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Abstract

Hot cores represent an intermediate stage of massive star formation. These objects
are the result of collapsing dark clouds in the interstellar medium (ISM) prior to
the formation of new stars and star systems that may eventually harbor life. A
salient feature of these cores is their strong millimeter/sub-millimeter molecular line
emission, indicating the presence of myriad terrestrial molecules including alcohols,
aldehydes, carboxylic acids, esters, and nitriles (Herbst & van Dishoeck 2009; Garrod
& Widicus Weaver 2013). As such, these sources are compelling to study and model.
Astrochemical modeling of objects including hot cores has evolved from relatively
simple gas-phase steady-state calculations (Herbst & Klemperer 1973), to gas-grain
models (e.g. Viti & Williams 1999), to robust three-phase modeling accounting for
gas-phase, grain-surface, and ice-mantle-chemistry (e.g. Garrod 2013). We use the
three-phase astrochemical modeling code MAGICKAL to investigate the chemical
dependence of cosmic-ray ionization rate and warm-up timescale in hot cores. We
then compare our chemical and spectroscopic modeling results to observational data
(Bisschop et al. 2007) to constrain the cosmic-ray ionization rate and warm-up
timescale in four well-studied sources: NGC 6334 IRS 1, NGC 7538 IRS 1, W3(H2O),
and W33A. Furthermore, we advance our hot-core modeling technique to incorporate
one-dimensional radiation hydrodynamics, which includes explicit spatial structure,
physical histories of gas parcels, and temperature treatment. These additions allow
for a more robust and self-consistent treatment of hot core chemistry, and we briefly
discuss chemical behavior for this new regime, and address how our results compare
to observational data toward Sgr B2(N2), a chemically-rich source located near the
Galactic Center.
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Chapter 1

Introduction: Astrochemistry,
Astrochemical Modeling, and
Motivation

1.1 A Brief History and Overview of Astrochem-

istry

Astrochemistry is broadly defined as the study of molecules in space, and obser-
vations of these molecules has shaped the field for nearly a century. The presence
of simple species in the interstellar medium (ISM) was suggested after observations
of a transition of the CH radical in diffuse gas (Swings & Rosenfeld 1937). Other
diatomic species including CN (McKellar 1940), CH+ (Douglas & Herzberg 1941),
and OH (Weinreb et al. 1963) were detected by radio emission shortly thereafter.
Larger and more terrestrial molecules were later detected by a variety of single-dish
instruments in the following years. The first detections of ammonia (NH3) and
water (H2O) were made using the Hat Creek Observatory (Cheung et al. 1968;
1969) toward various regions including the Galactic Center, Orion, and W49. Both
formaldehyde (H2CO) and methanol (CH3OH) were detected using NRAO 140 ft
observations toward a variety of sources (Snyder et al. 1969; Ball et al. 1970). Since
these primitive detections, and with the advent of high-resolution interferometers
such as ALMA, over 200 molecular species ranging from 2 to 70 atoms in size have
been detected in the ISM (McGuire 2018). Carbon-bearing species containing 6
or more atoms are generally considered to be complex organic molecules (COMs)
(Herbst & van Dishoeck 2009).

Observations and molecular detections in space constitute just one of roughly
three major branches of astrochemistry. Laboratory experiments and modeling,
both chemical and astrochemical, are also important components of the field. Ob-
servational and experimental data from laboratory studies influence chemical and
astrochemical modeling. Compelling astrochemical modeling results may inspire or
warrant further observational and laboratory studies.

Observational astronomers use radio telescopes to survey objects in space for
molecular emission lines, typically in millimeter to sub-millimeter frequencies. These
frequencies mostly correspond to rotational transitions, which tend to dominate in
cold regions of space. Astronomers can identify the presence of a molecule in a
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survey by confirming the presence of several of its characteristic emission lines in
a given spectra. The molecule can then be incorporated into a chemical network
which is used in astrochemical modeling.

Laboratory experiments aim to accomplish a variety of goals in the context of
astrochemistry. One such goal is to elucidate reaction pathways, both formation
and destruction, for molecules identified in space. These pathways are studied by
performing gas-phase experiments, and ice experiments. Typical gas-phase exper-
iments include but are not limited to flowing afterglow, ion cyclotron resonance,
Fourier-transform mass spectrometry, and low-temperature supersonic flow tech-
niques. These experiments can help identify reaction products and the rate at which
the reaction occurs under a given set of conditions. For any given two-body reaction,
the temperature-dependent rate coefficient, �(T ) (cm3 s�1), can be parameterized
as an Arrhenius equation

�(T ) = �
� T

300K

��
exp
��
T

�
; (1.1)

where �, �, and  are the pre-exponential factor, temperature index, and reac-
tion barrier respectively (Walsh & Millar 2014). These parameters and some rate
coefficients themselves can be fit using pure chemical modeling, such as molecular
dynamics and DFT calculations.

Another important aim of laboratory experiments is to probe surface reactions
and surface-binding energies of molecular species. It is widely acknowledged that
COMs likely do not form substantially in the gas-phase, but rather on the surfaces
and within the mantles of interstellar dust grains (Garrod et al. 2008). Reactions on
surfaces can be studied using ice experiments. Typically pure ices or ice mixtures
are deposited on a surface and then irradiated with ultraviolet radiation, and in
some cases warmed (e.g. Öberg 2009a; 2009b). Reaction products can then be iden-
tified by spectroscopy or spectrometry. Surface-binding energies are important for
determining how strongly bound a species is to the dust-grain surface. These ener-
gies can be determined using a process called thermal- or temperature-programmed
desorption (TPD). A TPD experiment slowly warms deposited ice and measures the
rate at which a species desorbs (e.g. Öberg 2009c). The surface-binding energy, or
desorption energy, Edes, can be calculated from the experiment using

dN(A)

dt
= �0exp

��Edes
T

�
N(A); (1.2)

where N(A) represents a count of species A, �0, is a characteristic frequency for
species A, and T is the temperature of the surface.

Once reaction pathways including reactants, products, branching ratios, Arrhe-
nius parameters, and binding energies are constrained by experiments and chemical
modeling, they are assigned to a chemical network to be used in astrochemical mod-
eling, which will be discussed in the following section.

1.2 Astrochemical Modeling

There are a variety of astrochemical modeling codes that are catered to different
physical regimes. Monte Carlo kinetics models have been employed to study reac-
tions and molecular processes occurring on the surfaces of dust grains. In partic-
ular, microscopic Monte Carlo simulations have been developed and used (Cuppen
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Figure 1.1: A schematic representation of a gas-phase or gas-grain model. Credit:
R. T. Garrod

& Herbst 2005; Clements et al. 2018 and references therein) to study movement
of particles on dust grain surfaces and particle deposition. These models track the
positions of all particles explicitly, and particle movement is governed by random
numbers. These models are computationally expensive, and may or may not include
gas-phase chemistry. Alternatively, gas-grain models simulate gas-phase and grain
chemistry together, and chemical evolution is governed by rate equations. This the-
sis features work that exclusively uses gas-grain models, which will be discussed in
greater depth as follows.

Figure 1.1 illustrates a schematic representation of a gas-grain astrochemical
kinetic model. The main code is responsible for calculating chemical rates using
an ordinary differential equation solver (e.g. Gear’s Algorithm) for specified out-
put times. Initial conditions including elemental abundances, cosmic-ray ionization
rate, initial H2 and CO column densities, initial (and final, if applicable) local gas
densities and temperatures are read into the code, often by a control file. The chem-
ical network containing a comprehensive and self-consistent list of chemical species,
reactions and corresponding parameters are typically kept in reaction files and also
read into the main code.

Since conditions in space rarely permit chemical equilibrium, most gas-grain
codes evolve chemistry using kinetics, which is solved by a system of differential
equations (Herbst & Millar 2008). Consider the arbitrary two-body reaction to
produce a single product

A+B �! C: (1.3)

The rate of increase in abundance for species C per unit time (cm�3 s�1) is given as

dn(C)

dt
= �n(A)n(B); (1.4)

where � is the reaction rate coefficient (Equation 1.1), and n(A) and n(B) are the
abundances of species A and B respectively. This process can apply to any binary
chemical process. There are several types of binary reactions that form and destroy
species in both the gas phase and on grain surfaces. Furthermore, species can be
transferred to the grain surface from the gas phase by accretion, or transferred to
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the gas phase from the grain surface by desorption. To solve for the overall change
in abundance over time for a given species i in the gas phase, the differential rate
law (Equation 1.4) for each unique reaction that results in formation or destruction
must be summed with all others following

dni
dt

=
X
j;k

kjknjnk +
X
l

klnl � ni
�X

m

kimnm +
X
n

kn
�

+ kdesni;s � kaccni: (1.5)

Here, the first two sums on the right-hand side represent formation processes,
whereas the two sums in brackets represent destruction processes. The last two
terms represent the rates of desorption and accretion respectively. Gas-grain codes
solve this equation for each species in each phase at each output time (Figure 1.1).

The advent of gas-grain modeling began with a simple gas-phase model intro-
duced by Herbst & Klemperer (1973). This model solved steady-state chemistry for
a network of a few dozen species. Quasi gas-grain models (e.g. Viti & Williams
1999) were developed thereafter, however their treatment of grain surface chem-
istry is over-simplistic. Hasegawa et al. (1992) introduced a full two-phase model
in which both gas-phase and grain-surface chemistry were modeled. Hasegawa &
Herbst (1993) introduced the first three-phase astrochemical model in which species
present in the bulk ice mantles of dust grains were also considered. Lately the three-
phase modeling approach has been revised to include an active ice mantle, in which
proximal radicals can react to form new species below the surface of the ice. Garrod
(2013) introduced such a model called MAGICKAL (Model for Astrophysical Gas
and Ice Chemical Kinetics and Layering) to simulate the chemistry of hot cores (see
section 1.3), and it is the model on which all the work presented here is based.

1.3 Astronomical Sources

This section briefly discusses different well-studied environments in the ISM, and
important features of each.

1.3.1 Di�use Clouds

Diffuse clouds are regions of the ISM with gas densities on the order of 102 to
103 cm�3, gas temperatures of roughly 100 K, and visual extinctions on the order
of 1 magnitude (Table 1.1). Dust temperatures are likely lower and uncoupled
with gas temperatures due to the relatively low gas densities. The chemistry of
diffuse clouds is relatively simple. Most of the hydrogen occurring in these sources is
atomic, though a small fraction may be molecular (Duley & Williams 1984). Simple
molecules incliding CO, OH, HCN, and CS have been detected toward diffuse clouds
such as �Oph (Liszt 2020), however, more complex chemistry does not occur due to
a high flux of ultraviolet radiation.

1.3.2 Dark Clouds

Dark clouds are denser, colder, and more obscured than diffuse clouds. Gas densities
are on the order of 104 cm�3, gas and dust temperatures are coupled at about 10 K,
and visual extinctions are on the order of 10 magnitudes (Table 1.1). Here, most
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Table 1.1: Important parameters of well-studied astronomical sources.

Source Type Gas Density (cm�3) Gas Temperature (K) Av

diffuse clouds 102 - 103 50-100 100

dark clouds 104 10 101

pre-stellar cores 105 - 107 10 102

hot cores 106 - 109 100+ 102

hydrogen is molecular, and other simple molecules including CO, H2CO, and NH3

exist (Duley & Williams 1984). These sources are colder than diffuse clouds due
to more efficient radiative cooling by molecules. TMC-1 CP is one of the most
well-studied and modeled dark cloud environments (e.g. Garrod et al. 2007), and
contains simple molecules in addition to many unsaturated hydrocarbon species
(Herbst & Millar 2008).

1.3.3 Pre-stellar Cores

Pre-stellar cores are thought to result from collapsing gas clouds, and precursors to
star-formation. These objects have gas densities on the order of 105 to 107 cm�3, dust
temperatures of about 8 K, gas temperatures of about 10 K, and visual extinctions
of about 100 magnitudes (Table 1.1). A noteworthy feature of these objects is that
there is apparent depletion or freeze-out, especially of CO (Bergin et al. 2002) due
to very cold dust temperatures.

1.3.4 Hot Cores

Hot cores are sources where massive star formation is beginning to occur. These
objects have high gas densities, typically in excess of 107 cm�3, temperatures above
100 K, and visual extinctions in excess of 100 magnitudes (Table 1.1). These sources
feature rich COM line emission (Herbst & van Dishoeck 2009; Garrod & Widicus
Weaver 2013; Garrod 2013). The presence of a great variety of terrestial COMs in
these sources is believed to be attributed to warm and dense physical conditions.
These diverse molecules may become incorporated into star systems, and some such
as glycine and glycolaldehyde may be precursors to life (Garrod 2013). As such, hot
cores are attractive objects to study, and are the focus of the work featured in this
thesis.

1.4 Project Motivation

The work presented in this thesis is organized into two parts. The first aims to
understand the chemical evolution of hot cores in the context of comsic-ray ioniza-
tion rate, and chemical warm-up timescale, and the second aims to assess chemical
evolution of hot cores using more accurate and consistent modeling techniques. The
motivation for these parts are discussed briefly in the following subsections.
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1.4.1 Investigating Cosmic-Ray Ionization Rates and Warm-
up Timescales

Cosmic rays are energetic subatomic particles, consisting mostly of protons, ejected
from exploding stars and galaxies with strong polar outflows of radiation. They af-
fect the chemistry of the ISM by two dominant processes: they collide with and ex-
cite gas-phase H2, which generates ionizing and photo-dissociating photons (Prasad
& Tarafdar 1983), and also ionize H2 and other gas phase species directly. In the
gas phase, these processes generate simple molecules including water, methane, and
ammonia. For example, Duley & Williams (1984) demonstrate that water can be
formed by cosmic-ray ionization of H followed by successive reactions with O and
H2 via

H + CR �! H+ + e� + CR (1.6)

H+ + O ��*)�� H + O+ (1.7)

O+ + H2 �! OH+ + H (1.8)

OH+ + H2 �! H2O+ + H (1.9)

H2O+ + H2 �! H3O+ + H (1.10)

H3O+ + e� �! H2O + H: (1.11)

On dust grains, cosmic-ray photons can induce photo-dissociation of simple ices
to form a variety of radicals including OH, CH3, CH3O, NH2, and others (Garrod
et al. 2008). These radicals can then add to form a variety of COMs. Since
cosmic rays are critical to chemical evolution in the ISM, the cosmic-ray ionization
rate, �, is an important parameter to study. However, the effects of varying �
on the rich chemistry of hot cores has not been previously investigated in great
detail. Furthermore, although the chemical response to varying the hot core warm-
up timescale has been investigated by Garrod (2013), the chemical effects of warm-up
timescale in the context of changing � has not been studied.

In Chapter 2, I use the hot core modeling code MAGICKAL to construct a
cosmic-ray fluence grid consisting of nine values of � and warm-up timescale, and
study resulting time and temperature-dependent fractional abundances of COMs.
Furthermore, I use a spectroscopic modeling technique to compare observational
results of four well-studied hot cores with model results. The comparison aims to
constrain � and the chemical warm-up timescale in these sources.

1.4.2 Incorporating Radiation Hydrodynamics into Hot Core
Modeling

The three-phase gas-grain models discussed in section 1.2 are more extensive and
comprehensive than primitive astrochemical models. However, aside from general
modeling uncertainties such as reaction barriers, initial conditions, incomplete reac-
tion schemes, etc., hot-core modeling has consistently lacked an appropriate treat-
ment of the physical evolution of star formation. Hot core models have often treated
the physical evolution as a two-stage process: an isothermal collapse to high density
followed by a warm-up at a constant density (e.g. Viti & Williams 1999; Garrod
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& Herbst 2006). Major shortcomings of this approach include the fact that tem-
perature evolves as a free parameter, and is not coupled with density, no spatial
structure is included, and the physical history of a particular gas parcel is ignored.

In Chapter 3, I present work that incorporates one-dimensional radiation hydro-
dynamics in MAGICKAL aimed to produce a more accurate and consistent model
of hot cores. This work addresses the chemical behavior of various COMs for three
different hot core sources, and discusses trends in fractional abundances at various
source masses and mass accretion rates. A comparison of the modeled results with
observations toward Sgr B2(N2) is also given.

Finally, Chapter 4 concludes this thesis with a description of future work to
follow from what has been done here.
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Chapter 2

Constraining Cosmic-Ray
Ionization Rates and Chemical
Timescales in Massive Hot Cores

C. J. Barger & R. T. Garrod

2.1 Introduction

Cosmic rays are vital to the evolution of chemical complexity in the interstellar
medium (ISM), especially in high-extinction regions that UV photons are unable
to penetrate. There are two dominant processes by which cosmic rays affect this
chemistry: (i) the direct collisional ionization of atoms and molecules, most notably
hydrogen, and (ii) collisional excitation of gas-phase H2 in particular, to generate
Lyman–Werner band photons that can ionize and dissociate other chemical species
(Prasad & Tarafdar 1983). Importantly, process (i) leads readily to the produc-
tion of the ions H2

+, H+ and He+ in the gas phase. H2
+ reacts easily with neutral

molecular hydrogen to form H3
+; this ion drives much of the ion-molecule chemistry

in dense interstellar clouds, through proton donation to neutral species, and is re-
sponsible for the gas-phase formation of simple molecules including H2O, NH3, and
CH4 (Herbst & Millar 2008). The cosmic-ray-induced UV field can also influence the
chemical evolution of dust-grain-surface ices, through the photodissociation of major
ice constituents such as water, formaldehyde, methanol, ammonia, and methane, to
generate radicals including OH, HCO, CH3, CH3O, CH2OH, and NH2. Under warm
conditions in which these radicals become thermally mobile, they may react to form
a variety of complex organic molecules (COMs; Garrod & Herbst 2006; Garrod et
al. 2008).

The cosmic-ray ionization rate, �, is typically defined in chemical models as
the rate at which H2 is ionized, while the rates of ionization and dissociation of
other species usually are defined in fixed ratios to this value. For species with an
ionization potential or dissociation energy low enough to allow the relevant process to
be initiated by the secondary Lyman–Werner field, and not only by direct cosmic-ray
collision, the rates of those processes may be as much as several orders of magnitude
greater than the base rate �.

Several techniques have been employed to measure the cosmic-ray ionization rate
in different regions of the ISM. Measurement of H3

+ abundance has been a popular
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