N 8—7,F=8—8  21299.750 5.82 32(3) 0.43(4) 0.781 4.600
8—7, F=7—6  21301.245 43.3 4.600
8—7,F=8—7  21301.261 5.82 2489(11)  0.650(3) 49.2 4.600
8—7,F=9—8  21301.272 55.9 4.600
8—7,F=7—7  21302.970 5.85 25(2) 0.54(6) 0.781 4.600
HC;5'°N 8—7 20778.180 5.78 16.9(9) 0.46(3) 150.0 4.487
HC,3CN 756 18454.489 5.80 28(1)  0.76(4) 131.2 3.543
HC3!'3CCN 8—7 21281.792 5.82 40(2) 0.59(3) 151.4 4.596
HC,'3CC,N 8—7 21279.200 5.81 42(2) 0.67(4) 150.0 4.596
HC!¥CC3N 7—6 18447.612 5.81 20(1) 0.79(5) 130.0 3.541
H3CC4N 8—7 20746.761 5.81 42(1) 0.59(2) 150.0 4.481
DCsN 8—7 20336.870 5.82 52(2) 0.47(2) 150.001 4.392
98 22878.963 5.86 59(2) 0.54(2) 168.729 5.490

*McCarthy et al. (153) had a 1o experimental uncertainty of ~2 kHz.
Bizzocchi et al. (24) had a 1o experimental uncertainty of ~15 kHz.

1o uncertainties from Gaussian fits are ~0.5 kHz (0.08 km s—!). Given the SNR of the detected lines (~3-5)
and the linewidth, we estimate the uncertainty in the observed line centres to be ~3.7 kHz.

“lo uncertainty of the Gaussian fit to each line given.

dUpper limit of line peak set by 3xRMS at transition frequency.
For purposes of Ny calculations, AV was estimated to be 0.4 km s~
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2.4 Results and Analysis

We detected, for the first time, emission from DC;N and six '*C-bearing isotopologues of
HC;N. In addition, we confirm the recent detection of HC5'°N (217) with the observation
of the J=8—7 transition, which was not reported in that work. For the *C-isotopomers,
at least one AJ transition between 17—16 and 20—19 was detected for six of the seven
isotopomers. In addition, two transitions of DC;N, two transitions of HC;N, and a set of
5 hyperfine components of a single AJ for HC;N were also detected. Spectra for these
species are shown in Figures 2.1 and 2.2. The lines are seen at a v, ~5.8 km s™!, typical of
molecules in this source (121). For the one non-detected isotopomer, H"*CCgN, an upper
limit on the column density was derived whose value is consistent with the other detected
isotopomers.

In TMC-1, the molecular emission can be well described by a single excitation tempera-
ture between T, ~5-10 K (141; 189). To calculate the column density, we use the formalism
described in (110) and given by

AT AV
Euy/Tex 1 /7 244
- Qe u/Tea 2 In2 7np

T — 3 : - :
87 2 ehv/kpTex _q
3kp VSZJPJ 1- /BTy _q

(2.5)

Here Nr is the column density (cm™2), @) is the partition function (see below), E, is the
upper state energy of a given transition (K), 7., is the excitation temperature (K), v is the
transition rest frequency (Hz), S;; is the intrinsic line strength, ? is the transition dipole
moment squared (J cm?), AT% is the peak intensity (K), AV is the fitted FWHM linewidth
(cm s™1), g is the beam efficiency (~0.92 at 20 GHz for the GBT), and Ty, is the continuum
background temperature (2.73 K). Because of the narrow range of upper level energies of
the observed transitions, we assume that 7., = 7 K for all species.

The total partition function ) accounts for both the rotational and vibrational contri-
butions, as described by

Q = Quib X Qrot- (26)

While the rotational component dominates at interstellar conditions, cyanopolyynes can
have () values that can be affected by the vibrational component at even modest excitation
temperatures. We utilised the calculated harmonic stretching vibrational wavenumbers
(w) for HC;N by (28), with the assumption that the partition function will not be signifi-
cantly impacted by the presence or location of '*C or D in the molecule. The lowest three
energy levels for HC;N are 62, 163, and 280 cm™! (92, 241, and 415 K, respectively). At
7 K, the change from the vibrational contribution is negligible (AQ/Q [7 K] ~ 107%); this
correction becomes 21% at 7., 2 20 K. Similar behavior is seen for HC;N isotopologues.

Values of AT} and AV were determined by Gaussian fits to the lines (see Table 2.1).
For species with more than one transition, a single column density was obtained based on
a least-squares fit to reproduce the integrated line intensities, with a weighting based on
the SNR of the lines. The calculated column densities are summarized in Table 2.2.

To calculate the uncertainties, we considered both the measurements and analysis. The
absolute flux calibration procedure for the GBT is estimated to have ~20% uncertainty.
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Table 2.2: Measured column densities and upper limits for isotopomers and isotopologues
discussed here, and, when relevant, the isotopic ratio (i.e. '*C/'*C; H/D; "“N/"*N).

Species Nr N7 /Nu, Isotopic Ratiof RE
(x10 em—2)  (x10~11)
HC,N 139(36) 139(36) - -

HCg13CN 1.7(6) 1.7(6) 83(34) 85(35)

HC53CCN 2.6(7) 2.6(7) 52(20) 53(20)

HC48CCoN 2.1(7) 2.1(7) 66(27) 67(28)

HC313CC3N 1.6(4) 1.6(4) 88(32) 90(33)

HC,8CCyN 1.8(5) 1.8(5) 78(31) 79(32)

HC!3CCsN 2.0(7) 2.0(7) 71(31) 73(31)

H3CCgN <22 <22 >63 >64
DC7N 2.5(9) 2.5(9) 56(24) 61(29)
Weighted 13C Average Value 1.9(2) 1.9(2) 73(21) 75(21)
Total 13C-isotopologue* 13.3(1.8) 13.3(1.8) 9.6(2.7)%° 9.4(2.7)%°
HC5N 492(122) 492(122) - .

HC5'°N 1.5(4) 1.5(4) 326(109) 344(114)
HC4!3CN 4.6(9) 4.6(9) 107(35) 108(36)
HC33CCN 4.4(9) 4.4(9) 111(37) 113(38)

HC13CCoN 5.3(1.2) 5.3(1.2) 93(31) 94(32)
HC'3CC3N 3.4(7) 3.4(7) 144(47) 146(49)
H13CCyN 4.8(1.0) 4.8(1.0) 102(33) 103(34)

DCsN 5.3(1.2) 5.3(1.2) 92(30) 96(32)
Weighted T3C Average Value 4.4(4) 4.4(4) 111(30) 113(31)

Total !3C-isotopologue* 22(3) 22(3) 4.5(1.2)%° 4.4(1.2)%°

T Column density ratio of most common isotopologue vs less common species given
(e.g. 12C/13C; H/D; 14N/15N)

¥ Isotope ratio, including the all other singly-substituted isotopologues (see section 2.4.2)

* Calculated by 7 times the weighted average of 13C values

© Percent of total molecular density of HC,,N containing a single '3C substitution
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We include 1o uncertainties in AT} and AV derived from the Gaussian fits. Due to our
assumption of a single excitation temperature of 7;,=7 K, we find that variations of previ-
ously calculated excitation temperatures (5-10 K) result in between 15-20% uncertainty in
the resulting column densities for HC;N isotopologues and ~5% for HCs;N isotopologues.
We assume that the source is significantly extended beyond the GBT beam, and thus the
contributions to the uncertainty from pointing are trivial, and no beam filling correction is
applied. The resulting column densities, with all uncertainties added in quadrature, are
given in Table 2.2.

For the purposes of calculating the molecular abundances, we used the Hy column
density derived by Gratier et al. (83) from observations from Kaifu et al. (121) of Ny,=10%
cm~?2, with the caveat that the beam size of the survey performed with the Nobeyama
45m dish telescope is about twice that of the GBT, and thus a non-isotropic distribution
of Hs, or any molecular species, may result in different column densities derived between
the observations. These abundances are also given in Table 2.2. In addition to compar-
ing the relative column densities of the isotopomers, an average value across all detected
13C-isotopomers is also calculated. The column density for each detected species was av-
eraged, weighted by the error of each value, and are also tabulated in Table 2.2. These
calculated values are compared to previous observations in Table 2.3.

2.4.1 Treatment of Hyperfine Splitting

For HC;N, the brightest detected signal is a blend of three hyperfine components. Two ad-
ditional, weaker AF'=0 hyperfine components are resolved. The central, bright feature has
been shown to be slightly optically thick (83). Our calculation of the column density was
therefore derived using the two, optically-thin hyperfine components, yielding a value of
5(1)x10* cm™?, in agreement with the previous work (83; 145; 216).

For all other species studied here, the hyperfine components are unresolved. As such,
for the purposes of calculating column densities, the hyperfine splitting is not consid-
ered and the integrated intensity is used instead. This likely slightly overestimates the
linewidths due to the blending of hyperfine components. However, this is still a reason-
able assumption, as the lines are well-modeled by a single Gaussian lineshape, and thus
will not significantly impact the resulting column densities, which are calculated via the
integrated intensity in Equation 2.5.

2.4.2 Calculation of Line Ratios and Total Values

Relative isotopic ratios calculated for H/D, *C/*3C, and "*N/'*N are tabulated in Table
2.2. It should be noted that none of the uncertainties described above for determining the
column densities should cancel out in the calculation of the ratios, as the uncertainty in the
absolute flux calibration comes from the time and frequency variability of the calibrator
source. For HC;N, where we lack a detection of H'*CCgN, we calculate a total column
density of all *C-substituted isotopomers by scaling the average column density for the
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isotopologue by the number of isotopomers, which is equal to the number of carbon atoms
in the molecule.

As discussed in Langston and Turner (135), the presence of isotopologues affects the
observed abundances of the main isotopic species, especially for increasingly complex
molecules. As the number of atoms in a species increases, so does the probability that
any given molecule will contain at least a single isotope-substituted atom. This would
be most apparent in fullerenes like Cqy, where a Galactic *C/**C ratio of ~68, or 1.5%,
(166) would result in ~60% of all Cg, containing, at least one '*C substitution. Similarly, it
may be important to consider the size of the molecule when comparing the total isotopo-
logue fraction. Given the same ISM ratio and purely *C-substitution, and no additional
chemical bias, the larger cyanopolyynes would be expected to have the following total
singly-substituted '*C fractional abundances: HCsN (7.2%), HC;N (10%), HCoN (12%),
HC;1N (15%).

Given the non-trival fraction of isotopologues for a given large species, as the observa-
tional capabilities improve it will likely be important to consider their abundances when
calculating isotopic ratios. For the purposes of comparing to standard ISM values, a more
accurate ratio for fractionation would be (taking '*N of HC;N as an example)

n_ Nt (HCsN) + “Np(H"”CC,N isotopomers) + Nt(DCsN)
- Nr(HC;5N) |

2.7)

Here, it is assumed that doubly-substituted isotopologues do not contribute significantly
yet to the ratio, which may not be valid for species as large as Cgy. In addition to the
standard column density ratio given, this additional value is also given in Table 2.2, even
though the relative differences (~10%) are still well within the observational uncertainties.
As chemical models increase their molecular complexity, it will become increasing impor-
tant to consider the isotopologues of large molecules, as well as their precursor species.
This is already shown by (147) on the modeling of deuterated species toward TMC-1,
where the robust inclusion of deuterated chemistry was found to alter the chemical time-
scales by up to a factor of 3. This effect will also be more apparent when species contain at
least one atom with a higher natural percentage in non-standard isotopes, such as S and
Cl and species common in silicate grain precursors (Mg, Si, Ti, Fe). While the upper limit
of this effect will likely decrease the modeled abundances by no more than roughly factor
of 2, it is certainly an important effect to consider in the future.
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Table 2.3: Comparison of observed ratios to previous values of cyanopolyynes and related species in the literature.

Ratio 2C/13C H/D TIN /TN
Source |HC;N HC;N HC3N HCN CNf 1SMf [HC;N HC;N HC3N HCN HC;N HC;N HCN  CNT  ISMf
This work | 73(21) 111(30) - - - - |56(24) 92(30) - - 326(109) - - - -
A 87+35 - - - - >59 - - - >52 - - - -
B S R Ui S - 52E 81T - - - - -
C - 94(6) - - - - - - - - - - - - -
D - - 7T - - - - - - - - - - - -
55(7)*
E - - 56.8° 69° - - - - 719 91(38) - - - - -
F - - - - 68(15) - - - - - - - - - -
G - - - - - 889(6)| - - - - - - - - 424(3)
H - - - - - - - 83%, - - - - - - -
I - - - - - - - 62(12) >17(6) - - - - - -
] - - - - - - - - 212 - - - - - -
K - - - - - - - - - - 344(53) 257(54) - - -
L - - - - - - - - - - - - 323(63)%F - -
M - - - - - - - - - - - - - 274(18) -
N - - - - - - - - - - - - - - 441(5)

T CN values acquired from observations of Galactic diffuse molecular clouds
#ISM values acquired from solar system measurements (i.e. Local ISM)
* First value is average of H'3*CC,N and HC'3CCN. Second value is for HC2'*CN

© Uncertainties not given for most values in Turner (225)
" Value given in literature is H*CN/HC'®N, which we was scaled by the HCN/H'3CN ratio from Turner (225)

References: [A] Langston and Turner (135); [B] Gratier et al. (83); [C] Taniguchi et al. (216); [D] Takano et al. (214); [E] Turner (225);
[F] Milam et al. (166); [G] Meibom et al. (164); [H] MacLeod et al. (145); [I] Schloerb et al. (203); [J] Howe et al. (111);
[K] Taniguchi and Saito (217); [L] Ikeda et al. (114); [M] Ritchey et al. (195); [N] Marty et al. (150)
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2.5 Discussion

Constraining the chemistry for larger cyanopolyynes requires the consideration of both
the possible formation routes, as described in §3.1, and the many precursor species, whose
isotopic ratios across the literature are summarized in Table 2.3. The analysed isotopic
ratios in this work agree reasonably well with previous observations or lower limits for
the same species. The general spread in values for a given species may be attributable to
the spread in excitation temperatures used (5-10 K) or inconsistent treatments of both the
optical depths and hyperfine structure in the column density calculations for HC;N and
HC;N. For HC;N, the relative enhancement of **C/*?C for HC,'*CN and the agreement of
the *N/'°N ratio with Galactic measurements of CN both indicate that this species may be
efficiently produced through the reaction containing CN, as described in Mechanism 2.1
(214). Taniguchi et al. (216) showed that HC;N does not show this same trend. Through the
comparison of the various isotopologues studied here, it is further possible to differentiate
among the three mechanisms described in §3.1 for both HC;N and HC;N.

In contrast to the ~40% enhancement of HC,'*CN over HC*CCN and H3CC,N (214),
the relative isotopic ratios of all *C isotopomers for both HC;N and HCs;N were all con-
sistent with their respective average values within our uncertainties. The ratio of column
densities of the HC,,_;"*CN isotopomers to the weighted average *C-isotopolouge values
can be used to more explicitly test the significance of Mechanism 1 in the formation of
larger cyanopolyynes. Specifically the column densities of HC,"*CN and HC"*CN agree
with their respective '*C average values to <10%. Because both HC;N and HC;N do not
display the HC,_;'*CN enhancement, this provides evidence that larger cyanopolyynes
are not produced from CN to the same extent as HC;N. Even though H"*CCgN was not
detected here, the formation route from CN should not significantly alter the *C/**C iso-
topic ratio of this molecule and so does not conflict with this conclusion. Thus, we can
eliminate Mechanism 2.1 as the dominant pathway for both HC;N and HC;N.

As seen Table 2.3, while still in agreement within the uncertainties, all isotopologues
of HC;N are found to be depleted (i.e. larger isotopic ratios) relative to HC3N and HC;N,
showing that this isotopic depletion seen in Taniguchi et al. (216) does not continue for
HC;N. While the average *C/'C ratio for HC;N agrees very well with ratios corre-
sponding to HCN, Galactic measurements of CN, and the two non-enhanced isotopomers
of HC;N, the average HC;N 2C/*3C ratio is ~50% larger than any of these values. For
HC™N, the "*N/'N ratio is much larger compared to HC;N and Galactic measurements
of CN, which have been shown to have enhanced N isotopologue abundances relative
to average ISM values (105; 195; 198). Similarly, the DC;N abundance is diminished by
roughly the same percentage relative to HC;N as the "*C-substituted isotopologues in our
data. However, large uncertainties due to the SNR of our data and inconsistent treatment
of the excitation temperature and hyperfine splitting across the literature results in a large
spread of H/D for any given species, making this trend less certain than for the *C/**C
and N /"N ratios. Considering all of this, the mixture of formation and destruction meth-
ods for cyanopolyynes appears to not be consistent across the molecular family.

More specifically, because the '*C/'*C ratio in HC;N is not in agreement with the ratios
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observed for HC3;N and HC7N, the carbon fractionation in these species does not appear to
be inherited from the next-smallest cyanopolyyne, as would be predicted by Mechanism
2.2. Given that Mechanism 2.2 is inefficient for HC;N and HC;N production, the only re-
maining formation pathway proposed is the reaction of hydrocarbon ions with nitrogen
atoms (Mechanism 2.3), and thus is the best prediction for the dominant production route
for large cyanopolyynes. If the trends discussed here are found to be true, a dedicated
investigation of the underlying chemistry of hydrocarbon ions and undetected C, H iso-
topologues may reveal a unique *C distribution and provide constraints on the formation
of cyanopolyynes and other carbon-chain molecules.

2.6 Conclusions

The interstellar detections of DC;N, six of the seven *C-bearing isotopologues of HC;N,
and HC;'"N are reported toward TMC-1 with observations using the GBT. Column densi-
ties for each of the detected species and an upper limit for H*CCgN, were calculated, as
well as the resulting isotopic ratios for each species. From analysis of these ratios, we find
that:

@ There are no significant 'C/'*C variations among the isotopomers of both HC;N
and HC;N, implying that CN is not an important precursor for their formation.

# For all isotopologues studied in this work, while the values still agree within our
uncertainties, HC;N is found to be isotopically depleted relative to other HC,N
molecules and this depletion does not continue onto HC;N. Given also that the *C
and '®N ratios for HC3N and HC;N agree very well, there is evidence that cyanopolyynes
are not efficiently formed from their next-smallest molecular family member, HC,,_,N

# As a result, the only remaining significant formation route for HC;N and HC;N is
the reaction of hydrocarbon ions and nitrogen atoms
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CHAPTER 3

DETECTION OF THE AROMATIC
MOLECULE BENZONITRILE (c-CgH5CN)
IN THE INTERSTELLAR MEDIUM

The following chapter is primarily reproduced from McGuire, B. A.; Burkhardt, A. M.; Kalenskii,
S.; Shingledecker, C. N.; Remijan, A. ].; Herbst, E.; McCarthy, M. C. Science 2018, 359, 202-205.

3.1 Introduction

Polycyclic aromatic hydrocarbons and polycyclic aromatic nitrogen heterocycles are thought
to be widespread throughout the Universe, because these classes of molecules are probably
responsible for the unidentified infrared bands, a set of emission features seen in numer-
ous Galactic and extragalactic sources. Despite their expected ubiquity, astronomical iden-
tification of specific aromatic molecules has proven elusive. We present the discovery of
benzonitrile (c-C¢H5CN), one of the simplest nitrogen-bearing aromatic molecules, in the
interstellar medium. We observed hyperfine-resolved transitions of benzonitrile in emis-
sion from the molecular cloud TMC-1. Simple aromatic molecules such as benzonitrile
may be precursors for polycyclic aromatic hydrocarbon formation, providing a chemical
link to the carriers of the unidentified infrared bands.

The mid-infrared spectra, roughly from 3 to 20 um, of the interstellar medium (ISM)
and photodissociation regions (PDRs) in both our Galaxy (144) and external galaxies (187)
are dominated by emission features commonly referred to as the unidentified infrared
(UIR) bands. Due to the close agreement of prominent UIR features with the characteristic
vibrational frequencies of aromatic C-C and C-H bonds, it is now widely accepted that
polycyclic aromatic hydrocarbons (PAHs), and fullerenes like the recently detected Cg
molecule (35), and their closely related derivatives, are probably the carriers responsible
for most of these features (220). A substantial fraction of interstellar carbon is calculated
to be in the form of PAHs (~10%; (44)), yet the origin of these aromatic species is a topic
of considerable debate. In the diffuse ISM and PDR regions, where 30-60% of the carbon
is locked up in dust grains (59), top-down models of PAH formation — through the de-
struction of dust grains by the harsh radiation environment, shock waves, or both — may
be viable pathways (23). In denser molecular clouds which are not subject to the ultra-
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violet radiation and which haven’t been subject to shocks, other pathways must exist to
synthesize these species from smaller precursor molecules.

Despite the widespread acceptance of PAHs as a common class of interstellar molecules,
no specific PAH has been identified in the ISM, either by rotational spectroscopy or by
observations of its infrared features, despite long and sustained efforts (130). In the mi-
crowave and (sub-)millimeter regimes, while some laboratory data do exist (219), such
studies are relatively uncommon. Many PAHs are poor candidates for detection through
radio astronomy, both because of unfavorably large rotational partition functions and be-
cause they are either apolar or weakly polar, and thus lack sufficiently intense rotational
lines (compared to linear molecules of similar composition and size). A notable excep-
tion is corrannulene (CyoH), a bowl-shaped molecule with a relatively large permanent
dipole moment (2.07 Debye (D); (143)), but astronomical searches for that molecule have
been unsuccessful as well (180). In the infrared, while a concerted effort has been under-
taken to catalog both laboratory and theoretical vibrational and Raman spectra of PAHs
(25), the structural similarities among individual species result in spectra that are often
indistinguishable at the modest resolving power that can routinely be achieved by astro-
nomical observations; as a result, aggregate spectra consisting of many PAHs are invoked
to reproduce astronomical features (220).

For these reasons, many attempts to understand the chemistry of PAHs have focused
on the possible formation pathways which proceed through more readily detectable molecules.
Much effort has been centered on modeling the formation of small five- and six-membered
aromatic rings, and their subsequent reactions with smaller hydrocarbons and nitrogen
species to produce PAHs and polycyclic aromatic nitrogen heterocycles (PANHs; (122)).
To date, the only interstellar detection of a five or six-membered aromatic ring is benzene
(CsHg), through the observation of a single weak absorption feature arising from its vy
bending mode near 14.85 um in a handful of sources (37; 73; 132; 148). The lack of a per-
manent dipole moment, however, precludes the identification of benzene via its rotational
transitions.

In this study, we searched for a number of simple aromatic molecules, including sev-
eral PA(N)Hs and nitriles (R-C=N), a class of molecules believed to give rise to a common
UIR feature at 6.2 ym (112). The astronomical source targeted in these observations was the
cold core Taurus Molecular Cloud 1 (TMC-1), which has long been known to display a rich
chemistry dominated by unsaturated carbon-chain molecules such as the cyanopolyynes
(HC,N;n =odd) (e.g. (83; 121; 141; 157)). The initial search was performed by construction
of velocity-stacked composite-average spectra of twelve target molecules (Figure 3.1; (125))
using existing survey data taken with the Nobeyama 45 m telescope (121). This method
enhances the signal-to-noise ratio (SNR) of a potential molecular detection by averaging
the signal from multiple transitions of a molecule in velocity space. These composite av-
erages are effective preliminary indicators of a molecule in a source such as TMC-1, where
spectral features are narrow (0.3-0.5 km s™?!), the line density is relatively low (~1 line
per 200 km s '), and the molecules occupy a narrow range in local standard of rest (LSR)
velocity (v, = 5.5-5.9 km s71) (121). As shown in Figure 3.1, the composite spectra show
highly suggestive evidence for benzonitrile in this source. Nevertheless, the observation
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Figure 3.1: Composite averages of molecules toward TMC-1. Velocity-stacked compos-
ite averages of all transitions of a given molecule with upper state energy (Ey) < 70 K
constructed from the entire survey (8.8-50 GHz) of TMC-1 (121). The channel spacing is
20 kHz. If a molecule is present, signal in antenna temperature (T} ) would be expected at
channel 0. A detectable signal was only present for benzonitrile (red).

of individual transitions is required to establish a firm detection, and to enable the robust
determination of the molecular abundance. The sensitivity and spectral resolution of the
existing survey observations, however, were insufficient for that task.

Observations

We performed observations with the 100 m Robert C. Byrd Green Bank Telescope to con-
firm the detection of benzonitrile, by observing nine of its individual rotational transi-
tions, using deep integrations at high spectral resolution. A detailed description of the
GBT observations is given in (157). The observations of TMC-1 using the 100 m Robert
C. Byrd Green Bank Telescope in Green Bank, West Virginia were centered on right as-
cension = 04"41™42.5%, declination = 25°41'27.0” (J2000 equinox). Pointing observations
were conducted every hour; the pointing accuracy is estimated to be within 2”. The beam
size varied from 32-40" across the observed frequency range. The K-band Focal Plane
Array (170) was used with the VEGAS spectrometer backend (197) configured to provide
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187.5 MHz total bandwidth in each of ten target windows at a 1.4 kHz (0.02 km s™') spec-
tral resolution. Two observing setups were used, as the VEGAS backend can support at
most eight simultaneous frequency windows. Observations were conducted in position-
switching mode, using a 1° offset throw, with 120 s of integration at each position and
between ~7.5 and 15 hours of total on-source integration, depending on the frequency
window. The resulting spectra were placed on the atmosphere-corrected antenna temper-
ature (74*) scale (226). Data reduction was performed using the GBTIDL software package,
and archival data of TMC-1 from Project GBT02C_012 (PI: J. Hollis) were included to in-
crease the SNR. The spectra were averaged using a weighting scheme which corrects for
the measured system temperature (7,;) during each 240 s on-off position cycle. The spec-
tra were smoothed to a resolution of 5.7 kHz (0.08 km s™?), sufficient to provide >4 points
across each 0.4 km s™! full-width half-maximum (FWHM). A polynomial fit was used to
correct for baseline fluctuations. The final root-mean-square (RMS) noise varied from 2 to
5 mK across the observations. Because the spectral features of other molecules in TMC-1
are so narrow, N nuclear hyperfine structure is expected to be partially resolved in ben-
zonitrile’s lower rotational transitions. Existing spectral catalogs for benzonitrile in public
databases did not contain hyperfine-splitting frequencies, and existing laboratory work
at high resolution was limited to measurements below 11 GHz (238). For these reasons,
additional transitions of benzonitrile were measured in the laboratory at high resolution
between 7 and 29 GHz to ensure the astronomical data could be interpreted !.

The Nobeyama 45-m observations from 8.8 — 50 GHz were conducted over a period
of 13 years from 1984 — 1997, and are described in detail in (121). The RMS noise varied
across the survey, but was typically ~10 mK in 20 kHz channels.

3.2 Results and Analysis

Molecules in TMC-1 are typically well-described by a single excitation temperature be-
tween 5 and 10 K (83; 141). Under these conditions, the strongest benzonitrile transitions
fall between 20 and 40 GHz. A total of 1.875 GHz of bandwidth was covered to high sen-
sitivity (17} = 2 — 5 mK) between 18 — 23 GHz. In this range, eight of the nine strongest pre-
dicted rotational transitions were observed, each with a SNR > 3 (Fig. 3.4). For six of these,
characteristic '*N nuclear hyperfine splitting is partially or fully resolved for one or more
components (Table 4.1). The emission features are best described by a v, =5.83 km s}, a
typical velocity for molecules in this source (121). All other strong transitions between 18
and 23 GHz fell into gaps in the spectral coverage, or in regions where insufficient noise
levels were achieved. Taken together, these findings establish the presence of benzonitrile
in TMC-1.

'Materials and methods are available as supplementary materials on Science Online
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3.2.1 Column Density Calculations

The overall data analysis procedure follows the general methodology used in previous
observations (157; 160). The column density was determined using the formalism of (110):

Bu/T 1 [ 7 AT, AV
u/Tex 21/ In(2)
Ny = & x ” (3.1)

&3 5 ohv/FTen —1
VSt 1= S

where Ny is the column density (cm™2), E,, is the upper state energy (K), AT4AV is inte-
grated line intensity (K cm s™!), T, is the excitation temperature (K), T}, is the background
continuum temperature (2.7 K), v the transition frequency (Hz), S;; is the intrinsic line
strength, 12 is the transition dipole moment (Debye), and 7 is the beam efficiency (~0.92
for the GBT at 20 GHz). An additional factor of g; has been added to correct for the spin
statistical weights (see below). The partition function, (), is discussed in detail below. We
assume that the source fills the beam (see (141)). The column density was calculated us-
ing the highest SNR transition that was at least partially hyperfine-resolved, the F' = 6-5
and 8-7 components of the 7,5 — 6,4 transition; the value matches the observed spectra
quite well by visual inspection, and certainly within the uncertainties. An alternative for-
mulation of Equation 4.1, along with a detailed description of the derivations, is given in
Mangum & Shirley (149).

Partition Functions

The total partition function () is given by Q) = Qyin, X Q- The rotational partition function,
Qrot, 1s calculated explicitly by direct summation of states using Equation 3.2 (c.f. (81);
Qrot[7 K] = 480). Here, 0 = 1 for an asymmetric molecule.

J=o00 K=J

1
Qr==Y_ Y (2] +1)ge Fo/iles (3.2)
7 T=0 K=
The value of g; is found following the definition (81) as given in Equation 3.3.
gr = Gnuclear (33)
Yn

Here, g,ucicar arises from the combining the two sets of equivalent nuclei which result in an
overall symmetry or asymmetry. The symmetric and asymmetric (KX = even and K = odd)
values and the nuclear spin weights are calculated in the final line for benzonitrile (/; =
I, = 1) using (81).

gfluclear = wl,symwlsym + wl,asymwlasym
— (L + D@L+ 1)+ )2 + 1) + (21 + 1) (2L + 1)
= 10 (3.4)
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gguclear - wl,asymwlsym + ¢1,sym¢2,asym
= (L+1) 2L+ 1D)L2L+1)+L2L +1)(+1)(2,+1)
= 6 (3.5)

To solve for g;, gnucicar must be divided by g,, given by Equation 3.6, which for benzonitrile
is 16. Thus, the final values for g; requires division by (27 + 1)%. That makes GLeven = D/8

and 9I,0dd = 3/8
gn=T1]L+ 1) (3.6)

We have calculated the energies of the vibrational states of benzonitrile at the WB97XD/6-
311++G(d,p) level of theory and basis set to determine their possible contribution to the
overall partition function at these temperatures. The vibrational contribution is given by
Equation 3.7.

3N—6 1
Q(T)viv = H 1 _ oc—B/AT (37)
=1
The lowest energy levels are at 162 cm ™' (233 K) and 184 cm ™! (265 K). At these tempera-
tures, the vibrational contribution to the partition function is less than 107!, Indeed, the
vibrational partition function does not contribute at the 1% level until 7t ~38 K.

Uncertainties

We estimate an overall uncertainty of 40% in the derived column density for benzoni-
trile. This is based on a number of contributing factors, enumerated below, and added in
quadrature:

1. A 30% uncertainty arising from the absolute flux uncertainty in the observations is
assumed. This incorporates the 20% uncertainty in the strongest transitions arising
from the noise of the observations (SNR~5), and a (conservative) 20% calibration
uncertainty, added in quadrature.

2. A 5-10% uncertainty from the Gaussian fits to the line profiles.

3. A 20% contribution arising from the accuracy of the linewidth used (0.40 km s™')
compared to the resolution element of the observations (~0.08 km s™).

4. A 20% contribution arising from the choice of excitation temperature (7 K) compared
to the lower and higher ends of the range commonly seen in the source (5-10 K).

We further note that the uncertainties given in Table 4.1 are the purely-statistical 1o
standard deviation uncertainty in the Gaussian fitting routine used to determine the peak
value of T’} (~5-10% as noted above). The SNR is then calculated by simply dividing this
peak value by the RMS of the data in that region. The actual uncertainty in the peak is
significantly higher, due to the other contributions noted above.
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Figure 3.2: Fit residuals. Residuals for the nine detected transitions are shown in the
upper blue tracer, and are consistent with the baseline noise level of the observations in
each window. All other parameters are the same as in Figure 3.4.

Residuals and Goodness of Fit

The residuals for the nine detected transitions are shown in Figure 3.2, and are consistent
with the baseline noise level of the observations in each window. Figure 3.3 shows the com-
parison of the model spectra to the observed spectra on a zoomed-in scale to show greater
detail for the four transitions with a well-resolved hyperfine component. The 8,7 — 7o
F =8 — 7 component at 21855.93 MHz is the poorest agreement in line-center position of
any detected transition. The difference is 7.2(4) kHz, equivalent to 1.25(5) channel widths.
Given the SNR of the line, and the agreement of every other transition, this is likely a
simple issue of the noise slightly affecting the line center position in the Gaussian fit.

Composite Averages

The process of building a composite average (CA) used in this work consists of the follow-
ing steps:
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Figure 3.3: Detailed spectral comparisons. Comparison of the model spectra (red) to
the observed spectra (black) on a zoomed-in scale to show detail on the four detected
transitions with a well-resolved hyperfine component.



34

1. Transition frequencies for target molecules are determined, and the broadband ob-
servational spectra are trimmed into narrow-band elementary spectra centered on
those frequencies.

2. Asingle excitation temperature is assumed (7 K in the case of TMC-1) and the strongest
predicted line with observational coverage is set as the reference line.

3. Each elementary spectrum is multiplied by the ratio of the brightness temperatures
of the given transition relative to that of the reference line. As a result, the bright-
ness temperatures of all lines are normalized, while the RMS noise of the elementary
spectra (except for the reference spectrum) increases.

4. Finally, the elementary spectra are averaged together using weights inversely pro-
portional to their RMS noise levels, and the final CA is obtained.

Final Results of Column Density Calculation

A joint analysis of all the lines yields a total column density Ny = 4 x 10" ecm™2 (Sci),
about twenty times less that of HC;N (1.1 x 10'® cm™?%; (141)), an unsaturated linear
cyanopolyyne with the same carbon and nitrogen composition as benzonitrile, in the same
source. Because the upper state energies of the observed transitions span only a narrow en-
ergy range (3.6 to 5.7 K), the excitation temperature could not be constrained from these ob-
servations. Our analysis therefore assumed 7., = 7 K, in the middle of the range of 5-10 K,
derived from other molecules in this source (83; 141). We also constrained the linewidth to
0.4 km s, based on the three fully-resolved hyperfine components. Although these com-
ponents are some of the lowest SNR features, and our data are limited by the resolution
of the observations (0.08 km s™?), this linewidth is consistent with that seen previously for
other molecules in this source (121). Simulated spectra under these conditions are shown
in Fig. 3.4, and are in agreement with the observations.

3.2.2 Astrochemical Modeling of Benzonitrile

The pathways leading to the formation of benzonitrile at low temperature and in low den-
sity environments have not been studied in detail. Perhaps the only promising astrochemically-
relevant formation pathway discussed in the literature is the neutral-neutral reaction

CN + C-CGHG — C‘CﬁH5CN + H. (38)

This barrierless, exothermic reaction has been considered previously (222; 239). In an effort
to determine the contribution of Reaction 3.8 to the observed abundance of benzonitrile
in TMC-1, we have modified the Kinetic Database for Astrochemistry (KIDA) gas-phase
reaction network (231) to include this reaction, as well as destruction pathways from pho-
tons, ions, and depletion onto grains (Sci). This network was then combined with the
NAUTILUS-1.1 modeling code (199) assuming elemental abundances and physical con-
ditions appropriate for TMC-1 (106). A number of additional gas-phase formation routes
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tra are shown in black smoothed to a resolution of 5.7 kHz (0.08 km s~!) and shifted

to a v = 5.83 km s7'.

A simulated spectrum of benzonitrile, 0.4 km s™! linewidth,
Nr =4 x 10" em™2, and T, = 7 K is overlaid in red (Sci). Rotational quantum num-
bers are displayed in the upper left of each panel. The four transitions with well-resolved

hypertfine structure are shown on an expanded frequency axis in (Sci).
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Table 3.1: Detected benzonitrile transitions. Quantum numbers, frequencies, upper state
energies (Ey), line strengths (S;;1%), observed intensities (AT’), and signal-to-noise ratio
of detected benzonitrile transitions. Statistical uncertainties (1), derived from the best-
titting constants in (Sci) are given in parentheses in units of the last significant digit.

Transition Frequency Ey Sij 2 ATy f
i, k. — i, x, F —F" (MHz) (K) (Debye?) (mK) Signal-to-Noise
To,7 — 60,6 6—5 18409.3490(2) 3.61 39.5
8—-7 18409.3840(2) 3.61 529 10.3(8)° 4.4
7—6 18409.3879(2) 3.61 45.7
726 — 625 7T—6 19179.0017(2) 4.52 424 5.4(5) 2.7
6—5 19179.1027(2) 4.52 36.6 b
817 19179.1128(2) 4.52 49.1 10.6(5) 54
To5 — 62,4 7—6 20095.9645(2) 4.62 425 6.6(5) 3.3
6-5 20096.0824(2) 462 367 ,
§—7  200960917(2) 462 492 100 49
16— 615 6-5 20192.9325(2) 4.11  39.0
7-6  20192.9342(2) 411  45.1 8(1) 21
8—-17 20192.9632(2) 4.11 52.2
80.s — Torr 7—6  20828.1746(2) 320 462
98  208282012(2) 320  59.6  11.7(9) 5.9
8—7 20828.2045(2) 3.20 52.5
827 — Ta26 8—-17 21855.9322(3) 5.57 49.7 7.1(4) 3.1
7—6 21855.9944(3) 5.57 43.8 b
9-38 21856.0064(3) 5.57 56.4 10.765) 47
817 — 1 7-6  229434640(3) 521 458
8—7  229434729(3) 521 520  16.2(8) 32
9-38 22943.4885(3) 5.21 59.1
826 — 725 8§—-7 23110.9171(3) 5.73 499 6.2(9) 1.2
7-6  231109923(3) 573 439 ,
9—-38 23111.0042(3) 5.73 56.7 19.609) 38
90,9 — 80,8 8—17 23227.6903(3) 5.72 529
10-9 23227.7105(3) 572 663 16(2)" 33

9-8 23227.7127(3) 5.72 59.3
TUncertainty in the Gaussian fit. A conservative 30% uncertainty in the absolute flux calibrated
value is assumed (Sci).
’Indicates blended hyperfine components; AT is the peak value of the observed feature.
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for the precursor benzene were also considered, and included in the modified network
(Sci). A column density of Hy = 10*? cm™2 (83) was used to convert from modeled abun-
dances to column densities to compare with observations. Figure 4.3 shows the derived
column densities and those predicted by the model for benzonitrile, benzene, CN, and the
cyanopolyynes HC3N, HC;N, HC;N, and HCyN. While the calculated column densities
of most of the cyanopolyynes agree with observational results within a factor of two, the
predicted benzonitrile column density is smaller than the derived value by nearly a factor
of four.
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Figure 3.5: Chemical model of TMC-1. Results of a three-phase astrochemical model,
updated to include the benzonitrile formation pathway given in Reaction 3.8. The model
gas-phase column densities as a function of time are given as solid, colored lines. Column
densities of benzonitrile, cyanopolyynes, and CN derived from observations are shown as
dots with dashed horizontal lines (from top to bottom: CN, HC;N, HC;N, HC;N, HCgN,
and benzonitrile (54; 141)). The derived column densities are plotted at the chemical age
of TMC-1 (~ 2 x 10° yrs; (106)).

Benzene Formation Chemistry

A number of formation pathways have been proposed for the key precursor species, ben-
zene, in interstellar regions. One of the first is the dissociative recombination reaction
(156):

C-CgH;_ +e — C—CGHG + H (39)
which is the main formation route for benzene in the KIDA network. Another produc-

tion pathway that could occur under interstellar conditions is the neutral-neutral reaction
between the ethynyl radical and 1,3-butadiene (119):
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CoH + HyCCHCHCH, — ¢-CgHg + H. (3.10)

This reaction satisfies the typical requirement for gas-phase chemistry in cold cores such as
TMC-1 since it is thought to be barrierless, exothermic, and can occur on a single-collision
basis. Given those characteristics which are ideal for interstellar gas-phase chemistry, we
have added this reaction, with a rate coefficient of ~3 x 10719 cm? s7! (c.f. (119)), to our
modified version of the KIDA 2014 reaction network (231) to which we have previously
added reactions of the HC,,O (n = 3 — 7) family of molecules (157).

There is another formation route for benzene that has been previously studied in the
context of combustion chemistry (80; 167) involving the reaction between two propargyl
radicals:

C3H3 + CgHg — C-CGHZ — C'CﬁH5 + H. (311)

Here, the benzene is produced in an unstable excited state and will dissociate into atomic
hydrogen and the phenyl radical unless it is stabilized radiatively or via collision with
a third-body. However, three-body collisions in molecular clouds occur on timescales
greater than the lifetime of the cloud (123). Moreover the rate coefficient for the radiative
stabilization of the CsHg product is estimated to be several orders of magnitude slower
than its dissociation rate coefficient (119). Thus, reaction (3.11) is unlikely to contribute to
the abundance of benzene in a cold core such as TMC-1.

The reported difference in the observed and simulated benzonitrile column densities
may be explained by other formation routes for benzene, benzonitrile, or both that are
not considered in our model. For instance, experiments have found that benzene can be
formed in electron-irradiated acetylene ices (243). In astrochemical models, the addition
of cosmic ray driven irradiation chemistry in the solid phase has been found to improve
agreement between observational and theoretical abundances for other large interstellar
molecules (1), although for such grain-surface processes to contribute to gas-phase abun-
dances there must exist efficient non-thermal desorption mechanisms. Recent theoretical
and experimental work suggests that interactions between cosmic rays and grain surfaces
could result in the liberation of solid-phase species into the gas phase via processes that
are viable in cold cores such as TMC-1 (193).

Benzene is also known to be produced in irradiated acetylene gas (69). Radiation chem-
istry differs from photochemistry in a number of ways (237) and may be a viable formation
pathway for aromatic and PAH molecules as a result of their increased photostability (rela-
tive to simpler organics (118)). However, there is insufficient theoretical and experimental
work to include such pathways in our model. Previous work also suggests a possible con-
nection between benzonitrile and the cyanopolyynes (141) . That work showed a sharp
decrease in the calculated abundance of HC;;N relative to the abundance trend of the
n(odd) = 3 — 9 cyanopolyynes, possibly due to cyclization processes for HC,,N molecules
which could eventually lead to functionalized aromatics such as benzonitrile.
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3.3 Further Discussion

We also consider the possibility that benzonitrile itself may be a contributor to the UIR
bands. The vibrational spectrum of benzonitrile has been studied in the infrared, both
experimentally (84) and theoretically (55), but it does not appear in spectral databases (25),
and it is not commonly considered as a potential UIR carrier. Nevertheless, the interstellar
IR emission features at 3.3 ym (C—H aromatic stretch) and 4.48 um (C=N stretch) are both
in agreement with very strong IR modes of benzonitrile (55), thus making it a potential
carrier in its own right, as well as a likely precursor to polyaromatic species.

3.4 Conclusions

In summary, we have detected the aromatic molecule benzonitrile in TMC-1, using radio
astronomy to probe this class of molecules. These species may be either direct contributors
to the UIR bands, or precursors to the carriers themselves.
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CHAPTER 4

DETECTION OF INTERSTELLAR HC;0 IN
TMC-1 WITH THE GREEN BANK
TELESCOPE

The following chapter is primarily reproduced from McGuire, B. A.; Burkhardt, A. M.; Shin-
gledecker, C. N.; Kalenskii, S. V.; Herbst, Eric; Remijan, A. J.; McCarthy, M. C. The Astrophysical
Journal Letters 2017, 843, L28.

We report the detection of the carbon-chain radical HC;O for the first time in the inter-
stellar medium toward the dark cloud TMC-1 using the 100 m Green Bank Telescope. We
observe four hyperfine components of this radical in the J = 17/2 — 15/2 rotational tran-
sition that originates from the *II; /2 fine structure level of its ground state, and calculate
an abundance of n/ny, = 1.7 x 107!, assuming an excitation temperature of 7,, = 7 K.
No indication of HC30, HC,O, HC4O, is found in these or archival observations of the
source, while we report tentative evidence for HC;O. We compare calculated upper lim-
its, and the abundance of HC;O to predictions based on (1) the abundance trend of the
analogous HC, N family in TMC-1 and (2) a gas-grain chemical model. We find that the
gas-grain chemical model well reproduces the observed abundance of HC;O, as well as
the upper limits of HC;0, HC;O, and HC;O, but HC,O is over produced. The prospects
for astronomical detection of both shorter and longer HC,,O chains are discussed.

4.1 Introduction

Observations of complex chemistry occurring outside the typical hot core environments
are critical for understanding the underlying reaction mechanisms and chemical evolu-
tionary processes at work in the larger interstellar medium (ISM). One of the prototypical
sources for such investigations is the dark cloud TMC-1, which contains a rich chemical in-
ventory distinct from star-forming regions. Indeed, while most hot core sources display a
wealth of saturated organic molecules' such as methanol (CH;OH), ethanol (CH3CH,OH),
dimethyl ether (CH;0CH3), and ethyl cyanide (CH3;CH>CN) (173), the inventory in TMC-
1 is heavily weighted toward unsaturated species such as HC,N (n = 1-9) (140), C,H

'Those species which have few double and triple carbon-carbon bonds and instead use these electrons to
bind hydrogen atoms.
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(n =3-6), C3S, C3S, and C30 (121). Since hydrogenation reactions are much more efficient
on grains (e.g. CO — CH3;OH), saturated species will tend to be predominantly found
on grain surfaces at the low temperatures within cold cores (<20 K) (38; 77). Therefore,
gas-phase reactions (such as carbon insertion processes) that proceed rapidly at low tem-
perature and density will tend to dominate the chemistry in these regions, resulting in the
efficient production of unsaturated hydrocarbons and other carbon-chain molecules (98).

Because cold cores such as TMC-1 are at an early stage of stellar evolution, their rel-
atively simple physical history and well-defined conditions allow one to model and test
chemical pathways, often in great detail. For species that are observed in both cold and
hot cores, it is then possible to study the effects of the vastly differing physical conditions
(temperature, density, radiation field, etc.) on the chemical evolution. Despite the rela-
tive dearth of complex organic molecules, another important characteristic of cold cores is
the ease with which new molecular species can be unambiguously identified, especially at
cm-wavelengths, due their cold excitation conditions, narrow linewidths, and uncrowded
(~1 line per 200 km s™!) spectrum. For these reasons, it is not surprising that TMC-1 is
one of the most well-studied astrochemical sources outside of hot cores and the carbon-
star IRC+10216; several dozen new molecular detections have been reported there over
the past several decades (see Kaifu et al. (121) for an extensive review).

We have recently conducted high-sensitivity observations of TMC-1 in search of a
number of new molecules. Here, we report the first of several new detections from this
study: the carbon-chain HC;O radical via observation of four hyperfine components in
the J = 17/2 — 15/2 rotational transition. The observations are presented in §4.2, a re-
view of the laboratory spectroscopy of HC5O in §4.3, the results and analysis in §5.3, and
a discussion of the astrochemical implications and future study is given in §5.4.

4.2 (QObservations

The observations were conducted over eight observing sessions from 2017 February to
2017 June using the 100 m Robert C. Byrd Green Bank Telescope in Green Bank, WV. The
observations of TMC-1 were centered on «(J2000) = 04"41™42.5%, 5(J2000) = 25°41'27.0".
Pointing observations were conducted every hour; the pointing accuracy is estimated to be
within 2”. The K-band Focal Plane Array was used with the VEGAS spectrometer backend
configured to provide 187.5 MHz total bandwidth in each of ten spectrometer banks ata 1.4
kHz (0.02 km s~ ') spectral resolution. These extremely high-resolution observations were
necessary to resolve the ~0.3 km s~! FWHM spectral features typical of TMC-1 (121). The
total spectral coverage was 1875 MHz in ten discontinuous 187.5 MHz windows within
the range of 18 to 24 GHz.

Observations were conducted in position-switching mode, using a 1° offset throw, with
120 s of integration at each position and between ~7.5 and 15 hours of total on-source
integration depending on the frequency window. The resulting spectra were placed on the
atmosphere-corrected 74* scale (226). Data reduction was performed using the GBTIDL
software package. The spectra were averaged using a weighting scheme which corrects for
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Table 4.1: Measured and observed frequencies of HC;O transitions covered in this work
as well as pertinent line parameters.

J = J" F'— F" ¢/f TPrequency (meas.)® Frequency (obs.)?  Diff. ATS AVY Siju? Ey
(MHz) (MHz) (kHz) (mK) (kms™!) (Debye?) (K)
17/2 —15/2 9—8 e 21941.846 21941.848 -1 13.0 0.30 41.7 5.017
8§ —7 e 21941.977 21941.980 -2 13.6 0.27 37.0 5.018
9—8 f 21945.232 21945.231 2 15.1 0.26 41.7 5.019
8§ —7 f 21945.370 21945.370 1 11.0 0.33 37.0 5.018

“Mohamed et al. (169); 1o experimental uncertainty is ~2 kHz.

bGaussian fit to line at v}, = 5.64 kms~1. 1o uncertainty from Gaussian fit is ~0.5 kHz. Given the SNR

of the detected lines (~5.4) and the linewidth, we estimate the uncertainty in the observed line centers to be ~3.7 kHz.
“We estimate a conservative uncertainty of 30% in the overall flux calibration.

4Uncertainty in Gaussian fit is ~0.01 km s 1.

the measured value of T,, during each 240 s ON-OFF cycle. The spectra were smoothed to
a resolution of 5.7 kHz (0.08 km s™), sufficient to provide >3 points across each 0.3 km s™*
FWHM. A polynomial fit was used to correct for baseline fluctuations. The final RMS noise
in the HC;0 window examined here was 2.4 mK.

4.3 Spectroscopy

The pure rotational spectrum of HC;0 was precisely measured between 6 and 26 GHz
by Mohamed et al. (169). This radical was produced in an electrical discharge of HC,H +
CO, and its spectrum measured using a Balle-Flygare cavity Fourier-Transform microwave
spectrometer (10). Rest frequencies were determined to better than 1 ppm (2 kHz; 0.03 km s~
at 20 GHz). The ground electronic state of HC;O is ?II, with the 2II; /2 fine structure level
lying lowest in energy, many tens of K below the 2II;,, level. At high spectral resolution,
its rotational spectrum displays well-resolved A-doubling but more closely spaced hydro-
gen hyperfine splitting. At the low rotational temperature characteristic of TMC-1, only
transitions from the lower °II; , ladder are significantly populated; those that fall within
the frequency coverage of the observations are given in Table 4.1. Of the ten spectrometer
windows used in these observations, only one, covering the range of 21766 to 21953 MHz
contained HC5O transitions.

4.4 Results and Analysis

We observe emission from four hyperfine components of HC;0O in the J = 17/2 — 15/2
rotational transition at v, = 5.64 km s7!, typical of molecules in this source (121); the
parameters of the observed lines are given in Table 4.1 and the spectra toward TMC-1 are
shown in Figure 4.1. Although these lines originate from a single .J rotational level, taken
together, the A-doubling and hydrogen hyperfine splitting provide a unique spectroscopic
signature. Given the very low line density of the spectra and the coincidence of the line
centers to less than the experimental uncertainties, a mis-identification of these lines is
extremely unlikely from these data alone.
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Figure 4.1: Spectrum (black) toward TMC-1 in the frequency range containing the HC;O
transitions. The inset provides an expanded view of the HC;O features. A simulation of
the radical at 7., = 7 K from the laboratory work of Mohamed et al. (169), at a linewidth
of 0.26 km s™! and a v, = 5.64 km s~ is overlaid in red. The quantum numbers for each
observed transition are labeled.

Molecular emission in TMC-1 has been shown to be well-modeled by a single excita-
tion temperature (189), typically 7., = 7-10 K. Because of the negligible spread (~0.1%)
in upper-state energies probed by the observed transitions, we assume a 7., = 7 K for
our abundance determination. The column density of HC;0 was determined using the
formalism of Hollis et al. (110), given in Eq. 4.1,

1 [ m AT4AV
N QeEu/Teac 24/ In(2)  np 4.1
T g ] e D
3% % S EThg

where Nr is the column density (cm™2), E, is the upper state energy (K), AT4AV is in-
tegrated line intensity (K em s71), 7., is the excitation temperature (K), T}, is the back-
ground continuum temperature (2.7 K), v the transition frequency (Hz), S is the intrinsic
line strength, p? is the transition dipole moment (Debye)?, and 7z is the beam efficiency
(~0.7 for the GBT at 20 GHz). The rotational partition function, @, is calculated explicitly
by direct summation of states (Q[7 K] = 491). We assume that the source fills the beam (see
Loomis et al. (140) for a detailed discussion).

44.1 HGC;0

For HC;0, we calculate a column density of 1.7 x 10" cm ™2 at T,, = 7 K. Assuming the
HC;O is co-spatial with previous estimates of H, in the region [ N(Hs) = 10?2 cm™~?; Gratier
et al. (83)], this corresponds to an abundance of n/ny, = 1.7 x 1071°.

2These units must be properly converted to Joules-cm? to give Ny in cm™2.
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Figure 4.2: A) observational spectra coincident with the J = 35/2 — 33/2 rotational transi-
tion of HC,O in black, with the HC,O transitions overlaid in red. This is the lowest RMS
noise window containing an HC;O line, and there is no detection of HC;O. B) Composite
average of the J = 35/2 — 33/2 and J = 37/2 — 35/2 transitions of HC;O; because the
hydrogen hyperfine splitting is not fully resolved, the average was performed using the
central frequency, preserving the partial splitting. The SNR of the (tentative) composite
line is ~3.

44.2 HC;0,HC,0O, HC,0, HC;0

We have also searched our observations, and those of Kaifu et al. (121), for other members
of the HC,,O (n = 3-7) family of oxygen-terminated hydrocarbon free radicals. At present,
our observations only cover transitions of HC;O , and no detection is seen in individual
transitions (Fig. 4.2)a. If the four A-doubling components of the two J transitions cov-
ered in our observations are stacked in velocity space using a composite average approach
(124), some tentative indication of HC;O is seen, suggesting the individual transitions re-
main at or just below our detection limit (Fig. 4.2b).

We do not find any definitive evidence in our survey, or that of Kaifu et al. (121), for
signal arising from any of the other HC, O radicals. Assuming the same 7T,, = 7 K as
for HC;0, we have calculated upper limits to the column densities using the strongest
transition in the available frequency coverage (Table 4.2). Mohamed et al. (169) lists the
calculated dipole moments for the HC, O radicals discussed here, all of which are approx-
imately 2 Debye.

4.5 Discussion

The detection of HC;O, combined with the non-detections of HC30 and HC;O, raises the
question of whether the abundance and upper limits agree with the chemistry thought
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Table 4.2: Measured column densities and upper limits for the HC, O (n = 3-7) family com-
pared to the predicted values from the HC, N family abundance trend (§4.5.1) and from
the chemical model (§4.5.3). Details of the transition used for the calculation, the assumed
maximum brightness temperature, and the laboratory reference for the spectroscopy are
also given.

Column Density (10T cm—2)

Molecule Observed HC,N Model Transition v (MHz) T4 (mK) Ref.
HC30 <3 200 05  Ni, k. =505 =404, J =11/259/2, F =6 — 5  45327.7 10 123
HC40 <6 - 220 Nj=817/3 = Ti5/2, F =9 =8 36494.6 10t 4
HC50 17 17* 16 See Table 4.1 5
HCsO < 10 - 0.0003 J =27/2 — 25/2, F = 14 — 13, f-parity 22165.2 10t 5

J =35/2 — 33/2 19204* 24 5
HG,O <5 10 5 J =37/2 - 35/2 20302% 37 5

*Fixed to observed value.

TKaifu et al. (121). Accessible at www.cv.nrao.edu/SLiSE.

fThese transitions display A-doubling and hyperfine splitting analogous to HC50O. For simplicity, a central frequency for these splittings
is given here; individual frequencies are available in Mohamed et al. (169).

References. [1] Cooksy et al. (51) [2] Chen et al. (40) [3] Cooksy et al. (50) [4] Kohguchi et al. (131) [5] Mohamed et al. (169)

to be operative in the region, and if these closely-related species might be detectable in
follow-up observations. To the former point, there are two logical avenues to explore: (1) a
direct comparison to the abundance trends of the analogous carbon and nitrogen polyyne
species in this source (HC,, N and C,H) to explore if the formation and destruction path-
ways are perhaps similar and (2) state-of-the-art gas-grain chemical models and reaction
networks. We explore each of these below, and conclude by discussing the feasibility of
future detections of other HC,,O radicals.

4.5.1 Comparison to HC,N

If we assume that the abundance log-linear decrease in HC,,O family members follows
that of the HC, N family reported in Loomis et al. (140), we can predict the abundances of
other HC,,O species. Table 4.2 shows the trend in column density of HC,,N mapped onto
that for HC;0 and predicted for HC30 and HC;O. Both of these values are larger than our
established upper limits, particularly for HC;0, where the predicted value is nearly two
orders of magnitude larger. We therefore conclude that the formation mechanisms that
are responsible for HC, O species are significantly different than those which govern the
formation of the HC, N family.

4.5.2 Comparison to C,H

The presence of HC;0 in TMC-1 was previously predicted by Adams et al. (2). They
propose that the dominant formation pathway for C,O, HC,,O, and H,,C,,O molecules is
through the reaction of C,,H;, precursors with CO, followed by dissociative recombination.
It could therefore also be argued that the abundances may more closely follow the C,,_;H
precursors. There are, however, practical difficulties in making such a quantitative com-
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Figure 4.3: Results of the model of the HC,, O radicals discussed in §4.5.3. Gas-phase col-
umn densities predicted by the model as a function of time are shown as solid lines. Upper
limits established by observation are shown as dashed lines. The observed column density

of HC;O at the best-fit cloud age (~2 x10° yr) is indicated with a red dot. An estimated
error of 30% is shown based on assumed flux calibration accuracy.
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parison, especially with respect to C;H which would be the direct progenitor to HC;O. As
indicated in Eq. 4.1, the calculated column density is inversely proportional to u?. There
is, however, significant uncertainty in the literature concerning the dipole moment of C,H,
as the ground state of the molecule involves a mixture of two, nearly degenerate electronic
states, X1 and I, with vastly different dipole moments (0.87 — 4.3 Debye) (83). As such,
the derived abundance of C;H in TMC-1 is poorly constrained, making a rigorous, quan-
titative analysis of this type difficult.

4.5.3 Gas-Grain Chemical Model

Instead, as an initial attempt to model the chemistry of the HC,,O series withn = 3 — 7,
we have used the NAUTILUS 3-phase astrochemical model developed in Bordeaux (199)
with the KIDA 2014 network (231), which we have updated to include reactions related
to these species. In a previous study, Adams et al. (2) predicted observable abundances
of the 4 < n < 6 HC, O radicals, assuming formation via the dissociative recombination
reactions

H,C,0" +e¢~ — HC,O+H (4.2)

H3CnO+ +e — HCnO + Hs. (43)

Since only H,C;0™ and H3C30" were included in the KIDA 2014 network, following
Adams et al. (2), we have added radiative association reactions (4.4) and (4.5) as formation
pathways using the rate coefficients tabulated in Adams et al. (2) for the 4 < n <6 HC,O
series and a calculated Langevin rate coefficient for reaction (4.4) leading to the HC;O
radical. We further updated our chemical network to include destruction of the HC,,O
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radicals by photons and ions, with the ion-polar rate coefficients calculated using the Su-
Chesnavich capture approach (240).

C, Hi + CO — HyC,OF + hv (4.4)

Co Hi + CO — H3C,0" + hv (4.5)

With the updated network, simulations were run using standard TMC-1 conditions
(106), the results of which are shown in Fig. 4.3. We find the best agreement with the ob-
servational results at a time of ~2 x10° yr, and previous studies have noted that TMC-1
models are in good agreement with observations at around this time (106; 146). We note
that at this cloud age, there is excellent agreement between the observed and theoretical
column densities for HC;O, and values for HC;0, HCzO, and HC;O are also below the
upper limits derived in this work. At ~2 x 10° y1, however, we find that HC,O is over-
produced by a factor of about a few compared to our present upper limit. These prelim-
inary results suggest that the ion-neutral reactions noted in Adams et al. (2) can lead to
significant abundances of HC, O radicals that are in good agreement with observation at
reasonable timescales. The overproduction of HC,O in our preliminary models illustrates
the need to further explore the chemistry of these radicals, particularly the possible impor-
tance of radical-radical reactions and of destruction pathways, which we do not consider
in this work due to the current lack of theoretical studies for those pathways.

4.5.4 Future Directions

Our preliminary model well reproduces the observed column density of HC;O and is in
excellent agreement with the upper limits for HC30 and HC;O, which may indicate that
the chemistry of the n odd HC,,O radicals is rather well-constrained. If so, this would be in
agreement with the composite average evidence for a population of HC7O just below our
detection limit (see Fig. 4.2b). Given the already long integration times, and the fact that at
these excitation temperatures there are no appreciably stronger transitions, however, either
a significantly greater investment of observing hours or a composite average of several
additional transitions would be needed to establish a firm detection. Unless the column
density for HC30 is much higher than predicted by the model, it is unlikely a detection
will be possible in any practical integration time. Because our current model is unable to
reproduce the observed upper limit to HC,O, we reserve comment on its detectability at
this juncture.

4.6 Conclusions

We have presented the discovery of the HC;O radical through observation of four well-
resolved hyperfine components in high-sensitivity observations of TMC-1 with the Green
Bank Telescope. A search for other HC, O radicals (n = 3 — 7) resulted in non-detections.
A first-look chemical model well-reproduces the observed column density of HC;0 and
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agrees with the upper limits inferred for HC;0, HCO, and HC;O. HC,O, however, is
over-produced in the model, likely indicating that additional reaction pathways not con-
sidered here contribute significantly to that chemistry. A detailed modeling study is now
underway to more thoroughly examine these possibilities.
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Part 111

Constraining Effects of Shock Chemistry:
Observations and Modeling of Isolated
Molecular Outflows
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PREFACE AND FUTURE DIRECTIONS

Astrophysical shocks are seen to occur over a wide variety of sources, scales, and speeds,
from active galactic nuclei jets to galaxy-wide shocks inducing large-scale star formation
to protostellar sources ejecting accreting material out as jets to supernovae exploding out
into surrounding circumstellar media. These transient phenomena can have dramatic,
and sometimes permanent, effects on the material it interacts. Because the observations of
molecules can act as useful probes and tracers of various physical processes and properties,
it is important to understand how shocks impact the chemistry of a given source.

Formally, a shock is a process in fluid dynamics where a fluid is traveling faster than
the sound speed of the material it is going through. As a result, as the fluid propagates
through the material, it entrains additional matter, inducing a irreversible, pressure-driven
compression and temporary spikes in temperature(63). Much of the discussion that fol-
lows is discussed in detail in Draine and McKee (63) and Draine (61). As the material
is slowed, the kinetic energy is converted into thermal energy, which subsequently heats
the surrounding gas or is radiated away. Unlike collisionally-mediated shocks that typi-
cally occur on Earth, astrophysical shocks have mean free paths commonly larger than the
source itself, and thus are instead mediated by interaction with the bulk electromagnetic
fields in the source (63).

As the fluid motion is governed by the conservation of energy, mass, and momen-
tum (134), along with Maxwell’s equations for electromagnetism, there exist standard con-
ditions that must be maintained throughout the sharp changes in density, velocity, and
pressure across the shock event. These jump conditions are referred to as the Rankine-
Hugonist conditions. Adopting the frame of reference of moving with the shock front, the
shock appears to be stationary. Therefore, variables and physical conditions with a steady
shock will be independent of the time. Approximating the shock front as plane-parallel,
we can also assume that the changes in the fluids will only occur in one physical direction,
or that no perpendicular evolution exists. Through these assumptions of conservation of
mass, momentum, energy, and magnetic flux, we arrive at the jump conditions that must
be maintained between any two points across the shock (assuming a single fluid):

pP1U1 = P22
BB
PLUL+ 1L o = oty P2+ o
3 3
P17 v v B pavy g vy By
y Tyt T Tyt

v1B1 = 1289



52

where p is the mass density, v is the velocity, p is the momentum, B is the magnetic field
strength, and + is the specific heat ratio.

These conditions are formally used to describe a shock wave that can be characterized
by a single fluid, which is valid for a completely ionized gas. However, in regions of inter-
est to astrochemistry, the material must instead be treated as having both a neutral fluid
of gas particles and a plasma of ions and electrons. Because magnetic fields in the shock
can accelerate charged particles in the plasma, such as dust grains, much more efficiently
than the neutral gas, the two fluids will decouple and induce a two-fluid magnetohydro-
dynamic (MHD) shock. Depending on the strength of the magnetic field, and in turn the
significance of ion-neutral collisions, these shocks can be classified as either C-shocks or
J-shocks. When the magnetic field is weak or the velocity of the shock is large (>40 km s™!
for standard interstellar conditions), the ion-neutral collisions can become highly efficient
which, in turn, heats the neutral fluid enough to deaccelerate it to subsonic values. At this
point, there is a near-instantaneous “jump” in the shock structure and is referred to as a
J-shock. On the other hand, if the magnetic field is sufficiently strong or the shock velocity
is reasonably slow (10-40 km™! for standard interstellar conditions), then the neutral fluid
will remain cold and is able to maintain a supersonic velocity. This results in the physical
conditions within the shock to remain “continuous,” and is referred to as a C-shock (60).
In actuality, in many MHD shocks, both C-shocks and J-shocks can exist in the same re-
gion due to the gradients in physical conditions. However, one shock tends to dominate,
depending on the observational signature of choice.

One major physical process that results from these shocks is sputtering, or the non-
thermal desorption of species from the surface into the gas phase due to collisions be-
tween accelerated particles and the icy grains (64). This process is especially important
in the study of astrochemistry, as molecules that are typically frozen onto ice in cold in-
terstellar environments can be efficiently brought into the gas phase through this method.
To produce the complex organic molecules (COMs) observed in the interstellar medium
(ISM), there are two major regimes of interstellar chemistry: reactions that occur in the gas-
phase and reactions that occur in the ice mantles of dust grains. It is believed that many
complex organic molecules (COMSs) have efficient ice-chemistry formation routes (77; 104).
However, our knowledge of interstellar ice-chemistry still remains highly unconstrained
due to a much less robust molecular inventory. This uncertainty arises from the fact that,
unlike gas-phase molecules, solid-phase molecules can only be observed through infrared
ice absorption observations, which requires the fortuitous alignment of a strong infrared
background source, a colder ice-rich source in the foreground, and a telescope capable
of observing the proper transitions. Observations of these vibrational transitions are fur-
ther complicated because the transitions can be highly degenerate between similar species
(making individual identification difficult). Furthermore, many of the transitions of in-
terest reside at wavelengths commonly blocked or attenuated by the Earth’s atmosphere
(requiring space-based observatories). As such, less than 20 individual species have been
successfully identified in interstellar ices (27), compared to the ~200 detected gas-phase
species. Because of the challenges in direct observations of ice-chemistry, an alternative
ways to constrain this molecular reservoir have been proposed, including gas-phase ob-
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Figure 4.4: A series of diagrams (not to scale) illustrating the shock chemistry within a
molecular outflow originating from a young stellar object. Left The general shape of the
disk and outflow surrounding a young protostar and where astrophysical shocks occur.
Center A zoom-in on the structure of one shock event. Right Sputtering and post-shock gas-
phase chemistry is displayed as the gas and dust interact within a shock. Figure originally
from Suutarinen et al. (209).

servations of these molecules immediately after they desorb off the surface. Thermal des-
orption, which can be efficient within hot cores, can effectively liberate the ice-mantle into
the gas, but can induce additional chemistry in the process. And so, we require additional
ways to desorb the chemical-rich ices into the gas phase as a way to probe this mostly-
unconstrained chemical reservoir. The sputtering in astrophysical shocks, which liberate
molecules off from the ice into the gas phase without additional thermal processing, pro-
vide this indirect probe (see Fig. 4.4 Right).

The efficiency of sputtering varies when comparing C-shock and J-shocks in astrophys-
ical sources, resulting in different observational signatures (see Fig. 4.4 Center). The lower
velocity C-shocks tend to liberate the molecules that make up the ice covering the inter-
stellar dust grains without destroying most molecular bonds (192). As a result, species
that are efficiently formed on the ice, such as CH;OH and HNCO are seen to be strongly
enhanced in C-shocks (14; 165). Conversely, J-shocks are energetic enough that many of
these molecules are dissociated during the process and to even start sputtering off species
from the refractory grain core. As a result, high velocity shocks can often be traced by
species containing Si, which is commonly locked up in dust grains, with enhancements in
particular being prominent SiO (90; 91). Because we wish to utilize shocks to probe the
chemical complexity within the ice, we will therefore focus on C-shocks in this work.

In addition to the gas-phase abundance enhancements brought on by sputtering, the
temporary high temperature and density conditions within the shocks can also induce
post-shock gas-phase chemistry (34; 209). Therefore, in order to determine what the un-
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derlying pre-shock ice chemistry was, it is necessary to determine which observational
gas-phase enhancements are due to sputtering and which are due to post-shock chemistry
within astrophysical sources. This has been studied both by comparing the locations of
peak abundances of different molecules throughout a bow shock front (46; 209).

In particular, one of the most commonly studied types of sources to study shock chem-
istry is in the molecular outflows propagating out from low-mass protostars (see Figure
4.4 Left). As low-mass star formation tends to occur in relative isolation compared to high-
mass counterparts (162), their bipolar outflows are able to launch ejected material into the
pristine, chemically-rich ice in the surrounding dark cloud, where it can be subsequently
shocked without any other significant competing physical processes. One source in par-
ticular that has received significant study is the prototypically chemically-active shocked
outflow, L1157, which has been shown to display a high degree of molecular complexity
(7; 33; 46; 137; 158; 165).

And so, in order to study ice-chemistry reservoirs in protostellar environments and un-
derstand the impacts of shocks on the chemistry in a region, we performed observations
of several shock-tracing molecules toward L1157 with the Combined Array for Research
in Millimeter-wave Astronomy (CARMA), as described in Chapter 5. From these observa-
tions, we made several predictions regarding shock-chemistry in isolated molecular out-
flows. In order to test these predictions, Chapter 6 discusses our efforts to reproduce these
effects through the synthesis of astrochemical models and the physical conditions and pro-
cesses associated with shocks.

Moving forward from this work, in order to fully test the results of the astrochemi-
cal model, it is necessary to have observational constraints on the various parameters the
model uses. Because the model considers far more molecules than have been observa-
tionally detected, the creation of a chemical inventory of as many molecules as possible
and how they temporally evolve would allow us to better understand how the post-shock
gas-phase chemistry proceeds. To do this, in the coming years, we will perform the first
broadband interferometric survey of L1157 using the Submillimeter Array (SMA), tak-
ing advantage of the SMA Wideband Astronomical ROACH2 Machine (SWARM) corre-
lator’s 32 GHz of continuous bandwidth to efficiently probe a large range of molecular
transitions simultaneously (245). This survey will allow us to produce radial (and thus
time-dependent) profiles for a large number of molecules of varying complexity across
the blue shifted lobe of L1157, which would provide crucial constraints to the astrochem-
ical model. In addition, these observations will also allow us to study the dynamics of
the outflow itself, potentially answering the questions of whether previously unmapped
molecules support the two precessing jet model in this source and whether it is possible to
resolve chemical transitions in the envelope surrounding the central protostar.

In addition to constraining the evolution of molecular complexity in this one source,
it is vital that the predictions of shock-chemistry here are also valid in other sources with
a wide range of shock velocities, shock ages, densities, and stages of protostellar evolu-
tion. As such, a broad, unbiased Band 7 spectral line survey is currently being observed
with the Atacama Compact Array (ACA) of seven southern outflows of widely-varying
ages, velocities, and chemical conditions to elucidate the underlying links between phys-
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ical conditions, outflow properties, and chemical evolution in these important pre-stellar
environment through the Shocked Molecular Outflows across a Range of Environments
Survey (SMORES). Through this survey, we will be able to create complex molecular in-
ventories, probe the spatio-temporal chemical evolution, and constrain our astrochemical
shock models for these seven sources. Moving on beyond this, additional spectral surveys
can also be performed with SMA to probe northern molecular outflows.

In terms of improvements to the astrochemical model, we intend to continually develop
and enhance the capabilities through the refinement of current processes and the inclusion
of new ones. First and foremost, recent work by Shingledecker et al. (204) showed that
the inclusion of cosmic ray-induced chemistry can significantly enhance the ice and gas-
phase abundances in dark cloud conditions. Since cosmic rays are thought to be common
in astrophysical shocks (70), the inclusion of these processes could be highly effective at
overcoming the current underproduction of certain observationally ice-abundant species.
These reactions types are in the current version of NAUTILUS (199) used for the shock
model, but are not activated in the model. In addition to ice-species enhancements, cosmic
rays can also induce additional sputtering and gas phase processes. As such, future work
to study the effect of cosmic rays on shock chemistry could be highly fortuitous.

In order to treat the most common shock tracer for astronomers, SiO, it would be nec-
essary to consider how the grain itself is impacted by the shock. To physically produce
the SiO, one would need to include some form of core-sputtering, which would require
the inclusion of solid-phase abundances of both carbonaceous and silicate dust grains as
a fourth phase of chemistry in the model. The inclusion of this additional phase could
also facilitate the simultaneous modeling of C-shock tracers, such as HNCO, and J-shock
tracers, such as SiO. Grain erosion or shattering could also be considered, which would
dynamically impact the average dust grain size, and subsequently alter the total surface
area for ice-surface reaction to occur and the collisional cross section of the grains.

As well, many of the reactions discussed here in the post-shock chemistry were gas-
phase reactions whose temperature dependence was more effectively calculated and mea-
sured at high temperature ranges (95). It is possible that in the hot-gas regime of the model,
reactions with significant barriers, but are strongly correlated with the gas temperatures,
may become important. While these reactions’ barriers make them uncommon for typical
studies in astrochemical models, initial estimations and the few that were added suggest
that some number of them could be highly efficient in post-shock gas. As such, a more
robust treatment of these types of reactions may prove to induce additional post-shock
gas-phase chemistry.
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CHAPTER 5

CSO AND CARMA OBSERVATIONS OF
L1157: CHEMICAL COMPLEXITY IN THE
SHOCKED OUTFLOW

The following chapter is primarily reproduced from Burkhardt, A. M.; Dollhopf, N. M..; Corby, |. F.;
Carroll, P. B.; Shingledecker, C. N.; Loomis, R. A.; Booth, S. T.; Blake, G. A.; Herbst, E.; Remijan,
A. J.; McGuire, B. A. The Astrophysical Journal 2016, 827, 1-17.

L1157, a molecular dark cloud with an embedded Class 0 protostar possessing a bipo-
lar outflow, is an excellent source for studying shock chemistry, including grain-surface
chemistry prior to shocks, and post-shock, gas-phase processing. The L1157-B1 and B2
positions experienced shocks at ~2000 and 4000 years ago, respectively. Prior to these
shock events, temperatures were too low for most complex organic molecules to undergo
thermal desorption. Thus, the shocks should have liberated these molecules from the ice
grain-surfaces en masse, evidenced by prior observations of SiO and multiple grain man-
tle species commonly associated with shocks. Grain species, such as OCS, CH;0H, and
HNCO, all peak at different positions relative to species that are preferably formed in
higher velocity shocks or repeatedly-shocked material, such as S5iO and HCN. Here, we
present high spatial resolution (~3"”) maps of CH;OH, HNCO, HCN, and HCO™ in the
southern portion of the outflow containing Bl and B2, as observed with CARMA. The
HNCO maps are the first interferometric observations of this species in L1157. The maps
show distinct differences in the chemistry within the various shocked regions in L1157B.
This is further supported through constraints of the molecular abundances using the non-
LTE code RADEX (244). We find the east/west chemical differentiation in C2 may be ex-
plained by the contrast of the shock’s interaction with either cold, pristine material or
warm, previously-shocked gas, as seen in enhanced HCN abundances. In addition, the
enhancement of the HNCO abundance toward the the older shock, B2, suggests the im-
portance of high-temperature O-chemistry in shocked regions.

5.1 Introduction

Shocks and turbulence are prevalent in molecular gas, from dense gas undergoing star
formation to diffuse material filling the thin disk of the Galaxy. Thus, it is crucial to un-
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derstand the underlying chemistry within shocked regions. For many complex molecules,
gas-phase formation routes are inefficient under interstellar conditions, and are unable
to reproduce observed abundances. Theoretical work instead predicts efficient chemical
reactions on the ice mantles of dust grains (30; 99), and laboratory work confirms that
grain-surface chemistry efficiently produces diverse molecular species (74; 176). Low-
velocity C-shocks, common in dense molecular clouds, sublimate the ice from the surfaces
of grains without destroying most molecular bonds (192). As a result, gas-phase observa-
tions of recently-shocked clouds can provide substantial information on the condensed-
phase chemistry that occurred prior to the passage of the shock. Reactions on the surface
of grains are now believed to be responsible for the formation of most complex organic
species (77), and studies of shocked molecular clouds are essential for understanding the
processing of molecular material and the formation of biologically-relevant molecules.
Given the difficulties of unambiguously identifying molecules trapped in ice grains, shock-
chemistry studies are among the most promising cases for understanding ice grain chem-
istry.

The nearby (~250 pc) dark cloud, L1157, provides an excellent opportunity to study
shock chemistry. L1157 contains a Class 0 protostar, L1157-mm, with a bipolar outflow
that extends ~2/, or 3 x 10* AU, from the central infrared source (142). The blueshifted
and redshifted outflows are referred to as L1157B and L1157R, respectively. As the jet
precesses, the periodic ejection events produce bow shocks at multiple positions in the
outflow (86). The bow shocks, in turn, produce regions of minimal protostellar heating of
the dust, and significant shock-induced non-thermal desorption of grain mantles (71).

L1157-B1 and B2 are prominent, recently-shocked regions in the southern, blue-shifted
lobe of the outflow. Bl is warmer and more recently shocked (Ziin ~ 80-100 K, t ~ 2000 yr)
than B2 (Tiin ~ 20-60 K, t ~ 4000 yr) (86; 136; 212). The progenitor gas for Bl and B2 should
have had a cold history within the dark cloud (at T < 20 K for ~1 Myr). The unshocked
portions of the outflow are also cool (at Ty, ~15 - 30 K) (9). As a result, observations of Bl
and B2 primarily probe the chemistry of cold (20 K) ice-grain mantles, and subsequent
evolution in the warmer gas-phase.

B1 and B2 are considered chemically-active outflows (9), with the detection of numer-
ous complex species including HCOOCH;3;, HCOOH, CH3;CHO, NH,CHO, C,;H;OH, and
CH;3CN (7; 242, and refs. therein). Abundances of shock tracers including SiO, CH;OH,
and HNCO are particularly enhanced in Bl and B2 as compared to unshocked regions of
the outflow. This includes an SiO abundance enhancement of 10* compared to unshocked
material in the region, which high spatial resolution (~2.5") images indicate that the dis-
tribution of SiO closely traces the positions of Bl and B2 (87). Furthermore, L1157-B2 has
been found to contain the highest abundance of HNCO yet observed in any source in the
Galaxy, including an enhanced abundance of 4-11 times compared to hot cores and dense
cores in the Galactic Center (165; 196).

Interferometric images of multiple molecules have demonstrated the clumpy structure
of the southern outflow. Previous work by Benedettini et al. (15) at A=3 mm mapped
transitions of CS, CH;0H, HCN, OCS, and 3!SO at § ~ 3-6" spatial resolution with the
Plateau deBure Interferometer (PdBI). In this work, we present images of 3 mm transitions
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of HCO*, HCN, CH;0H, and HNCO observed by the Combined Array for Research in
Millimeter-Wave Astronomy (CARMA). While two of the species have been imaged with
comparable resolution, this work produces a higher spatial resolution map of HCO™ and
the first interferometric map of HNCO in L1157.

Furthermore, we build upon the work of McGuire et al. (159, hereafter Paper I) to esti-
mate column densities and abundances of three of the species (CH;OH, HCN, and HNCO)
in the B1 and B2 clumps.

5.2 Observations

We observed the southern outflow with the CARMA 15-element array at A = 3 mm, tar-
geting the J = 1 — 0 transitions of HCN and HCO™, four J = 2x — 1k transitions of
CH30H, and the J = 4 — 3 transition of HNCO, as described in Table 5.1. A total of 89.3
hours of observations were conducted: 46.7 hours in C-configuration during August 2012,
23.3 hours in D configuration between October and November 2012, and 19.3 hours in E-
configuration during May 2013. All observations were toward a single pointing position

at «(J2000) = 20h39m(78 7, §(J2000) = 68°01'11”5. The 62 MHz bandwidth, 3-bit mode of
the CARMA correlator was used, providing fourteen non-contiguous windows with 255
channels each, and resulting in 243 kHz (~0.7 km s™!) channel resolution.

The data were reduced using the MIRIAD package (201) using standard techniques of
bandpass, absolute flux, and complex gain calibration. MWC349 and Neptune were used
as primary flux calibrators; the bandpass calibrators were 1635+381, 2232+117, 0102+584,
1743-038, 2015+372, and 3C84; and the gain calibrator was 1927+739. Images were gener-
ated using the CLEAN algorithm in the MIRIAD package with a Briggs weighting scheme
that tended toward natural weighting, resulting in a synthesized beam of 374 x 3'2 at the
center frequency for the majority of the observed transitions. Image analysis was per-
formed in CASA. The targeted transitions and synthesized beam values are shown in Table
5.1. The synthesized beam of the CH3;0OH maps are about a factor of two larger than the
other observed transitions because the CH3;OH lines were not observed in the most ex-
tended configuration used (C-array). While primary beam corrections were not applied,
preliminary analysis implied that the ultimate impact of this correction would be minimal,
especially for the regions where we perform more in-depth analysis. It should be noted
that the sensitivity of the 10-m antennae will be more significantly reduced at the edges of
the primary beam in this single pointing.

5.3 Results

5.3.1 Structure
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Table 5.1: The resolved quantum numbers and frequencies of each transition are listed.
Also included are the synthesized beam sizes and approximate rms levels for each win-
dow, where no spectral binning was performed. Transitions and parameters accessible at
www.splatalogue.net (188). Catalogued at CDMS (172). and JPL (178)

Molecule Transition v E, Beam RMS (o)
(GHz) (K) (arcsec?)  (mJy beam™1)
2 12111 96.73936(5) 12.9
%5 —lo1++ 96741385 69 _, ’
CH3;0H % — Lo, 96.74455(5) 20.1 6”03 x 5753 8.5
211 — 110 96.75551(5) 28.0
J=1-0,F=1-1 88.63042(2) 4.25
HCN J=1-0,F=2-1 88.63185(3) 4.25 3745 x 327 4.8
J=1-0,F=0—-1 88.63394(3) 4.25
HCO* J=1-0 89.18853(4) 4.28 3739 x 3723 5.1
HNCO J =404 — 303 87.92524(8) 10.6 3”50 x 3728 7.0

Summary of L1157B Structure

To orient the reader to the structure of the southern, blueshifted outflow, L1157B, we high-
light the positions of the shocked clumps with respect to the two cavities, C1 and C2,
originally observed in CO (88). Observations of SiO, a prominent shock tracer, reveal
large abundances along the structures of the cavities. Figure 5.1 shows line emission by
CH;O0H and HCO™ observed by CARMA with the position of the cavities highlighted. The
southern-most cavity, C1, holds the shocked B2 region, while the B1 region is observed at
the apex of the C2 (northern) cavity. The bowshock nature of the outflow is apparent
from the U-shaped structure of C2 observed with CH3;OH, other shock tracers, and mid-IR
emission (213)

The BO region follows the shape of the C1 cavity north of B1 into the L1157-mm source;
however, B0 is not correlated with a shock front, and much of it remains cool (7}, ~15-
30 K; 9). The aforementioned U-shaped structure along the C2 walls delineates BO from
the ambient gas. The eastern BO wall shows higher abundances of SiO and HCN than the
western wall (94), perhaps suggesting a pseudo-shock event in the region. There is also a
ridge of emission connecting the east and west walls of B0, showing similar abundances
to the western wall.

High spatial resolution, interferometric observations of the outflow reveal a clumpy
structure within L1157 (15). Within all three regions, molecules are seen to peak in clumps
~10-15" in diameter. In Bl and B2, these clumps lie within the shocked regions. In B0,
these clumps are well correlated with the eastern wall, western wall, and the emission
ridge.
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Figure 5.1: Integrated CH;OH (2 — 1x) emission raster, -17.8 to +14.0 km s™!, with inte-
grated emission of HCO™ (1-0) contours, -20.1 to +11.9 km s, overlayed in black, both ob-
served with CARMA. The contour levels for HCO™ are 0.44, 0.88,1.32, 1.76, 2.2 Jy beam ™!
km s~!. The synthesized beam sizes for CH;OH and HCO™ are shown in red and black,
respectively, in the lower left. The two cavities in L1157B are shown and labeled in red,
with the ridge and apex of C2 shown and labeled in green.
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Table 5.2: Region Positions and Sizes. Regions based off of Benedettini et al. (15) and
Rodriguez-Fernandez et al. (196), with several new clumps assigned (BOk, B0/, and B2d).
For non-circular regions, the semi-minor axis, semi-major axis, and position angle of the
semi-major axis from straight north are given in that order. L1157-mm source size is likely
much smaller, but the region size and shape were chosen for comparison to clumps in
outflow.

Ellipse Center Ellipse Parameters

Region RA (J2000) Dec. (J2000) RA  Dec. PA
(h m s) (o / //) (//) (//) (o)

BOa 20 39 104 68 01 38.0 11 11

BOb 20 39 05.7 68 01 42.0 14 14 -
BOc 20 39 09.0 68 01 36.0 11 11 -
Bod 20 39 07.7 68 01 28.0 12 12 -
BOe 20 39 10.3 68 01 24.0 12 12 -
BOk 20 39 08.1 68 02 00.4 11 11 -
B0/ 20 39 06.4 68 01 54.3 11 11 -
Bla 20 39 10.2 68 01 12.0 11 11 -
B1b 20 39 08.8 68 01 10.0 11 11 -
B2a 20 39 12.6 68 00 40.7 75 155 50
B2b 20 39 13.8 68 00 26.8 75 155 50
B2c 20 39 11.8 68 00 58.0 13 13 -
B2d 20 39 141 68 00 37.7 5 12 0
mm 20 39 06.2 68 02 159 11 11 -

Structure Revealed by CARMA Maps

The HCN and CH3OH transitions presented here were previously imaged by Benedettini
et al. (15) with similar resolutions. Indeed, the structure observed by CARMA agrees with
the PdBI images previously published. While discussing the structure in this work, we
therefore adopt the naming convention of Benedettini et al. (15) and further added to by
Codella et al. (48) and Gémez-Ruiz et al. (94). They defined 10 clumps in BO (BOa-B0j), 8
clumps in Bl (Bla-B1h), and 3 clumps in B2 (B2a-B2c), based primarily on emission from
CH3;0H, HCN, CH3CN, SiO, and H,CO. To maintain consistency with previous work, we
specify elliptical regions corresponding to the clump positions reported in these papers.
While the regions were described as ellipses ~10-15" in size (15), we specify the dimen-
sions of the ellipses with major and minor axis lengths determined based on the distribu-
tions observed in our images. We also define three new clumps: BOk and B0/ using the
HCO™ emission, and B2d using the HNCO emission. The coordinates and dimensions of
the regions used are defined in Table 5.2. Also in Table 5.2, we list the region used to ex-
tract the spectra toward the gas surrounding L1157-mm, whose position was determined
by Gueth et al. (88). While the source size is likely much smaller than the region used, the
size and shape were chosen for comparison to clumps in outflow. Figure 5.2 shows the
integrated line emission of CH30H 2;-1,, HCN (1-0), HCO™* (1-0), and HNCO (40 4 — 30.3),
with the elliptical regions overlaid.
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Figure 5.2: Integrated emission maps of CH;0OH (2, — 1), HCN (1-0), HCO™" (1-0), and
HNCO (404 — 30,3) with the clump regions and stellar source shown in red. The velocity
ranges of integration were (-17.8 to +14.0 km s™'), (-22.1 to +15.0 km s™1), (-20.1 to +11.9
km s™'), and (-6.45 to +6.9 km s7), respectively. The synthesized beam sizes are displayed
as filled red in the lower left.
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CH;0H

CH30H 2;-1;, displays a clumpy structure that is consistent with the previous observations
by Benedettini et al. (15). In our newly-assigned clumps of B0k, B0/, and B2a, we detect
emission, although the clumps are not as prominent in CH30H emission as in HNCO
and HCO™". As has been found in previous observations, CH;OH emission is generally
observed to be brighter on the western side of B1, and has significant emission along the
ridge in BO.

HCN

HCN (1-0) shows structure similar to CH3;OH, with significant clumping evident through-
out L1157B. However, whereas CH3;OH produces stronger emission on the western wall
of the C2 cavity (i.e. in Blb, BOd, BOb), HCN emission is strongest on the eastern wall of
C2 (i.e. in Bla, BOe, and B0a). This trend was also reported in Benedettini et al. (15). Sig-
nificant structure is also seen outside of these clumps that is not seen in other molecules,
especially toward the eastern wall of BO, with an arm protruding to the east of BO. This
structure has been observed previously in SiO (5-4) as an “arc-like” structure to the east
of the U-shape of C2 (94). HCN (1-0) has stronger emission toward the eastern clumps of
B1, unlike CH30H, which is consistent with the chemical segregation previously observed
(15). In B2, we observe significant emission toward B2a, B2b, and B2d.

HCO™

HCO™ (1-0) exhibits a more extended distribution, and is detected beyond the combined
10m-6m primary beam (~2') of CARMA along the outflow axis. The HCO™ emission is
observed further into B0, tracing the C2 cavity, than the other molecules observed, and
extending past the stellar source. We define two new clumps with HCO™, BOk and B0¢, lo-
cated in the northern regions near the stellar source, L1157-mm. Strong emission is present
in C2, particularly toward the eastern wall and the northern clumps, while much weaker
emission is observed toward C1. The distribution is consistent with previous interferomet-
ric observations of HCO*, where the majority of the emission was observed to trace the
low-velocity ambient gas in BO (9; 45).

HNCO

HNCO exhibits a distribution distinct from the other observed species, with significantly-
stronger line emission from B2. Weaker line emission is associated with B1 and the western
wall of B0, similar to CH30OH and unlike HCN. Previous single-dish observations have
detected strong HNCO line emission toward Bl and B2, which are in agreement with our
observations (165; 196).
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5.3.2 Spectra and Column Density Determination

We extracted spectra from the regions defined in Table 5.2. Transitions of CH;OH, HNCO,
and HCN, including hyperfine components, were fit with Gaussian profiles, utilizing a
modified version of the line fitting code described in Corby et al. (52). Figure 5.3 displays
the extracted spectra of the observed molecules at 5 representative regions which probe
the emission at a variety of environments across L1157B: BOa, BOd, Bla, B1lb, and B2a, with
line fits overlaid. Spectra for all of the defined regions in Table 5.2 are included in the
Appendix 5.7 and Gaussian fits parameters are in Appendix 5.8.

An inspection of the line fit parameters reveal the kinematic structure of the outflow.
For the purposes of studying the systemic velocities, we use the average velocities for the
three strongest components of CH3;0H and the F' = 1 — 1 hyperfine transition of HCN,
which will be further discussed in Sections 5.3.2 and 5.3.2, respectively. The gas surround-
ing the stellar source, L1157-mm, was found to have velocities between visg ~2.3-3.1 km
s~!. For reference, the cloud velocity for this region has been found to be vy gg ~2.6 km s™*
(8).

In general, the clumps located in BO south of the ridge, B1, and B2c are found to be kine-
matically related, with average systemic velocities around 0 to 1.5 km s~!. Meanwhile, in
the northern part of B0, the systemic velocities generally increase for each species: ~1 km
s~! for CH;0H, ~1.3 km s~! for HCN, and ~1.6 km s~ ! for HNCO. Toward B2, the veloc-
ities are found to be consistent and larger than what was found in B1, southern BO, and
B2c: ~2 km s~! for CH3;0H, ~0.9 km s~ ! for HCN, and ~1.8 km s~! for HNCO. While the
line widths of CH;OH consistently remain around 3.4 km s~! throughout L1157B, HCN
has smaller line widths in northern B0 (~2.1 km s~!) than the rest of the L1157B, which
displays similar line widths to CH;0H of ~3.5 km s~!. Even more dramatically, the line
widths of HNCO within these three kinematic regions are found to be distinct: ~1 km s™!
in northern B0, ~5 km s~! in southern B0 and in B1, and ~3 km s~! in B2. Curiously, while
the HNCO (4-3) line velocity shift in B2c is more related to the apex of C2, the line width is
closer to the rest of B2. It is important to note that the current naming scheme for clumps in
L1157 does not appear to accurately reflect the regions that are kinematically associated.
Based on these findings, HNCO may prove to be a useful probe for disentangling kine-
matic structure in these sorts of regions, perhaps due to its unique formation pathway, as
discussed in Section 5.4.3.

To compute the column densities of CH;OH, HCN, and HNCO, we utilize the non-
LTE radiative transfer code, RADEX (244). As inputs of the gas temperatures, we adopt the
physical conditions determined in Paper I, using a RADEX analysis of ~30 transitions of
CH;30H observed with the CSO. As the CSO observations only included single pointings
toward B1, encompassing Bla, Blb, and B0d, and toward B2, containing B2a, B2b, and B2d,
we only computed the column densities in these six regions. While a similar analysis could
be performed for the remainder of BO, previous estimates for the kinetic temperatures and
gas densities throughout BO have not been consistent in the literature (9; 45). It should
be noted that further observations could help constrain the physical environment in B0,
which would provide contrast to Bl and B2 shocks.
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Figure 5.3: The extracted spectra from the regions BOa, BOd, Bla, B1b, and B2a are shown in
black. For molecules with multiple transitions, CH;OH and HCN, the velocities displayed
are relative to the rest frequency of the central transition. For HCN, the unknown feature
discussed in Section 5.3.2 is marked with a blue dashed line. Not shown is the transition
CHgoH 21,1—1170.
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CH3;0H HCN HNCO
N Fr | N e W |V W W,
(10%em=2) (107% | (10*em=2) (1072) (107%) | (102 ecm~2) (1072) (107®)
B0d 1.5 1.5 2.6 1.7 2.6 25 1.6 25
Bla 1.9 1.9 10. 5.3 10. 3.2 1.7 3.2
Blb 2.1 2.1 5.3 25 5.3 3.8 1.8 3.8
B2a 2.7 2.7 9.9 3.7 9.9 8.0 3.0 8.0
B2b 1.6 1.6 6.6 4.2 6.6 5.5 3.5 5.5
B2d 2.1 2.0 8.0 3.9 7.9 7.5 3.6 7.5

Table 5.3: Molecular Abundances and Enhancements. For the three molecules studied
in depth, the column densities calculated through RADEX are given at each region that
coincides with Paper I CSO pointings, along with the enhancement relative to CH;0OH
and overall abundance relative to H,. Errors, as described in Paper I, are calculated to be
~32%

We apply derived parameters of T), = 60 K, nyy, = 3 x 10° cm™? toward B1 and T}, = 50
K, ny, = 6 x 10° cm™? toward B2. While Paper I used a 2-component fit with an extended,
cool component and a compact, warm component, we only adopt the warm component
parameters, as the warm component should dominate the emission originating from these
small clumps. With these input conditions and line parameters from the Gaussian fits to
the spectra, we obtain column densities reported in Table 5.3.

For the purposes of this analysis, the spectral lines without anomalous features, such
as non-symmetric broadening, significant self-absorption, and line-blending, were used
to constrain the abundances. The individual cases are discussed below. The derived col-
umn densities of each species are given in Table 5.3. Liberal uncertainties are assumed
due to the small number of transitions observed, asymmetric line profiles, and the inherit
uncertainties discussed in Paper I to be ~32%.

We further convert from column densities to abundances with respect to hydrogen.
Bachiller and Gutiérrez (8) determined that Ny, ~ 10?! cm~2 in B1 and Ny, ~ 5 x 10%°
cm? in B2 using the optically thick *CO line emission and conversion by Ny, ~ 10*Nco.
However, using measurements on the optically thin isotopologues of CO, such as *CO,
higher column densities are derived. Additionally, multiple authors have suggested that
a higher conversion factor of Ny, ~ 3 x 10* Nco may be more appropriate (26; 136). Given
these ambiguities, we adopt Ny, ~ 2 x 10*' em ™2 toward B1 and Ny, ~ 10?! cm™2 toward
B2 based on Nco ~ 9 x 106 cm~2 in B1 (136) and Nco ~ 5 x 10* cm~2 in B2 (8)..

Furthermore, roughly half of the CO line flux towards Bl arises within a blueshifted
wing component in the velocity range of -15 to -4 km s™!, previously designated the g2
component (136). This wing component is evident in HCN and HCO™, but is absent from
the profiles of CH3;OH and HNCO, as seen in Figures 5.3 and 5.4. Similar effects have been
described by Tafalla et al. (211), but with their designated f-wing to range over -7.5 to -3.5
km s™!, as determined by the transition from optically thin to thick through the *CO(2-1)
to CO(2-1) ratio at each given velocity. Because CH3;OH and HNCO do not exhibit this
wing component, we focus on the primary velocity peak, which is more Gaussian shaped.
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Taking this feature into account, we estimate that Ny, ~ 10?! cm™2 in the primary com-
ponent toward Bl1, in the g2-wing component of Bl, and toward B2, in agreement with
the derived hydrogen column within the slow wing of Tafalla et al. (211). We assume
that this hydrogen column density is the same towards all six clumps. As is typical of
abundance measurements, the reported abundances are therefore approximate, and rela-
tive abundances determined from lines within this dataset are more precise. Below, we
briefly discuss the spectrum of each molecule and observed patterns in column density
and abundance.

CH;0H

We detect the four 2, — 1 transitions of CH3;OH in all of the clumps used in this study;,
and we detect weak CH3;OH emission towards the stellar source, consistent with previous
observations (94). The relative intensities of the three stronger lines (2_15—1_11, 292 — 1o1++,
202 — 1p1) remained a very consistent ratio of 4:3:1, respectively, throughout the regions.
We note the presence of a small wing on the blue shifted side of the CH3;OH line profiles
towards Bla and b and towards B0a, ¢, d, and e. This wing component spans a velocity
range of -4 to -2 km s, which is distinct from the g2 wing component which extends to
-15 km s~'. This has been observed previously by Gémez-Ruiz et al. (94). As was also
reported by Gémez-Ruiz et al. (94), CH30H emission in L1157B is detected at velocities
only slightly blueshifted (JAvisr| < 3.5 km s1) to the cloud velocity, with generally larger
offsets observed at distances further from L1157-mm (Table 5.4). There is also a small, blue
wing with a width of ~4 km s™! observed towards Bl and B0a, ¢, d, and e. Since B1 is
located at the apex of the bow shock, this wing may originate from the terminal velocity
of the shock as it propagates into cold, dense, unshocked material.

The reported column density for CH3;OH is the SNR-weighted average of the individ-
ual column densities derived per transition using RADEX. The column densities remained
fairly consistent for the various regions, being on the order of ~1.5-2.7x10 ¢cm™2. Sim-
ilarly, the abundances relative to hydrogen are estimated to be ~1.5-2.7x107%, with the
highest abundances toward B2a. These are displayed in Table 5.3. These values are con-
sistent with the results of Paper I, which obtained column densities of ~3x 10" cm~2 from
CSO observations towards Bl and B2. The small differences in column densities may be
attributed to Paper I's use of a two-component fit in the RADEX analysis, as well as some
of the extended emission from CH3OH in the cooler component being resolved out by
CARMA’s beam. Given the general agreement with previous observations, we will study
the abundance enhancement of other observed molecules relative to methanol.

HCN

HCN has been detected in all clumps studied in L1157B, as well as the stellar source. Ve-
locity offsets of HCN (1-0) were observed to be slightly blueshifted to the systemic velocity,
but with no significant gradient over distance from L1157-mm observed. As seen in Fig-
ure 5.3, the three hyperfine components are clearly resolved, and we report two anomalous
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features.

First, the F' = 0 — 1 hyperfine component is seen to be broadened and contains a promi-
nent blueshifted wing toward most clumps in BO and B1, as seen in previous observations
of this line (15). This component is associated with the g2 component observed in CO (136)
as well as in HCO™ in our observations. Here, the lower-frequency edge of the blue wing
was set by where the morphology of the line emission significantly changed before the
peak of the F' = 0 — 1 transition. The integrated HCN (1-0) emission in the velocity range
of -15 to -4 km s, with respect to the F' = 0 — 1 hyperfine component, is shown in Fig-
ure 5.4 overlaid on HCO™ emission within this velocity range. This velocity component
clearly maps to the apex and eastern wall of C2 and is notably absent toward B2. This
may imply that the wing emission originates from the shock as it propagates through the
semi-processed material between C1 and C2, and thus has not been significantly slowed
down. This is further evidenced by SiO emission, which displays broader velocity wings
(~20 km s71) (94). This will be further discussed later.

The second anomalous feature in the spectrum is a strong line at ~4 km s™*, with re-
spect to the ' = 1 — 1 transition, toward B2a, B2b, and B2d. This can be seen in B2a of
HCN in Figure 5.3. The integrated emission of this fourth component can be seen in Fig-
ure 5.5 to be nearly exclusively in B2. The flux observed in Bla and the eastern wall of
B0 is blended emission from the red tail of the /' = 1 — 1 line and not a separate com-
ponent. This supposed fourth line could be explained by a second, prominent velocity
component redshifted by approximately the hyperfine spacing. This would result in the
central two observed features being a blend of two components, F' =2 - 1/F =0 -1
and F'=1—1/F = 2 — 1 for the second and third most blueshifted features, respectively.
Meanwhile, the outer two features are unblended, single-transition features /' = 0 — 1 and
F =1 — 1 for the first and fourth most blueshifted features, respectively. However, the
relative emission strengths of the hyperfine components do not clearly indicate this is the
case. Further, it is curious that a red-shifted component is not apparent in the spectral lines
of other species observed in B2, and no similar feature has been reported in the literature
for another molecule. But if the feature is a second velocity component, then this would
provide further evidence that B2c is kinematically related to the apex of C2, and not to the
rest of B2. Another possible explanation could be that this is an unidentified line of a sep-
arate species, which may explain why it is primarily in B2, similar to HNCO. However, it
seems unlikely that we would observe an unknown transition of similar strength to HCN
(1-0), with no reasonable candidate transitions within the NRAO Splatalogue database’.
Observation of the HCN (2-1) has the potential to clarify the scenario.

Finally, the observed line intensity ratios of HCN were distinct from the optically thin,
LTE hyperfine line ratios of F = (2 —-1) : (1—1) : (0—1) =5 : 3 : 1. The observed
ratios are about ~ 1.76 : 1.35 : 1, respectively. While we do not expect LTE conditions,
these line ratios cannot be accounted for by RADEX under physical conditions consistent
with previous observations of L1157. This may indicate a pumping process producing
weak masing, which should be accounted for by RADEX. It is also possible that, in part, the

1

! Available at www . splatalogue.net (188)
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contours at levels of 0.22, 0.45, 0.67, & 0.89 Jy beam™1). The velocity ranges of integration
were both -15 to +4 km s~!. The synthesized beam size is displayed as filled black in the
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potential two blended velocity components discussed previously may cause some of the
deviation from the thermal line ratios. Recent work by Mullins et al. (171) on anomalous
hypertfine line strengths also point to a strong dependency on optical depth in combination
with gas infall or dynamics as a potential explanation of these observed ratios.

Because the blue wing component appears to be associated with different gas than the
clumps, we report HCN column densities from RADEX calculations solely on the ' =1—1
transition. This hyperfine line should not include substantial flux contributed by the blue
shifted wing. It has been previously shown that accurate modeling of HCN hyperfine
transitions requires that radiative transfer calculations be explicitly applied to each F-level
independently. In particular, the J =1 —0, F' = 0 — 1 transition is prone to producing spu-
rious results, especially when the line ratios are not well-described by a single excitation
temperature (171). The derived column densities are of order 10'* —10'* cm ™2, as shown in
Table 5.3, with higher column densities toward Bla and B2. The HCN to CH30H column
density ratio varied between 1.7 — 5.3 x 10~2. Benedettini et al. (15) reported larger column
densities by up to an order of magnitude in all regions except BOd. However, they derived
their column densities assuming LTE, whereas we utilized the non-LTE code RADEX (244).
The non-LTE approach is likely more accuate, especially given the non-thermal hyperfine
ratios.

Benedettini et al. (15) report that HCN (1-0) undergoes strong self-absorption in ob-
servations toward L1157B, which would result in an underestimation of their reported
column density. It is interesting to note that toward all regions in L1157B the troughs be-
tween the hyperfine features lie very close to what would result from HCN residing in
ambient gas (i.e. shifted by the systemic velocity of ~2.7 km s™'). The red side of each of
these features also appears to fall off with slopes that are not indicative of a typical Gaus-
sian profile, suggesting the line may be significantly self-absorbed. A possible analogous
absorption feature is also observed in the HCO" (1-0) emission. It does not appear that
CH;0H or HNCO have similar self-absorption features.

If the observed profiles for HCN are indeed due to self-absorption, the abundances
derived here would be underestimated. As a result, the molecular enhancements would
be even larger than those determined here. We do not have sufficient data to make a claim
as to the likelihood that this is self-absorption, but we suggest this may be an intriguing
avenue for follow-up study.

HCO+

HCO™ has been detected toward each region in L1157B and in the stellar source. As seen
in Figure 5.3, the emission displays significant self-absorption toward all positions in the
outflow at a velocity of 3—4 km s~!. However, this self-absorption is not detected towards
the stellar source. Due to the non-Gaussian line shapes and the self-absorption, we do not
fit the spectra or determine HCO™ column densities here.

The blueshifted g2 wing of HCO™ (1-0) is observed, spanning a similar velocity range
of HCN (1-0). As shown in Figure 5.4, both of these blueshifted components map to the
apex and eastern wall of C2, implying that the source of these emission wings may origi-
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nate from the same physical structure. Figure 5.6 shows blue wing (visg =-15 to -3.86 km
s~1) and red wing (v sg =4.3 to 10 km s~ ') of the HCO* emission along with the central
peak (visg =-3 to 3.5 km s™!). The transition from the blue wing to the central peak was de-
termined by where the morphology significantly changed, as discussed above, while the
red wing/central peak boundary was the velocity where the self-absorption was strong
enough to make the observed line strength effectively zero. Here, the central peak is ob-
served to trace the ambient gas throughout the C1 cavity, with a slight peak along the
ridge. The redshifted emission continues far past the stellar source, as would be expected.
Interestingly, there are also redshifted components also observed at concentrated peaks
along the apex of B0/1, B0/, and B2. While these are not necessarily separate components,
it is possible that the emission originates from gas from the far side of the C1 and C2 cavity.

HNCO

HNCO was detected toward all of the regions in L1157B, but not toward the stellar source.
Although weak, a wing component from -3 to -1 km s~ is apparent in the spectra towards
B1 and the ridge of BO. This occupies the same velocity range and general spatial distri-
bution as the weak wing component in CH30H, but is distinct from the g2 component
evident in the spectra of HCN and HCO™. Our RADEX calculations based on our Gaussian
fits determine the column densities of HNCO to vary between ~2.5-8.0x10'* cm~2 across
the entire line, comparable to the measured column densities of HCN. A factor of 2 increase
in column density between B2 and B1 is immediately apparent. This corresponds to the
N(HNCO)/N(CH3O0H) increasing by a factor of 2 (~1.7x1072 to ~3.5x1972) and similar
for abundance enhancement relative to H,, which is consistent with previous observations
(165).

CH;CN

A significant feature appears in three edge channels of one of our windows. Given a simi-
lar velocity profile as our other observed molecules, the transition appears to coincide with
the 5, — 4;, transition of CH3CN. The integrated emission of these three channels display
a distribution similar to CH3;OH, with significant emission observed throughout the ma-
jor shocked regions of L1157B. Very little emission appears to come from any of the less
prominent shocks and ambient gas. It has been detected previously in Bl in 14;, — 13, (7)
and mapped in 8; — 7; (48), with a distribution consistent with our observations. These
both report column densities between 10'2-10'* cm 2.

5.4 Discussion

A few trends emerge from the results. First, it is apparent that the northernmost clumps
in B0 are kinematically distinct from the material in the south of the ridge. Further, the
clumps in Bl and south of the ridge in B0 are more kinematically and structurally similar
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Figure 5.6: Integrated emission map of HCO™ (1-0) with contours of its blue wing (-15 to
-3.86 km s™! at levels of 0.18, 0.37, 0.55, & 0.74 Jy beam ') and red wings (+4.3 to +10 km
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peak raster (-3 to +3.5 km s™!). The synthesized beam size is displayed as filled black in
the lower left.
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compared to northern B0. Second, a broad (~15 km s~') component, referred to as ¢2, has
been observed in HCN and HCO™, as well as CO and SiO in previous work (136). It is
predominately located along the eastern wall of the C2 cavity and near the apex of C2,
most significantly towards BOe. This component contributes a significant fraction of the
molecular line emission by these species in the eastern portion of C2. Furthermore, we
notice possible east-west differentiation within C2 and also between B1 and B2.

5.4.1 East/West Chemical Contrast in C2

Previous literature has discussed the existence of a chemical differentiation within C2
(9; 15; 16; 87; 212). While species including HCN and SiO produce strong line emission
along the eastern wall of C2, other molecules such as CH;OH and OCS are seen stronger
along the western wall, especially towards the apex. We observe this trend in the species
studied here as well. In our CARMA images, CH;OH is seen to be strongest at the western
wall of Bl and along the ridge in B0, although this relative abundance enhancement is less
significant compared to the other studied species. With the first interferrometric maps of
HNCO presented here, it can be seen that this species is even more concentrated to the
eastern wall of C2 than CH3;OH. Meanwhile, HCN is substantially stronger on the eastern
wall compared to the western. As the g2 component preferentially contributes to the emis-
sion seen in the eastern wall, it is plausible that the apparent differentiation results from
the contribution of this wing. However, considering only the emission by the HCN (1-0)
F =1 — 1 transition, for which the wing component should not contribute substantially, it
appears that the east-west differentiation still persists. As reported previously, the column
density of CH3OH is relatively consistent near the apex of C2, while a significant enhance-
ment is observed for HCN in Bla over Blb (16). In our analysis, we found this to be an
increase of column density of about a factor of two, which is a similar enhancement found
along the eastern wall up to the ridge.

Bachiller et al. (9) assert such chemical segregation is due to chemical stratification
within the cloud. Gueth et al. (86) proposed that as the precessing jet sweeps from east
to west, the western wall of C2 would be interacting with new, unshocked material in
the molecular cloud. Meanwhile, the eastern wall is expanding into material already pro-
cessed during the previous shock that produced C1.

In the western wall, especially towards the apex in B1, abundances would be indica-
tive of protypical ice mantle desorption as the shock interacts with grains that previously
resided in cool, quiescent gas. This results in an enhancement of grain-species, which we
observe with CH;OH and HNCO. On the other hand, the eastern wall is interacting with
dust grains that have already been recently shocked by the B2 event. As a result, the ice
mantles would not have had time to redeposit onto the surface of the grains. The shock
would instead destroy the complex species that were brought into the gas phase during the
tirst shock, and further erode the bare dust grain. The resulting products of these complex
molecules would then be enhanced in these regions, as seen in HCN and HCO™. This is
supported by the reported anti-correlation of CN and HNCO in this region (196), as CN is
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likely to be the product of this destruction. In addition, this also explains the distribution
of SiO toward the eastern wall of C2, as it would be enhanced in the shocking of bare-
grains compared to grains with significant ice-mantles. In Benedettini et al. (15), emission
from HC3;N, HCN, CS, NHj;, and SiO were found to be brighter in eastern clumps in C2,
while CH;0H, OCS, and 3*SO emissions were more prominent in western clumps. The
segregation of these specific species aligns with our proposed scenario.

This scenario is further supported by the velocity wings observed in these species.
While the chemical differentiation within C2 is seen both in the wing and the primary
velocity components, the wing components probe the properties of the shock that would
affect the chemistry in the entire region. CH;OH and HNCO are observed to have a small,
~4 km s~! blue wing primarily towards B1b, as was previously discussed. This wing could
be tracing the shock as it hits, and is thus slowed down, by the cold, dense, and unshocked
gas. Meanwhile, HCO* and HCN are observed to have a large, blue, g2 wing primarily
towards Bla and the eastern wall of C2. Here, the shock would not be slowed down be-
cause it is interacting with gas that has already been processed and recently shocked, and
thus is less dense than towards Blb. This higher velocity scenario is also supported by
the higher abundance of SiO towards the eastern wall, as it is produced more efficiently
in high-velocity shocks, and where the dust grains are already bare due to the previous
shock.

It should be noted that observations by Gémez-Ruiz et al. (94) of a pair of H,CO lines
with differences of excitation energies of AT ~ 47 K show significantly different emission
on opposite edges of Bl, suggesting these asymmetries could instead be due to excitation
effects. However, the majority of the lines studied here have relatively low excitations
and still display chemical differentiation. A follow up study of higher energy transitions
of these species would help determine the significance of excitation on the chemical dif-
ferentiation in C2. Recent observations of isotopologues of CO by Kwon et al. (133) may
suggest that there are in fact two bipolar jets, each of which could contribute to a different
wall of C2. While this may explain the asymmetric brightness of certain lines, this does
not necessarily explain the distinct chemical segregation within the region.

5.4.2 Enhancements in B2

Among the species studied, abundances toward the shocked regions in B2 were found
to be either equivalent or higher compared to the Bl shocks. The abundance relative to
H, of HCN toward B2a and Bla are nearly equivalent. For CH30OH, B2 appears to be
enhanced, although it is only just outside of our reported uncertainties. And in HNCO, we
see a factor of two increase in abundance relative to CH;0OH. Meanwhile, HCO™ emission
is significantly weaker in B2 relative to BO and Bl. To determine what may cause this
difference, it is necessary to determine how B1 and B2 vary.

Since the shock in B2 is older than in B1, the observed abundances could be a result
of viewing changes on a chemically-relevant timescale. If this proves significant, then it
would imply that the initial liberation of molecules from the grain by the shock may not
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be the only prominent process that occurs in these environments. Instead, post-shock,
gas-phase reactions would become significant, as these regions are at higher densities and
temperatures than the pre-shock environments. Examples of these will be discussed briefly
in Section 5.4.3.

Gomez-Ruiz et al. (94) have also proposed that the shock in B2 is ~10 km s™! faster
than B1 from observations of SiO and its line profile. Higher shock velocities can result
in more efficient erosion of ices on grain surfaces and the mantles themselves, as has been
shown in models of sputtering on grains. (117; 227). If this difference in shock velocities is
significant to the proceeding chemistry, then the higher abundances of CH;OH and HNCO
could be explained by a higher liberation rate from the grain.

5.4.3 Formation Chemistry Implications
CH;0H

Overall, the consistent abundance of CH3;OH indicates that its primary source is from the
liberation of grains during the shock. The slightly higher abundances toward the relatively
cooler, older shock, B2, may imply that the CH;OH may have a production pathway as
the young shock-tracing molecules react following their initial release into the gas phase.
Chemical models of outflows have shown that methanol abundance is elevated in higher
gas density regions, from 10° to 10° cm™* (228). This difference in density was observed
when comparing the gas densities of Bl and B2 from Paper I, supporting this interpreta-
tion. Rawlings et al. (186) has discussed that recently shocked material surrounding the
grains is at high enough densities that three-body reactions may occur efficiently, such as
with CH3, OH, and H,O (as a passive third body) to produce CH3OH. It is also possible
that the larger shock velocity in B2 relative to B1, as proposed by Gémez-Ruiz et al. (94),
could result in a more efficient liberation of grain species.

HCN

If the scenario proposed for the east/west chemical differentiation is valid, then the forma-
tion of HCN would be significantly impacted by the formation of CN from the destruction
of more complex species in the gas phase. Following the enhancement of CN in the region,
HCN could be readily produced as well. Similar iterations of this interpretation have been
proposed by Benedettini et al. (15).

HCO™*

The strong emission of HCO™ toward the region not directly associated with the shock
front, B0, is consistent with previous work, where the molecule is thought to be rapidly
produced in the gas phase. Rawlings et al. (185) found that HCO™ is enhanced in the
boundary layer between the jet and the surrounding ambient gas, which is observed here.
Within this region, the shock will cause H,O and CH30H to be lifted from the grains. With
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these species abundant in the gas phase, sufficient amounts of the ions H;O" and CH;OH;
can be formed to rapidly produce HCO". Once HCO™ resides in this high-temperature,
water-rich environment, it may then be efficiently destroyed through dissociative recom-
bination (9) or through a reaction with H,O (19). Bergin et al. (19) found that HCO™ could
be efficiently converted into H;O" and CO on the order of 100 years, or the approximate
timescale of the shock passage modeled. This points to the eastern wall of C2 being the site
of a recent interaction, as observed by the wing feature of HCN and HCO™" seen towards
this region. Then, as the shock evolves, the HCO™ is rapidly destroyed, as evidenced by
the weaker emission toward B1 and B2.

HNCO

HNCO has been studied in gas-grain warm-up chemical models of hot corinos, and was
found to be formed through the gas-phase destruction of more complex molecules after
they are lifted from the grain surface (78; 184). In the high temperature phase of the hot
core models, the gas-phase abundances were found to be only 2x10~?. However in some
models, the peak abundance on the grain prior to desorption due to the warm up, was as
high as ~107%-10"".

Hypothetically, this would imply that, in a hot-core-like environment, the observed
abundances could be explained by all of the HNCO on the grain suddenly being lifted from
the grain. However, Rodriguez-Ferndndez et al. (196) argue that the gas-phase chemistry
within shocks should differ due its higher temperatures and densities over a short period
of time. They propose the dominant pathways to be a) the initial grain erosion increasing
the HNCO then b) neutral-neutral gas phase reaction of CN and O, to produce OCN,
which may be favored due to the significant enhancement of O, within the post-shock gas
(19; 91). The OCN can then be rapidly converted into HNCO.

This formation pathway is consistent with the fact that HNCO is currently the only
non-sulfur-bearing molecule observed to have significantly greater enhancement in B2
than B1. This is because the efficient formation of both HNCO and several sulfur-bearing
species (i.e. SO and SO,) heavily relies on molecules reacting with the abundant species
Oy, converting CN to HNCO, and H,S to SO and SO,. CN and HNCO have anticorre-
lated physical distributions, supporting this pathway (196). Further observations of other
species associated with the O, chemistry in shocks may help constrain the significance of
this pathway. Again, the cause of this enhancement may also be due to B2’s high shock
velocity compared to B1.

5.5 Conclusions

We report high-resolution interferometric maps of emission from CH;OH, HCN, HCOT,
and HNCO toward the southern outflow of L1157 from CARMA observations. In addition
to defining three new clumps (B0k, B0/, and B2d), we utilized the non-LTE code RADEX to
constrain the column densities and abundances of three of our species. We find:
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# The abundance of CH3OH is relatively consistent across the regions and appears to
be primarily produced by the liberation off of grain surfaces due to shocks

@ Both HCN/HCO™" and CH3;0H/HNCO display velocity profiles that are indicative
of their originating from the same physical regions

# The east/west chemical differentiation observed in BO and B1 could be explained by
the difference in shock-chemistry that occurs when the impacted medium is cold,
dense, and quiescent or warm, diffuse, and previously-shocked, as evidenced by the
molecular enhancement and velocity profiles

# Through the first interferrometric maps of HNCO, enhanced abundances are seen
toward B2 relative to B1, which may be explained by the importance of the formation
of O, in shocked regions or by differences in shock velocities.
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5.7 Spectra for All Molecules and Regions

For each of the species observed with CARMA (see Table 5.1), the spectra for all of the
defined regions in Table 5.2 are provided below. For species with multiple transitions,
CH30H and HCN, the velocities displayed are relative to the rest frequency of the central



79

transition. For HCN, the unknown feature discussed in Section 5.3.2 is marked with a blue
dashed line.
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Figure 5.7: Extracted spectra of all regions in Table 5.2 for CH;OH emission from the
CARMA observations.
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5.8 Tables of Spectral Fits for All Molecules and Regions

For each of the species observed with CARMA (see Table 5.1), the parameters of the Gaus-
sian fits of the spectra are tabulated below for all of the defined regions in Table 5.2. Gaus-
sian profiles were generated utilizing a modified version of the line fitting code described
in Corby et al. (52). The fourth column in Tables 5.4 and 5.5 and third column in Table 5.6
shows the LSR velocity of the line peak. For HCN, the unknown feature seen in B2 is listed
as the “4" component.”



Table 5.4: CH30H Spectral Fits

Region Transition Peak VLSR Line Width
Ky (kms™) (kms™1)
B0a 2_172 — 1_1,1 2.92 1.30 3.63
2072 — 10,1++ 4.25 1.02 6.26
%2—1p1 091 081 7.03
21 —110 024  0.00 5.48
BOb  2.,,-1.,; 237 170 332
2072 — 10,1++ 3.20 1.30 6.82
%5 —1p1 042 059 5.05
21 —110 008 028 5.86
BOc 2 1o—1_1, 413 046 3.94
2072 — 10¢1++ 5.60 0.28 5.58
%211 131  -015 5.14
21 —119 038  -046 459
Bod  2.,,-1.,; 458 062 412
20’2 — 10_’1++ 5.93 0.40 5.33
%2—1p; 144 006 425
21 —119 036 006 437
BOe 2_172 — 1_1,1 2.03 1.36 3.59
2072 — 10,1++ 3.08 1.21 6.23
%2 —1o1 066 146 9.48
2.1 —110 018 034 465
BOk  2.,.-1.,1 176 096 3.59
2072 — 10,1++ 2.32 0.87 4.77
%5 —1py 027 158 6.69
21—l 005 019 3.81
B0/ 2 1o—1.14 177 053 4.80
%5 — logi++ 251 056 3.59
202 — o1 0.31 0.96 3.66
2110 — 1o - - -
Bla 2_172 - 1_1,1 4.78 1.39 3.38
20’2 — 10_’1++ 6.68 1.05 7.00
%2 —1lo1 145 040 6.35
21 —119 038 031 5.36
Blb  2.,,-1.,, 516 124 341
2072 — 10,1++ 6.79 0.81 7.44
%2 —1p1 163  -0.34 6.10
21 —119 047  -0.28 5.98
B2a  2.,5-1.,1 904 186 353
2072 — 10,1++ 10.80 1.83 4.18
242 —1lg1 257 1.89 3.41
21110 072 198 3.04
B2b 2.42—-1-41 5.56 2.01 3.63
2()72 — ].()A’1++ 6.66 1.98 4.49
%211 138 205 3.66
21110 032 198 3.66
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Table 5.4: CH30OH Spectral Fits Continued

Region Transition Peak VLSR Line Width
(K) (kms™!) (kms™!)
B2c 2_172 — 1_1,1 3.76 0.87 3.63
20,2 — 1071++ 4.79 0.87 3.78
20,2 — 1o 0.71 0.74 3.75
211 -1 0.15 0.74 3.59
B2d 2.02—-141 767 2.11 3.38
20,2 — 1071 ++ 9.21 2.08 3.87
202 —101 2.24 2.14 3.04
210 — 1o 0.63 2.14 291
mm 2_172 — 1_171 0.22 3.10 2.88
202 —loa++ 041 3.01 2.51

20,2 — 10,1
211 — 110



Table 5.5: HCN Spectral Fits

Region Transition Peak VLSR Line Width
(K) (kms™!) (kms™!)
BOa J=1-0,F=1-1 419 0.81 3.50
J=1-0,F=2-1 6.11 0.10 5.90
J=1-0,F=0—-1 3.05 0.85 8.00
BOb J=1-0,F=1-1 130 1.29 2.10
J=1-0,F=2-1 274 1.12 2.30
J=1-0,F=0-1 054 4.90 2.80
BOc J=1-0,F=1—-1 242 0.68 3.50
J=1-0,F=2-1 434 -0.47 5.70
J=1-0,F=0-1 1.69 -0.27 7.50
BOd J=1-0,F=1-1 174 0.71 3.70
J=1-0,F=2-1 236 -0.20 5.50
J=1-0,F=0-1 0.79 0.54 5.60
BOe J=1-0,F=1-1 279 0.74 3.70
J=1-0,F=2-1 4.04 0.17 6.50
J=1-0,F=0-1 249 216 8.00
BOk J=1-0,F=1-1 098 1.32 2.20
J=1-0,F=2-1 162 1.25 2.20
J=1-0,F=0—-1 038 1.52 1.20
B0/ J=1-0,F=1-1 164 1.22 2.10
J=1-0,F=2-1 279 1.32 2.10
J=1-0,F=0—-1 046 1.45 1.30
Bla J=1-0,F=1-1 6.02 0.81 3.40
J=1-0,F=2—-1 6.56 0.03 6.10
J=1-0,F=0-1 3.14 0.41 7.80
B1b J=1-0,F=1-1 356 0.71 3.40
J=1-0,F=2-1 354 -0.41 5.90
J=1-0,F=0-1 197 0.07 7.50
B2a 4™ component 5.25 4.50 1.60
J=1-0,F=1-1 595 0.88 3.50
J=1-0,F=2—-1 632 0.17 5.70
J=1-0,F=0-1 342 0.88 4.70
B2b 4% component 3.57 443 1.80
J=1-0,F=1-1 427 0.85 3.50
J=1-0,F=2-1 449 0.54 5.50
J=1-0,F=0-1 208 1.89 5.00
B2c J=1-0,F=1—-1 394 0.85 3.30
J=1-0,F=2-1 561 0.47 4.00
J=1-0,F=0-1 2.08 0.71 3.90
B2d 4% component 3.53 4.23 1.70
J=1-0,F=1-1 476  0.88 3.70
J=1-0,F=2—-1 548 0.30 5.00
J=1-0,F=0-1 273 1.01 4.50
mm J=1-0,F=1-1 117 2.44 1.52
J=1-0,F=2-1 179 2.33 1.35

J=1-0,F=0-1 072 2.54 1.25
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Table 5.6: HNCO Spectral Fits

Region Peak VLSR Line Width
(K) (kms™!) (kms™!)
BOa 0.13 -0.68 4.88
BOb 0.38 1.74 1.30
BOc 0.21 -0.75 4.47
BOd 0.29 0.03 4.30
BOe 0.10 0.58 491
BOk 0.22 1.60 1.94
BO¢ 0.36 1.60 0.89
Bla 0.32 0.27 491
B1lb 0.38 0.38 4.94
B2a 1.26 1.81 2.93
B2b 0.70 1.70 3.65
B2c 0.28 0.61 3.17
B2d 1.26 191 2.76

mm
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CHAPTER 6

MODELING SHOCK CHEMISTRY IN
ISOLATED MOLECULAR OUTFLOWS

Shocks are a crucial probe to understanding the ongoing chemistry within ices on inter-
stellar dust grains, where many complex organic molecules (COMs) are believed to be
formed. However, previous work has been limited to the initial liberation into the gas-
phase through non-thermal desorption processes such as sputtering. Here, we present
results from the adapted three-phase gas-grain chemical network code NAUTILUS, with
the inclusion of additional high-temperature reactions, non-thermal desorption, collisional
dust heating, and shock-physics parameters. Here, we are able to reproduce many of
the predictions found through observations of the prototypical shocked-outflow L1157 by
Burkhardt et al. (33). In addition, we find that, among others, NH,CHO, HCOOCHj,
CH3CHO have a significant post-shock chemistry formation routes, differing from many
other COMs observed in shocks. Finally, a number of selected species and phenomena
are studied here with respect to their usefulness as a shock tracer in various astrophysical
sources.

6.1 Introduction

With the advent of modern observatories such as the Atacama Large Millimeter/ sub-
millimeter Array (ALMA), there has been an explosion in high resolution and sensitiv-
ity observations of the star and planet-forming regions, with an emphasis on the role of
chemical inventories on this evolution (13; 120). This is highlighted by a surge of interest
in the interaction of gas and ice chemistry, including the condensation fronts (snow lines)
within protoplanetary disks (22; 183; 232) and the thermal warm-ups in hot cores and cori-
nos (13; 120). In particular, it is believed many complex organic molecules (COMs) are
efficiently formed primarily in interstellar ices (77; 104). However, because these frozen
molecules cannot be observed through radio rotational spectroscopy, our knowledge of in-
terstellar ice chemistry remains highly unconstrained. Due to these difficulties to deduce
the molecular composition of ices directly means that we must rely on, to date, incomplete
astrochemical models to make inferences. Refinement of these models is therefore critical
to unlock the potential of modern astrochemistry observations. One way this can be ac-
complished is to indirectly observe ice abundances in regions where the ice is actively be-
ing liberated and compare the models using those observations. In these types of sources,
it is crucial that additional chemical processing does not dominate the desorption process.



90

Low-velocity shocks, which liberate molecules off of the ice and into the gas phase with-
out destroying most molecular bonds (e.g. sputtering), provide this indirect probe (192).
Because shocks are ubiquitous, but transient, features throughout the interstellar medium,
it is crucial to understand the physico-chemical evolution of these phenomena.

One of the most promising locations to study shocks is the low-mass protostellar out-
flow L1157, an isolated, nearby (~250 pc (142)) bipolar outflow where the ejection events
have shocked the pristine, chemically-rich ice in the surrounding dark cloud (7; 16; 33;
138). Here, we can study the effects that shocks have on a material in relative isolation of
other competing processing (e.g. thermal processing common in hot cores). Prior observa-
tions by Burkhardt et al. (33) have shown that the chemical inventory affected by the shock
could be divided into three classes: those directly sputtered from grains (e.g. CH3OH),
those already in the gas but enhanced by the shock (e.g. HCO"), and those that were sput-
tered and subsequently enhanced by gas-phase chemistry (e.g. HNCO). To date, only a
small number of these species and a few more complex molecules have been targeted by
interferometric observations (see, e.g., (16; 49; 133)). However, single-dish surveys have
revealed that this molecular outflow is extremely chemically rich, with the detection of
many highly complex molecules including NH,CHO, CH3CHO, CH;0CH3, HCOOCH3,
C2H5OH, and CHgCN (7, 138)

6.2 Model

In order to study the competitive effects sputtering and post-shock chemistry in these
types of sources, we adapted the three-phase gas-grain chemical network code NAUTILUS
(199). This model calculates the molecular abundances as a function of time through a rate-
equation approach. The measured and computed kinetic rate coefficients for the chemical
reactions and the use of the OSU-KIDA network (230), with additional reactions added in,
as discussed in Section 6.2.3. The physical parameters of the model were computed to
accurately simulate the conditions within astrophysical C-shocks, as discussion in Section
6.2.1

6.2.1 Structure of Model

As described in Figure 6.1, the model was run for 10° years in the conditions mostly consis-
tent with what is used to model dark cloud chemistry, such as TMC-1 (106; 141; 161; mcg).
Specifically, the constant physical conditions in time scale are:

Tgas,O = Tdust,o =10K (61)
N0 =5 x 10* cm™? (6.2)
Ay =10 (6.3)
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Through this, the model is able to build up a sufficiently-thick ice mantle that is repre-
sentative of a cold core prior to a shock event and the majority of the gas and solid-phase
abundances have relatively stable value. Due to the difficulties of astronomical observa-
tions of interstellar ices, these values are highly unconstrained and limited to only the
most abundant species with identified infrared absorption features (27). As such, the sub-
sequent analysis of abundances following the liberation from the ice will be biased by this.
If one assumes that the vast majority of the solid-phase abundance is lifted into the gas-
phase and that the abundances of these species experience little gas-phase modification
during the shock, then the initial ice abundance will be a 1:1 tracer of the post-shock gas-
phase abundance enhancement. However, it is likely that many species will additionally
undergo some form of chemistry during or after the shock, constraining the effects of this
competing processes will allow us to disentangle the source of molecular enhancements or
diminishment. Due to the uncertainties mentioned above in the ice chemistry, though, we
will generally focus on the overall temporal evolution of the abundances and the regimes
in which significant enhancements occur.

Following the initial build up of ice for 10° years, we introduce a shock event into the
model, as described in Section 6.2.2. Here, in lieu of direct abundance comparisons, we
focus on the general enhancements of the species from the pre-shock abundances to the
post-shock abundances. Because the sputtering occurs much faster than the post-shock
chemistry; it is possible for some species to easily differentiate which process significantly
dominates the enhancements. The evolution of the shock event takes roughly 10° years,
depending on the velocity of the shock and initial conditions of the cloud.
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After material cools back down to the dark cloud conditions, we then continue to run
the model until approximately 10° years after the shock event. This facilitates the study of
the after-effects on the chemistry, long after the shock has passed. Any significant trends
seen here may point to important signatures that would indicate if the material was re-
cently shocked, compared to what was seen in the preshock conditions. This will be dis-
cussed in detail in Section 6.3.

6.2.2 Adaptation of NAUTILUS for Shock-Chemistry

To accurately simulate the chemistry within shocked media, the NAUTILUS code needed
to have a number of additional processes and reactions. This includes the inclusion of
additional high-temperature reactions from Harada et al. (95) and Garrod (77), the phys-
ical structure and sputtering processes as described by Jiménez-Serra et al. (117), and the
evolution of the dust temperature as described by Miura et al. (168), of which will all be
described in detail in the subsequent sections. Due to the high degree of chemical com-
plexity in our network, including a robust ice network, our network is able to simulate the
chemistry of much larger COMs than previous models (46; 66; 139).

Physical Structure within C-Shocks

As extensively studied previously, the physical conditions within shocks and turbulent
sources are found to have a significant impact on the subsequent chemistry (33; 46; 92; 138).
While several studies looked into these effects by coupling a chemical network to magne-
tohydronamics simulations (108), the chemical networks used were often limited in scope
in order to maintain a reasonable computation time. Because, here, we wish to leverage
the full gas-grain chemical network of OSU.KIDA within NAUTILUS, the physical condi-
tions will be simplified to a single, 1-D slab. To do this, we adopted a system of parametric
equations developed by Jiménez-Serra et al. (117) that have been fit to match the simu-
lated physical conditions by the MHD shock-structure calculated by Flower and Pineau
des Foréts (70); Kaufman and Neufeld (126). By using these parametric equations, we are
able to accurately reproduce these physical conditions while at the same time treating the
chemistry in more detail than in previous studies.

Here, we consider a plane-parallel C-shock where accelerated material interacts with a
cold, quiescent cloud. Because these equations were fit to data from the numerical simula-
tions, the dependent variable is the spatial location within a snapshot of the shock, z. Since
the pre-shocked material is assumed to be homogeneous, these physical locations can be
translated to corresponding times it would take to propagate through the shock to achieve
the spatial coordinate given by assuming a single velocity to describe the aggregate speed
of shock (i.e. the shock velocity, v;). It should be noted that the time described here refers
to the post-shock time (i.e. beginning on Figure 6.1 Right). Across this shock, the magnetic
tields within the source will accelerate the charged particles. Because the dust grains tend
to be charged in these sources, this causes the predominantly neutral gas to temporarily
decouple from the dust within the shock. These velocities of the gas and grains can be
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described in the frame of reference of the downstream material as

1
Ugas/grains = (Us - UO) <1 - ) (64)

cosh [(z — 20)/2gas/grains]

where vy is the post-shock velocity of both the gas and dust in the co-moving shock frame
of reference (i.e. the difference between the peak drift velocity and the overall shock ve-
locity), v is the shock velocity, 2, is the distance where the decoupling begins, and the
relative values of 2,5 and zgrains describe the degree to which the velocities will decouple.
The relative velocities between these two populations, referred to the drift velocity, is then
simply

Vg = |Ugas — Ugrains‘- (65)

With these velocities, we can covert to the flow of time a gas particle experiences as the
shock propagates through it as

1
tpostshock :/U—dz (66)

— VUgas

From the subsequent time-dependent velocity profile and an initial gas density, n,, initial
gas temperature, T;,,0, we can develop the temporal evolution of the density and gas
temperature. By assuming a conservation of mass between the preshock conditions and at
any given time step (i.e. the shock jump condition for mass), one can describe the density
as a function of the velocity (and thus time) such that
/US
ngas(tpostshock> = —"Nyp. (67)
Vs — Ugas
Since the extinction, Ay, can be estimated to be proportional to the gas density (19), it can
be similarly scaled from an initial extinction value Ay;.
For the purposes of matching the MHD simulations, the gas temperature is described
as a “Planck-like” function such that

ar(z — 2)'T

e (6.8)

Tgas — 4gas,0 +
where ap and zp are fitting parameters to the location and value of the peak gas tempera-
ture and by is an integer fitting the temperature’s sensitivity to shock location.

For the purposes of this paper, we seek to model the prototypical shocked-outflow
L1157. Therefore, while this model is capable of simulating a range of shock velocities
and gas densities, we will focus on a detailed analysis of the physical conditions based on
derived values from Burkhardt et al. (33). And so, we assume a v, of 20 km s~! and n of
5x10* cm~3. Assuming standard dark cloud conditions in the preshock gas, our initial gas
and dust temperatures were both 10 K (107). From Table 4 from Jiménez-Serra et al. (117),
these initial conditions correspond to fitted values of zg,s = 1.4x 106 cm, Zgrains = 3.2X 101°
cm, zr = 5.0x10" cm, and ar = 2.9x10'® cm, assuming z, =0 cm.
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Figure 6.2: Physical evolution within the shock (i.e. ?postshock=0 years corresponds to total
time in model of ¢,,1=10° years) for the gas density, transverse velocities, gas temperature,
and grain temperature, as described in Section 6.2.2.

Using this formalism, the physical conditions within the shock modeled here can be
seen in Figure 6.2. It should be noted that there is a distinct delay in the heating of the gas
temperature relative to the peak drift velocity and dust temperature (whose calculation
will be described in Section 6.2.2) by roughly an order of magnitude in time. The impacts
of this will be discussed in Section 6.3.

Dynamic Dust Heating

In order to accurately asses the significance of enhancement through desorption versus
chemical processing in shocks, it is crucial to consider the effects of the dust temperature
has on the system. Therefore, we adopted the formalism from Miura et al. (168), which
is based on Aota et al. (5). Here, they consider the effects from the adiabatic heating of
high-velocity particle collisions and the conductive heating from the dust residing in hot
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gas.

To start, we adopt the formalism used for gas-grain energy transfer in the free flow
approximation (128; 182). Here, they describe the evolution of the dust temperature as a
balance between the radiative cooling, collisional heating, and radiative heating.

The temperature of the dust, T4, can be thus described as

4 2 deust 2

gﬂ-a’dustpmatT = 47Tadust (F - 6emO-SB,'Z—'éllust) (69)

where aqyst is the average dust radius, pj,. is the mass density within a dust grain, cgyust is
the specific heat of the dust, €., is the emission coefficient for the dust given as

€em = AadustTo%ust ) (6 1 0)

(where A is the dust emissivity given by Draine and Lee (62) as A=0.122 ecm™* K2), ogp
is the Stefan-Boltzmann constant, and I' is the function describing the rate that energy is
transfered from the gas to the dust per unit area (i.e. energy flux between gas and dust).
Here, I' is given by

I'= PgasVdrift (Trecovery - Tdust) C’H (611)

where Trecovery 1 the recovery temperature, or adiabatic equilibrium temperature, defined
in Kitamura (128); Probstein and Shorenstein (182) as

p -1
Trecovery = —— s "
ecovery 7+1<’Y+<'Y )Sa 1+282+ﬁﬁ(8)> ( )

and CY is the heat transfer function defined as

. Y +1 kIB Sa 1 2
Cu = =1 Spmns? {ﬁesg + (2 + s, | erf(sq)] - (6.13)

In these equations, v is the specific heat-ratio, kg is the Boltzmann constant,  is the mean
molecular weight of a gas particle, my is the mass of a hydrogen atom, and s, is a ratio of
the drift velocity and the thermal gas velocity defined as

Ud
vV 2]{:Bjjgas/,U/WlH ‘

Equation 6.9 can be solved for the dust temperature by which the heating of the dust by
the gas is in equilibrium with the radiative cooling,

(6.14)

Sq =

I — 4deemospT qust = 0. (6.15)
This equation can be further rewritten as
C’lvgal(sa)ag(sa) — C5TaustVa2(84) — C’ngust =0 (6.16)

C C
Tust + Ezvd%Tdust - F;USOQOZQ =0 (6.17)
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where C' values are constants with respect to s, defined as

1

Cl = gpgaso (618)

ly+1 kg
Cy = as, 6.19
273 ~ — 1 pmg ——Pgas,0 ( )
C3 = Aospadust (6.20)

and « values are functions of s, defined as
Y 2 _ 1

a1(s,) =14+ —— (6.21)

7—1“ 14257242

1 1
Q(Q( ) (1 + 28(1) erf(sa) W

With this reduction of the equation, Equation 6.17 is solved for Tjy,s using the MINPACK's
HYBRD and HYBR] routines with the modified Powell method. For the purposes of guiding
the algorithm, initial guesses were computed by

Jmes aerf(sa)
(6.22)

(%
Tdust,guess = Tdust,O + U_d (10 K) . (623)

S

Applying the temporal evolution of the gas temperature, density, and drift velocity de-
termined in the previous section, we are able to compute the dust temperature across the
evolution of the shock. In the pre-shock gas, the gas and dust are assumed to be in thermal
equilibrium, or Tyyust = Tigas.

In addition, we deviate from the formalism used in Jiménez-Serra et al. (117), by setting
an additional constraint of the velocity when used to calculate the rate of dust heating.
Specifically, we assume that as the gas and grains begin to recouple, the drift velocity will
eventually fall below the random thermal velocities of the gas. In the hot-gas regime,
this thermal velocity may be non trivial. As such, the velocity of collisions may be more
accurately described for these purposes as:

2ijTgas

MMy

: (6.24)

v = maxX [Ud,

As can be seen in Figure 6.2, the dust temperature is found to initially track with the
velocity structure within the shock, peaking at the same corresponding time as the peak
velocity due to adiabatic heating. However, as the gas continues to heat up after this, the
dust temperature undergoes a secondary heating regime due to the conductive heating
from the hot gas. As such, while the sputtering rate will fall off rather rapidly, the ability
for species to redeposit onto the grains is delayed until the gas can cool sufficiently.
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Sputtering

One major physical process that is common in astrophysical shocks is the non-thermal des-
orption of molecules from the ice into the gas-phase through the collision of moderately-
fast gas-phase particles with the dust grains (e.g. sputtering). Here, this process is a key
mechanism for lifting complex molecules into the gas phase non-destructively. For typi-
cal C-shocks velocities (e.g. 10-40 km s™'), the sputtering is significant enough to desorb
most species from the ice mantle without destroying them or having significant grain core
erosion, both of which are common in high-velocity J-shocks (192).

In order to include these processes, the sputtering yields must be computed for each
species on the ice, which is dependent on the conditions of the shock, the nature of the
incident particle, and the binding properties of the target molecule. Utilizing the procedure
discussed in Caselli et al. (36) and Jiménez-Serra et al. (117), with the initial formalism
introduced in Draine and Salpeter (64), we can compute the rate in which some ice species,
J, is sputtered off the surface by some incident particle, P, such that

dny mad ne | SkBTgas 9 ( —(z—sp)® _ —(x+sp)?
= us TTIP)T TS Y(Ep)) d 6.25
[ dt 2sp Tmp <6 ‘ ) (Y(Ep)) d (6.25)

where a4y is the average dust grain radius, np is the gas-phase density of the projectile,
kp is the Boltzmann-constant, Ty, is the gas temperature, mp is the mass of the projectile.

sp is the ratio between the kinetic energy of a particle traveling at the current drift velocity
and the thermal energy of the gas, or

mp’Ug
2% 5 Tias

s (6.26)
Similarly, z is the ratio between the kinetic energy of a projectile at some specific velocity,
vy, and the thermal energy of the gas. This is related to the impact energy of the project,
Ep as

Ep = kaBTgas- (627)

The integral, therefore, is equivalent to the total contribution from projectiles at all veloci-
ties corresponding to an z value higher than zy,, which is defined as

€0 U, 0
= -2
i nkBTgas (6 8)
where Uj is the binding energy of the species to be sputtered off and ¢ is defined as
€0 = max|[1, 4n)]. (6.29)

Here, 7 is a ratio describing the relative masses of the projectile (mp) and the target species

(mr)
mpmmrm

n =4
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where ¢ is a material-specific efficiency factored assumed to be 0.8 for ices (64). The angle-
averaged value for the sputtering yield, Y, which is approximately equal to double the
perpendicular yield value, is described in Draine and Salpeter (64) such that

Ry
(Y),=2Y(0=0)= 14(6—60)4/3 fore > ¢ (6.31)
1+ (55)
where A ~8.3x107* and ¢ is defined as
Ep
_ r 32
€ U, n (6.32)

For the purposes of calculating these sputtering yields, the binding energies, U, need to be
known for each species, which are already given within NAUTILUS as part of the OSU.KIDA
network. It should be noted that value for many of these species are theoretically estimated
and have not been explicitly experimentally measured.

For each grain species in the network, a sputtering reaction was added for the follow-
ing gas-phase projectiles: Hy, He, C, O, Si, Fe, and CO. To compute np, the gas-phase
abundance within the model at that time step for each projectile was multiplied by the
overall gas density (i.e. ny,). In the NAUTILUS three-phase model, sputtering can only
occur for species on the surface of the ice (i.e. the top few monolayers), similar to the vast
majority of other desorption mechanisms (199). The integral over x was computed with
the DQAGS routine in the QUADPACK package. It should be noted that computing this in-
definite integral numerically was found to be highly sensitive to the sampling rate of the
integrating routine, as much of the range in which the integral is evaluated over is trivially
small. As such, to increase the efficiency of the computation of the integral, we converted
the integral to be definite by approximating the upper and lower bounds such that:

2 If vy, > sp + 20, then the vast majority of the projectiles at this drift velocity are
traveling at too low of a velocity to be an effective sputterer. In this case, we assume
the integral will evaluate to zero.

® If vy, < sp — 10, then the vast majority of the projectiles at this drift velocity are
potentially good projectiles for efficient sputtering. In this case, we reset the lower
bound of the integral to sp — 10 and the upper bound to sp + 20.

# Otherwise, zy, is reasonably close to sp and will not cause any significant issues
integrating as a lower bound. In this case, we only reset the upper bound to sp + 20
for computational efficiency instead of evaluating an indefinite integral.

6.2.3 High Temperature Chemical Network

One major motivation for the use of the latest version of the OSU.KIDA network is the

inclusion of the high-temperature reactions developed by Harada et al. (95), as the gas-

phase temperatures in the post-shock regimes can reach 1000 K at even v, ~20 km s~
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Table 6.1: Reactions added to network from Tsang (223); Tsang and Herron (224).

Reactions o B8 v Temperature Range
[em3 s~!] K] K]
H,+OCN—HNCO+H 6.54x10- 1% 258 2720 300-3300
H,O+OCN—HNCO+OH 9.13x10~* 217 3050 500-2500
HCN+OH—HNCO+H 4.18x10718 417 -247.8 298-2840
HCN+OH—HOCN+H 6.11x10~ 245 6100 298-2840
OH+OCN—HNCO+O 5.38x10~1 227  496.7 500-2500

Since many gas-grain chemical networks are optimized to reproduce the chemistry of dark
clouds (106; 141; 161; 205; mcg) and hot cores(77; 107), this high temperature regime re-
mains less robustly studied and warrants further study. By considering both the dark
cloud and high-temperature regimes in the same model, we can evaluate how effective
the network is to a large dynamic range of conditions.

In addition, we also added several gas and grain reactions for species related to the
common observational shock-tracer, HNCO. The HNCO-isomers and related ions devel-
oped by Quan et al. (184) were included in order to fully account for the potential multiple
formation routes, especially in colder conditions. Moreover, in order to test the effective-
ness of unique chemistry occur in the high-temperature regime, we added several reac-
tions, listed in Table 6.1, with significant barriers and a strong temperature dependence
taken from previous combustion chemistry studies (223; 224).

6.3 Results

6.3.1 Overview of shock-chemistry regimes

From the physical structure described in Section 6.2.2.1, six major regimes of chemistry in
the shock can be seen in the molecular abundances within the model. First, the pre-shock
chemistry locks in the initial gas and ice abundances after the first 10° years, representing
how the chemistry would proceed in the region in the absence of a shock. Second, the drift
velocity begins to rise. Before the sputtering becomes highly efficient in sublimating the
ice mantle, the lower-velocity projectile particles are only capable of heating the dust. As
such, the mobility of species in the ice rapidly increases, promoting the rapid formation
of complex chemistry on the ice for ~50 years, after which the peak amount of sputtering,
which occurs up until about 100 years after the shock, lifts essentially the ice-residing
molecules into the gas phase. Following this, the gas, which is heated slower than the dust,
reaches a peak temperature of ~1000 K around 10° years after the onset of the shock. At
the same time, the dust heating becomes dominated by conductive heating over adiabatic
heating as the drift velocity decreases. At this point, the hot gas-phase chemistry becomes
much more significant. We here refer to the regime as “post-shock chemistry.”

After the environment cools back down to dark cloud temperatures, fully returning
around 10* post-shock years, the species in the gas phase redeposit back onto the grain and
reform the ice. Hypothetically, then the structure and composition of ice in the post-shock
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regime might be distinct from ice formed under quiescent cold-core conditions. Thus, it is
possible that there will be permanent relics of a shock occurring in ice. This newly enriched
ice also may result in a increased rate of reactive desorption, or where a reaction on the ice
surface is energetic enough to lift the products into the gas-phase. This will be discussed in
detail in Section 6.4.2. Following this, we continue to run the model until 10° years where
any physical, non-chemical relics of the shock should be no longer relevant.

6.3.2 Bulk motion of the ice

To follow the overall motion of the ice, it is useful to look at one of its primary constituents
of the ice: H,O. As seen in the left plot in Figure 6.1, the first 10° years actively builds
up a thick ice (typically ~70 monolayers) in the dark cloud conditions prior to the shock.
The second 10° years (i.e. right plot) in Figure 6.1 is entirely where the shock occurs.
Due to difficulties in viewing data in log-space, we will henceforth exclusively display the
abundance evolution from the post-shock time and not the initial time of the model. For
the purposes of viewing the results of the pre-shock chemistry, we will only consider the
abundance at t,ostshock = 0 OF tota=10° years. In general, most species tend to reach steady
state abundances during the initial cold core phase.

Initially, as the drift velocity increases, increased mobility on the heated dust can induce
temporary enhancements in the ice abundance for certain species. In the peak sputtering
regime, the ice-surface and ice-mantle abundances are seen to drop to trivial levels, with
a slight enhancement of the gas-phase abundance of CO. Once the drift velocity decreases
to levels that make sputtering inefficient, the ice abundances stop decreasing. However,
because the dust is conductively heated by the hot gas in this later regime, the recently
sputtered species are unable to redeposit back onto the surface of the ice and must undergo
additional post-shock gas-phase chemistry if efficient routes exist. While this regime does
not appear to impact the abundance of gas-phase H,O in Figure 6.1, specifically, the regime
is still relevant for the motion of the ice and to less abundant, and generally more complex,
molecules.

Following the redeposition, the higher post-shock density slightly enhances the abun-
dance of some species, but overall should return to initial physical conditions. As will be
discussed, some species undergo an enhancement of ice abundances long after the shock
passes, despite a gas-phase abundance that is consistent with the pre-shock values. For
other species, the ice abundance, with no significant formation routes in dark clouds, will
drop down to pre-shock conditions, but only on the timescales of 10° years after the shock
event.

6.3.3 Classification of Species

In this work, we will focus on a collection of molecules that have are either classic shock-
tracing molecules, key probes of a certain physical process, or molecules that have been
detected in L1157 or other similar molecular outflows (33; 46; 138). While over 500 species
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Figure 6.3: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. ¢,ostshock=0 corresponds to tota1=10° years)
for species with little post-shock chemistry and whose abundance traces the bulk motion
of the ice.

are simulated in the model, this collection will provide sufficient range of formation routes
to effectively probe the chemistry within the shocks. The three-phase abundances of each
of these species over time are shown in Figures 6.3-6.11, which have been grouped with a
species of similar chemistry, as discussed at the end of this section. Here, we will discuss
each regime in detail, discussing collections of molecules that have related profiles and
dominate reaction types.

Pre-Sputtering Peak Dust Warm Up (S 50 years)

For the first ~100 years following the shock, the collisions between the gas and grains
begin to increase in frequency and impact energy, but the drift velocity has yet to reach
its peak value. While the velocities are too low to induce sputtering, it is sufficient to
begin heating the dust grain (ATyus < 15 K). This can have a number of effects, the fore-
most being the increased mobility of species to diffuse within the ice. Similar to what is
seen in chemical models of hot cores, this warmup phase can, in turn, rapidly accelerate
the formation of complex molecules. This phase is, however, much shorter than the nor-
mal timescales for thermal desorption (77), which is found to be mostly inefficient in this
regime. In this regime, we classify species into one of three types:

1. Those for which gas and ice abundance profiles are constant over time, implying that
the dominant ice and gas-phase reactions were already efficient prior to this increase
in dust temperature. These species tend to be relatively simple (e.g. CO, H,O, NH;,
CH;30H), and thus would have relatively low binding energies and could already
easily diffuse.
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which the shock passes through in the model (i.e. #,ostshock=0 corresponds to totar=10° years)
for species with little post-shock chemistry and whose abundance traces the bulk motion
of the ice.

2.

Those for which ice abundance rapidly increases in this short time period and the
gas-phase abundance becomes enhanced due to non-thermal desorption from exother-
mic reactions (76). These species (e.g. CH;CHO, OCN, CN, SO,) tend to have fairly
low ice-abundances compared to what might be expected through observational con-
straints, which is likely due to the fact that these species were unable to efficiently
diffuse in the dark cloud conditions. The primary formation routes for the molecules
were most efficient in the gas-phase, and thus were far too abundant for the ice en-
hancements to alter it significantly. For some species, like OH, the molecule is en-
hanced on the ice through the dissociation of species, such as HOCO, which also
forms CO that reacts with N to form OCN. In the event that the ice-chemistry for
these species are found to be more efficient (e.g. comparable or more efficient than
the gas-phase chemistry), then it possible that these reactions may induce additional
gas-phase enhancements in the peak-sputtering regime.

. Finally, some species also appear to have an enhancement in the ice due to the heat-

ing of the dust. However, it only starts occurring once the sputtering is also effi-
cient. This behavior manifests a small increase in the ice-surface abundance prior to
the rapid depletion in the next regime. These species tend to be the more complex
species in the network, such as HCOOCH;, NH,CHO, and HCOOH, since these re-
quire additionally high dust temperatures to effectively diffuse, or were enhanced
by the initial production of the ice-species in the previous group.

While a large number of species here display some sort of ice enhancement in this short
time period, the enhancements only significantly impact any subsequent ice-chemistry
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Figure 6.5: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. ¢,ostshock=0 corresponds to tota1=10° years)
for species with little post-shock chemistry and whose abundance traces the bulk motion
of the ice.

for a select number of species which are primarily dominated by gas-phase chemistry.
This implies that in the astrophysical shocks, the secondary chemical effects prior to the
peak sputtering are relatively minimal. And to this extent, low-velocity shocks can act as
a useful tool into constraining the underlying ice-chemistry without having to consider
additional physical processes.

Peak-sputtering (~50-200 years)

Here, the drift velocity, and thus the sputtering rate reaches its peak value. At this point,
the species in the ice surface and mantle are rapidly lifted into the gas phase, leaving only
negligible abundances on the grain (i.e. less than 1 monolayer). Indeed, this process is
seen to be much more efficient that both thermal and reactive desorption within shocks.
Again, here, we describe the major groups of species in this regime:

1. For highly abundant gas-phase species, such as OH, CS, and CN, the ice abundance
was only a small fraction of the total reservoir of those molecules due to gas-phase
formation routes being much more efficient. As such, the liberation of the ice popu-
lation did not appreciably enhance the gas-phase abundance of these molecules.

2. For other species, the new gas-phase abundances are nearly equivalent to the pre-
shock ice abundance with a near-instantaneous transition. While some of these species
may have initially formed in the gas-phase and froze out, the primary reservoir of
these species, such as H,O, NH3;, and HCOOH, prior to the shock was in these ices.
So, the enhancements in the gas-phase abundances are exclusively due to sputter-
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Figure 6.5: Simulated three-phase abundances of studied species over the time period in
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for species with little post-shock chemistry and whose abundance traces the bulk motion
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The
and

ing and not post-shock chemistry. Thus, these species are excellent molecules for
constraining their initial ice abundances.

. For many species in the model, such as CH;0H, H,CO, and HNCO, while the post-

sputtering gas-phase abundances are equivalent to pre-sputtering ice abundances,
the change is not as rapid as for the previous group and the gas-phase enhance-
ment of the molecules begins prior to the majority of the non-thermal desorption
brought on by the sputtering. This can be due to either the species efficiently sput-
tering off before the peak sputtering velocities or additional induced reactions by
the increased mobility on the grain and additional enhancements of related species.
Observationally, this would mean that the shock-enhanced abundances would cor-
respond to times earlier than when it is seen for the previously mentioned class of
molecules.

Finally, some molecules have gas-phase significant enhancements on top of the sput-
tering that produce abundances far larger than the pre-sputtering peak solid-phase
abundances. Some of these species tend to be the same species that, during the pre-
sputtering peak dust heating, would have ice enhancements without the correspond-
ing gas-phase bump (e.g. OCN and CH3;CHO) or were secondary products from the
enhancements of other species (e.g. HCCO). Many of these species are enhanced by
the initial liberations into the gas-phase of species typically locked in the ice or the
slightly-heated gas temperatures.

major relic of this phase is clearly the desorption of essentially the entire ice surface
mantle into the gas phase. While some species lift into the gas-phase without addi-
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Figure 6.6: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. ¢,ostshock=0 corresponds to tiora=10° years)
for species that display continuous gas-phase enhancement through post-shock chemistry.

tional simultaneous chemical processing, some species are significantly enhanced with the
introduction of newly, abundant gas-phase species. From these findings, it is clear that
this non-thermal desorption is both highly efficient and produces a unique chemical make
up of the gas in the shock relative to other forms of desorption. Furthermore, for a shock
velocity of ~20 km s}, this phase would hypothetically occur over roughly at ~500 AU
physical scale. And, for nearby molecular outflows such as L1157, ~250 pc away(142), this
interior structure within the bow shock would be potentially resolvable with an observa-
tion with better than 2" resolution, which is easily achievable with modern interferometers.

Hot Gas Phase Chemistry (~200-3x10° years)

Here, with the ice-surface and mantle now residing in the gas-phase, the gas temperature
reaches its peak temperature. With the chemically-enriched gas in a heated environment,
new chemistry can proceed that would have been highly inefficient. Due to the extremely
low abundances of solid-phase species, the overall profiles of the non-gas-phase abun-
dances will not be discussed here in detail. In general, for a given species the gas-phase
abundances will display one of the following trends:

1. For some, no appreciable change in the gas-phase abundance occurs in the high tem-
perature regime. Many of the species that were significantly enhanced by the sputter-
ing in the previous regime, such as CO, H,O, and NHj;, maintain a stable gas-phase
abundance such that there are no significant additional production. This is also true
for species that experienced additional enhancements during the peak sputtering,
such as SO and SO,. In particular, HNCO does not see any significant post-shock
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Figure 6.7: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. #,ostshock=0 corresponds to ttota=10° years)
for species that display discrete gas-phase enhancement through post-shock chemistry.

gas-phase enhancements in this regime, which may be due to inefficiencies in the
ice-chemistry of the model and will be discussed in a later section.

. Other gas-phase abundances are enhanced during the high-temperature regime for

species. For some, like NH,CHO, CH3;CHO, and HCOOCH, this is due to an in-
crease of its precursor species due to the sputtering in the previous phase and certain
reactions with large barriers or strong temperature-dependencies now being accessi-
ble. For others, this enhancement is due to the dissociation of other, more complex
species, such as OH from the processing of recently enhanced H,CO.

The gas-phase abundances were also depleted for some species, including OH, CN,
and OCN. For these, the post-shock chemistry that is enhancing other species is likely
depleting these species that were predominantly in the ice prior to this.

In the shocked outflow L1157, we are able to sample different age shocks by comparing
B1 and B2, which differ by about 2x10? years (86). Thus, the comparison between these

two

shocks should probe the hot-gas phase of our shock chemistry model. This will be

discussed in detail in Section 6.4.1.

Redeposition Phase (~3x10%-10° years)

Here, the drift velocity and temperatures have fallen back down to the initial pre-shock
conditions. Also at this point, the density has finally reached its final value, which is
roughly a factor of 5 larger than the pre-shock conditions. Also, the reservoir of molecules
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Figure 6.8: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. ¢,ostshock=0 corresponds to tota1=10° years)
for species that display reasonably-strong gas-phase enhancements during the post-shock
phase.

on the ice can return to roughly what it was in the initial cold core phase. While the abun-
dances on the grain did increase in the previous regime, it is likely due to the reduction of
drift velocity, and thus the repressing sputtering rather than adsorption. Here, we see:

1. Many species have the ice abundances surpass the gas-phase abundances. In ad-
dition, over the time-scale in which the ice abundance became larger the gas-phase
abundance varied. In many cases, the majority of the gas-phase population is rede-
posited onto the ice with little additional processing, such as with CH;OH, NH3, and
H,O, and occurred very close to 10* years after the shock. Other species, such as
HNCO and NH,CHO, undergo additional gas-phase enhancements, as their precur-
sors have not yet undergone dissociation or adsorption. As such, the ice-abundances
of these species tend to not surpass the gas-phase until closer to 5x10? years. For
many of these species, the ice abundance is either comparable (e.g. H,O and NH3) or
greater than the values prior to the shock (e.g. NH,CHO, CH3;CHO, and HCOOCH3;).

2. Other species, such as OH, OCN and SO,, also had their solid-phase abundances sig-
nificantly enhanced, but not enough to become close to the gas-phase abundances.
Many of these species were predominantly gas-phase species in the preshock condi-
tions. And, as such, it is to be expected that the gas-phase reactions would come to
dominate again. Meanwhile, some molecules such as SO were found to have compa-
rable ice and gas-phase abundances, again due to significant gas-phase production
routes in addition to the redeposition.

Overall, essentially every species had significant rebuilding of the ice mantle. However,
the timescale in which species fall back onto the grain was found to vary from species to
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species, which could be possible to observationally probe for additional post-shock en-
hancement. While the species with earlier redeposition times and no additional gas-phase
production in this regime were found to have comparable ice abundances prior to the peak
sputtering, many of the other species had the ice abundances resulting being strongly en-
hanced (e.g. HCOOCH; and NH,CHO). As will be discussed in Section 6.4.2, this shock-
enhancement of the ice may prove to a useful probe for studying the physical and chemical
history of these sources.

Post-shock Dense Gas Phase (~10°+ years)

Beyond 10° years, the physical conditions do not change over time and represent the effects
on the chemistry long after the shock has passed. Excluding the change in density and
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Figure 6.10: Simulated three-phase abundances of studied species over the time period in
which the shock passes through in the model (i.e. ¢,ostshock=0 corresponds to tiora=10° years)
for species that display strong gas-phase enhancements during the redeposition phase.

extinction, the physical conditions are consistent with the pre-shock conditions. As such,
we should be able to determine whether any changes from prior conditions are due to this
change in physical conditions or the after-effects of the shock.

1. Many species, at this point, have reached a stable abundance for both the gas phase
and ice mantle. This includes the abundant gas-phase species (e.g. CO and HCN) as
well as the main constituents of the ice (e.g. H,O and NHj3). As would be expected,
the abundance trends discussed in the previous for these species remain consistent.

2. For many of the most complex species, such as HCOOCH; and CH3CHO, the ice
abundances decrease due to the cold grain’s lack of efficient formation mechanisms,
as was seen in the pre-shock conditions. This can also been seen by the increase
in ice abundance of CH;0H and HCOOH. Meanwhile, the gas-phase species also
decrease due to processing and additional redeposition, but eventually stabilize at
an abundance that can be maintained by the gas-phase production routes the species
may have.

3. Finally, for species such as OCN and many of the sulfur-bearing species, both the gas-
phase and ice abundances drop like the previous group of molecules. But, because
these lighter species are less reliant on the accelerated diffusion on warm grains to
form, they eventually stabilize to a final abundance like the first group.

Here, we can see for many of the species that had significant ice-phase enhancements in
the first regime of the model, there exists a temporary surge in ice-chemistry that lasts for a
few times 10" years, which is longer than many of the gas-phase enhancements commonly
seen in these shocks. For a select number of species, their ice-abundances are permanently
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Figure 6.11: Simulated three-phase abundances of studied species over the time period
in which the shock passes through in the model (i.e. Zpostshock=0 corresponds to tiotar=10°
years) for species with significant gas-phase depletion during the hot-gas regime.

enhanced, which appear to generally be the species that underwent significant post-shock
chemistry, like CH;CHO and NH,CHO or species that were already highly abundant in
the ice, but increased in abundance at the end of the model, such as CH;0H, CH;0CH3,
and HCOOH. More generally, the entire post-shock regime may be characterized by hav-
ing ices that have a higher ratio of complex organics relative to H,O.

Overall Species Classification

In addition, we found that certain cluster of species tended to, generally, proceed similar
within the shock, even if they are not directly chemically related. Many species tended
to follow the general bulk motion of the ice and did not display any significant post-
shock gas-phase chemistry, including CO, H,O, NH;, H,CO, CH;0H, HCN, HCOOH,
and CH3OCHj3. On the other hand, many species did, in fact, display additional enhance-
ments in the gas-phase during the shock events, and many had similar profiles. CH;CHO
and H,S showed two discrete phases of enhancements, while HCOOCH; and NH,CHO
showed strong, continual enhancements from the start of sputtering to redeposition. CS
and NO both saw reasonable enhancements in the post-shock phase. For SO, and H,CCO,
the abundances were relatively stable until they were enhanced in the redeposition phase.
Gas-phase species that tended to be highly reactive, such as OH, CN, and OCN, saw sig-
nificant changes overtime, especially characterized by a drop in abundance during the hot
gas regime. Finally, HNCO, CH3COCHj3, and SO were found to show very slight enhance-
ments in the gas-phase due to post-shock chemistry, but were both strongly enhanced
during the sputtering and redeposition regimes. As all these species will be enhanced at
different discrete stages in the model, these enhancements should be theoretically repro-
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ducible by comparing similar-velocity shocks of different ages or the internal structure of
single bow shocks.

6.4 Discussion

6.4.1 Time-Sensitive Tracers and Testing Shock-Chemistry Predictions

In Burkhardt et al. (33), several predictions were made on the nature of the chemistry
within L1157 and molecular outflows. Here, we will discuss these predictions, and a few
other predictions, in the context of the results presented here.

CH;0H

Methanol has long been used as a classical indicator of “complex” chemistry, as the six-
member species is thought to be efficiently formed on the ice through successive hydro-
genation of the highly abundant CO (103). As such, for the purposes of studying the
chemistry in shocks, CH30H can be a useful species to study the lifting of the ice into the
gas-phase. Through deep CARMA observations of L1157, Burkhardt et al. (33) found that
the consistent abundance enhancement throughout the shock event of CH;OH indicates
that its primary source is from the liberation of grains during the shock.

Similarly, we see that the strongest source of enhancement of gas-phase CH3;OH is, in
fact, the sputtering event with no other significant gas-phase enhancements. On the order
of 10*’s of years after the shock, as probed by the two shock fronts in L1157, the abundance
falls off rather smoothly in a relatively log-linear nature between the peak sputtering and
the hot gas phase. And so, on the timescales discussed, it would appear to be a proper
tracer to compare the relative shock-enhancements. From the analysis of the full network,
other species that may also serve as good tracers of overall shock enhancements are ad-
ditional complex species like H,CO, HCOOH, and CH;0CHj3;, and the major constituent
species, such as CO, H,O, NHj, as these species display similar falloff profiles and are
all species that should fairly exclusively be produced on the grain in terms of post-shock
enhancements.

While we refrain from discussing species abundances in this model due to the lack of
strong constraints on the ice-chemistry, it should be noted that the peak phase abundance
of CH;OH is in agreement with what is typically seen in astrophysical shocks (107°) (33;
159).

HNCO

Due to the substantial abundance enhancements of HNCO in the L1157 bow shocks, es-
pecially comparing the B1 shock front to the older B2 shock front (At ~2000 years), it has
been proposed that HNCO may be enhanced by post-shock gas-phase chemistry in addi-
tion to the initial release from sputtering (33; 196). Specifically, HNCO was seen to have
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a factor of two enhancement in the abundance over this time scale. At 2x10* years after
the shock (i.e. during the hot-gas regime), by comparing the abundances between the be-
ginning of this phase (~200 years) and at the peak (~2.1x10° years), one can see that this
enhancement is only ~20%. While we do not reproduce this peak, it is likely due to the fact
that the dominant reactions to produce HNCO in this phase require CH, or OCN, both of
which were depleted prior to the peak of HNCO.

6.4.2 Other useful shock-probes

Through observations of the internal structure of the B1 shock front, Codella et al. (46, 47)
probed the shock-chemistry of HDCO, CH;CHO, and NH,CHO by studying the morphol-
ogy of the enhanced abundances within a single bow-shock, suggesting that the abun-
dance of shock-tracers may be segmented by different phases of chemistry. While HDCO
was found to be primarily enhanced at the very head of the bow shock, NH,CHO and
CH3CHO peaked at a location slightly behind the shock front that suggested that their
shock-enhancements were temporally delayed relative to the initial shock event (i.e. post-
shock, gas-phase chemistry). Here, we see that the distribution of CH;CHO, NH,CHO,
and additionally HCOOCH3;, are continually enhanced in the shock through gas-phase
reactions. Here, NH,CHO and HCOOCHj; additionally show enhancements due to the
sputtering event, but additional gas-phase processes are clearly efficient simultaneously
to the sputtering around 100 years after the shock begins. As such, it would a useful test to
see if HCOOCH; or its isomers display any similar distributions to that of NH,CHO and
CH;CHO.

As discussed before, the redeposition phase of the species also may prove to be a useful
indicator of post-shock chemistry as well. Because many of the ice-tracing species were
found to redeposit faster than the species with post-shock enhancements by several 10*
years, assuming a conservative shock velocity of 20 km s™*, this timescale could be easily
resolvable in astrophysical sources out to 40 kpc away with an observatory capable of only
1" resolution.

Furthermore, the shock-induced enhancement of the ice abundances, both permanent
(e.g. CH30H, H,CO, and HCOOH) and temporary (e.g. NH,CHO and HNCO) could
prove to be very useful to provide evidence for prior shock events in a given source. With
the upcoming launch of the James Webb Space Telescope (127), infrared absorption ob-
servations of ice features may be capable of differentiating between the shock-enhanced
ices and ices with a relatively quiescent history. Because these ice enhancements remain
far longer than the gas-phase enhancements and after the shock as passed, this could also
provide evidence for the frequency in which shocks occur in the interstellar medium and
whether a star forming region was triggered by shocks or general gravitational collapse.
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6.4.3 Application for Protoplanetary Disks

In protoplanetary disks, the drift velocities observed in shocks tend to be lower than in
molecular outflows (115). Thus, sputtering may not be as efficient as a source for non-
thermally desorbing grain species in these regions. However, as we showed, additional ice
chemistry can be induced through shocks by the heating of the dust grains, thus increas-
ing thermal diffusive chemistry, with some fraction of the products of these exothermic
reactions undergoing reactive desorption.

6.4.4 Comparison of Initial Ice Abundances to Literature

In contrast to many chemical models used to study shocks, we explicitly compute the build
up of ice based on the current knowledge of solid-phase chemical networks instead of as-
suming an initial ice abundance. A thorough analysis of the build of this ice in dark cloud
conditions using the NAUTILUS code was previously discussed in Ruaud et al. (199). A
detailed study of the effects this pre-shock ice abundance has on the post-shock chemistry
is to soon follow (Burkhardt et al. in Prep).

6.4.5 Future Directions

Many of the shock-induced enhancements can be observationally tested through interfer-
ometric or infrared ice absorption techniques. As such, dedicated studies to gather a rig-
orous sample of shock conditions and ages would allow this model to be fully constrained
and improved.

In addition, more robust treatments of several processes could be relatively easily im-
plemented to expand the power of the model’s predictions. This includes the dust grain
itself as a fourth chemical phase to be eroded during high-velocity shocks, which allow us
to also consider the effect shock-chemistry has on the prototypical shock tracer, SiO (90).
Also, we can include a more robust treatment of the dust size distribution and how that is
impacted by the shock and the erosion of the ice mantle. The sputtering yields for many of
these species have yet to be definitely and robustly studied. And, additional experimen-
tal and robust molecular dynamics calculations would provide greater insights into the
underlying ice chemistry. Furthermore, high temperature chemistry can be included, in-
cluding chemisorption on bare grains and additional hot gas-phase reactions with barriers,
to better study the effects of the post-shock gas-phase chemistry.

Cosmic ray chemistry has also been found to be highly efficient at enhancing the chem-
istry in dark clouds (204). The inclusion of these processes may more accurately reproduce
observed ice abundances in our pre-shock ice build up. Furthermore, the abundance of
cosmic rays within astrophysical shocks will likely also impact the abundances of many
species, both with inducing additional chemistry and through cosmic ray sputtering.
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6.5 Conclusion

To conclude, through inclusion of sputtering, shock-physics parameters, high tempera-
ture reactions, and shock-induced dust heating into the three-phase gas-grain chemical
network code NAUTILUS, we are able to reproduce many of the predictions made by
Burkhardt et al. (33) (i.e. Chapter 5). In general, we find that some species will uniquely
trace the overall motion of the ice in general and have minimal post-shock gas-phase chem-
istry. Others, display significant enhancements between the regimes of peak sputtering,
hot gas-phase, and the redeposition onto the ice. And still other species already exist
in the gas, but interactions with the shocks can impact their temporal abundance evolu-
tion. From this, we discuss how methanol, among other studied species, can serve to be
a useful probe of the underlying ice chemistry. In addition, the temporary gas-phase en-
hancements can be easily tested observationally by modern observatories at the necessary
angular resolution to correspond to the timescales discussed here. Finally, we find that
the ice abundance can become permanently altered long after the shock, which may be
possible to observe with the James Webb Space Telescope.
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Part IV

Conclusions
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CHAPTER 7

CONCLUSIONS

E have investigated two isolated astrophysical sources in order to constrain
the chemistry that feeds into the later stages of star formation. Specifi-
cally, we studied how gas-phase chemistry can lead to the build up of large
carbon-dominated chemistry through a deep spectral survey of TMC-1 with

the GBT. In addition, we studied how shock chemistry can be used as a probe to the rel-
atively unconstrained reservoir of molecules frozen on interstellar dust grains through
interferometric observations and detailed gas-grain chemical modeling.

7.1 Chapter Two

We report the new detections of DC;N, six of the seven '*C-bearing isotopologues of
HC;N, and HC;"°N toward TMC-1 with a deep set of observations with the GBT. Through
the determination of the column densities for each of isotopomer, we were able to compare
the isotopic ratios for across the different cyanopolyynes. From this, we determine that:

@ We do not observe any significant *C/*C depletion for the N-adjacent carbon posi-
tion among the isotopomers of both HC;N and HC;N, implying that CN may not be
the primary precursor for their interstellar production.

# Through a comparison of overall isotopologue ratios, we found that while the values
still agree within our uncertainties, HCsN is found to have systematically less rare
isotopes relative to HC3N and HC;N. Given the agreement between both the **C and
N isotopic ratios of HC3N and HC;N, it would appear that the primary precursor
to cyanopolyynes may not be the next-smallest molecule in the family, HC,,_sN

# From this, we suggest the only remaining significant formation route for the larger
cyanopolyynes is hydrocarbon neutrals and ions reactions with nitrogen ions and
atoms.

7.2 Chapter Three

In this chapter, we report the discovery of benzonitrile (c-C¢HsCN), the first aromatic
molecule discovered using radio astronomy and rotational spectroscopy, toward the dark
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cloud TMC-1. This detection was further enhanced through new, more accurate laboratory
measurements of the rotational spectra of benzonitrile, including the resolution of the hy-
perfine splitting. Through the addition of several new relevant reactions into the gas-grain
chemical network code NAUTILUS, we are able to reproduce the observed abundance of
this molecule, along with the related cyanopolyyne family. This detection of benzonitrile in
TMC-1 opens the door to the radioastronomical study of an important class of molecules.
These species may be either direct contributors to the long-mysterious UIR bands or the
immediate precursors to the carriers themselves. The distinct chemical environment of
cold cores, and their relatively simple and homogeneous physical conditions, makes these
sources ideal for exploring the chemical formation and destruction mechanisms that are
operative there.

7.3 Chapter Four

Next, we discuss the detection of a new molecular family through the discovery of the
HC;O radical through four well-resolved hyperfine components a deep spectral survey
of the dark cloud, TMC-1 performed with the Green Bank Telescope. A search for other
HC,,O radicals (n = 3 — 7) resulted in mostly non-detections, with a tentative detection of
HC;0 discussed. Through the use of the gas-grain chemical network code NAUTILUS, we
are able to reproduce column densities that are consistent with the observed column den-
sity of HC;O and with the upper limits inferred for HC30, HC;O, and HC;O. HC,O, how-
ever, is significantly over-produced in the model, likely indicating that additional reaction
pathways not considered here contribute significantly to that chemistry. This chemistry
is found to vary significantly from the log-linear abundance versus molecule size trend
observed in the analogous cyanopolyyne family.

7.4 Chapter Five

Here, we present the new CARMA interferometric maps of CH;OH, HCN, HCO*, and
HNCO emission toward the southern, blue-shifted shocked outflow of L1157. We use the
non-LTE code RADEX to compute the column densities and relative enhancements of these
shock-relevant molecules. From this, we find:

# CH3;0H abundance enhancement is relatively consistent across the various clumps
in the shocked outflow. From this, we conclude that this enhancement is primarily
produced by the shock causing significant sputtering of the ice.

@ The velocity profiles of the pairs HCN/HCO* and CH3;0H/HNCO suggest that they
may originate from the similar physical regions.

# The east/west chemical differentiation observed in B0 and B1 could be explained by
the recent history of each sides of the lobe. While the east side is shocking into cold,
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dense, and quiescent material, the west side may be interacting with warm, diffuse,
and previously-shocked material, as evidenced by the the abundance enhancements
and high-velocity spectral components

# Through the first interferometric maps of HNCO, enhanced abundances are seen
toward B2 relative to B1, which may be explained by post-shock gas-phase chemistry.

7.5 Chapter Six

Finally, we incorporate several shock-relevant physical and chemical processes into the
gas-grain chemical network code NAUTILUS, including sputtering, temporal evolution of
the physical conditions typical of shocks, high temperature reactions, and shock-induced
dust heating. From this, we are able to reproduce many of the predictions in the previous
chapter. In general, we find that:

# Some species will have minimal post-shock gas-phase chemistry (e.g. CH;OH), im-
plying they strongly follow the bulk motion of the ice. These species may be use-
ful for constraining the abundances and trends in solid-phase interstellar chemistry
through observations of these species in shocks.

# Others molecules, instead, undergo significant enhancements between the regimes
of peak sputtering, hot gas-phase, and the redeposition onto the ice. The timescales
over which these enhancements may occur should be possible to observationally
test through comparisons of sources of different shock ages or the internal structure
of individual bow shocks.

# There exist additional species that already exist in the gas, but interactions with the
shocks can impact their temporal abundance evolution, which still may provide ad-
ditional time-dependent probes.

# Finally, we find that the ice abundance can become permanently altered long after
the shock, which may be possible to observe through infrared ice absorption with
the James Webb Space Telescope.

7.6 Summary of Major Conclusions

From this work, we can conclude that this method is indeed possible and insightful to-
wards understanding the formation of the complex chemistry seen in the hot core phase
and beyond. As we continually improve our ability to probe the most complex sources
with the tools of astrochemistry, it is crucial that we continue to refine and improve the
foundation in which the complex chemistry observed is built on. As such, further spectral
and interferometric surveys of, as well as refinement of astrochemical models for, the types
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of sources of studied here will continue to supply substantial benefits to the greater field
of astrochemistry.
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