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ABSTRACT

Advancements in imaging technologies have changed the ways in which we see
and understand our chemical universe. Given the extreme distances between Earth,
from which we observe the wider chemical universe, and the molecular clouds
where stars are born, we cannot resolve the chemical structure of these interstellar
laboratories on the same scales as we can with samples on Earth. Nevertheless, with
the advent of larger and more sophisticated telescopes, such as the Atacama Large
Millimeter/submillimeter Array (ALMA) in Chile, we can now look at interstellar
chemistry on scales much smaller than the solar system. The research presented
here uses ALMA to investigate the chemistry in (massive) star-forming regions in

di erent parts of the Milky Way with high spatial resolution.

This thesis rst focuses on the nearby Orion Kleinmann-Low nebula (Orion KL),

the closest (at about 400 parsecs away) massive star-forming region to us, at spatial
scales smaller than those of typical planetary systems. Using methanol and methyl
cyanide as molecular probes, we provide new insight into the physical structure
especially the thermal structure of the nebula by mapping physical parameters
derived from observed spectra. We also use di erent isotopologues of methanol

to understand its chemistry, speci cally after it forms on the surfaces of icy dust
grains. This work provides a new view of Orion KL by providing high-angular-
resolution maps of parameters such as abundance and temperature, whereas much
of the existing literature provides a single set of parameters for a region.

However, Orion KL is only one interstellar laboratory, and it is part of a cohort of
star-forming regions that are the targets of repeated astrochemical observations. The
second part of this thesis ventures into the so-called molecular ring, a region 4-8
kiloparsecs from the galactic center that has remained relatively unexplored in the
context of astrochemistry. Using the Atacama Compact Array (ACA) component of
ALMA, we observed a slew of millimeter-emitting objects across 11 giant molecular
clouds at higher angular resolutions than most previous observations of our sample,
and we characterize their chemistry for the rst time. This pilot survey establishes
a catalogue of interstellar laboratories for future higher-angular-resolution observa-
tions. Over time, this catalogue will drive a better understanding of the chemistry
in molecular-ring young stellar objects, allowing us to see whether (and if so, how)
chemistry varies across distance from the galactic center and signi cantly increasing
the number of targets for astrochemical observations.
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NOMENCLATURE

Adsorption. The process by which a molecule is held onto a solid, such as a dust
grain, as a thin Im.

Amino acids. Organic compounds containing an amino (-Nigroup, a carboxyl
(-COOH) group, and a side chain or functional group that are the basic units
of proteins.

Arcsecond. Equivalent to 1/3600 of a degree; a measure of angular distance in
celestial coordinates.

Astronomy. The scienti ¢ study of celestial objects.
Chemistry. The scienti ¢ study of the properties and behavior of matter.

Column density. The number of particles such as molecules or atoms per unit
area, typically given in unites of crf; this measurement is commonly used
for interstellar clouds for which the depth is unknown.

Complex organic molecule (COM). A molecule found in interstellar or circum-
stellar space that has six or more atoms, including at least one carbon atom
and one hydrogen atom.

Critical density. The density where the probability of collisional de-excitation for
an excited particle is equal to the probability of radiative de-excitation.

Desorption. The process by which an adsorbed molecule is released from the
surface of a solid, such as a dust grain.

Deuterium. Hydrogen isotope whose nucleus has one proton and one nucleus,
making it heavier than the primary isotope of hydrogen, which has only a
proton for its nucleus; heavy hydrogen; represented as D'

Emission. Electromagnetic radiation expelled due to an atom or molecule making
a transition from a higher energy state to a lower energy state.

Flux density. In radio astronomy, the amount of electromagnetic radiation arriving
at a telescope per second per unit area.

H 1 region. A region of interstellar space composed of ionized atomic hydrogen

(Hn).
High-mass star. A star with a mass at least 10 times that of the Sun (i.2Q" ).
Hydrocarbon. An organic compound consisting of only carbon and hydrogen.

Interstellar medium (ISM). The matter and radiation between stars in a galaxy.
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Isotopologues. Molecules that are chemically identical but have slightly di erent
masses due to substitutions of heavier atoms.

Isotopomers. Variants of the same isotopologue in which the inventory of con-
stituent isotopes is identical except for their placement.

Light-year. A unit of astronomical distance equivalent to the distance traveled by
light in one year.

Low-mass star. A star with a mass of no more than four times that of the Sun (i.e.,
4" ).

main sequence.The most numerous stars in the universe, used to describe true
stars; the continuous band of stars that appears on plots of temperature (or
stellar color) versus stellar brightness.

Maser. In astrophysics, a source of stimulated spectral line emission, typically at
radio or microwave frequencies.

Molecular cloud. An interstellar cloud in which molecules, mostly molecular hy-
drogen (H), reside; sometimes referred to as a stellar nursery when it
contains active star-forming regions.

Molecular ring. Term used to describe radii between about 4 and 8 kpc from the
galactic center where the bulk of molecular matter in the Milky Way is
thought to reside.

Molecule. A group of atoms bonded together; the fundamental unit of a chemical
compound.

Nebula. A body of interstellar clouds of dust and gas.

Number density. The number of particles such as molecules or atoms per unit
volume, typically given in units of cn¥.

Protostar. A very young star still gathering mass from its parent molecular cloud,;
the earliest stage in stellar evolution.

Radical. An atom or molecule with at least one unpaired valence electron; these
types of chemical species are highly reactive.

Radio astronomy. The sub eld of astronomy that studies celestial objects at radio
and microwave frequencies, or frequencie&800 GHz; this term is often
used to describe the astronomy targeting celestial objects at (sub)millimeter
wavelengths as well, which includes frequencies uptdHz.

Radio telescope.An antenna and radio receiver used to collect radio waves from
space. At lower frequencies, radio telescopes somewhat resemble television
antennas; at higher frequencies, radio telescopes look like satellite dishes.
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Raman scattering. The inelastic scattering of photons by matter in which the di-

rection of light changes and energy is transferred, typically from visible light
photons to the lower-energy vibrational modes of molecules.

Scanning electron microscopy (SEM).A type of imaging in which a focused
beam of electrons scans the surface of a sample and interacts with atoms
on the surface to produce signals that carry information about the sample's
composition and topography.

Spectroscopy. The study of interactions between matter and electromagnetic ra-
diation as a function of radiation wavelength or frequency; a tool used to
characterize matter through emitted and absorbed light.

Transmission electron miscroscopy (TEM).A type of imaging in which a beam
of electrons is transmitted through an ultra thin sample, producing an image
resulting from the electrons interacting with the sample.

van der Waals forces. Weak electrostatic attractive forces between neutral molecules
arising from electric dipole moments.

Young stellar object (YSO). A star in the early stages of its evolution, typically
classi ed as either a protostar or a pre-main-sequence star.



PREFACE

Over the last century, evolving instrumentation has equipped scientists to catch a
glimpse of a previously hidden universe. The structures of cells, particles in the

air, and synthetic materials are all far too small to be viewed with the unaided eye.

However, continually evolving techniques enable us to view the microscopic aspects
of our world.

Recent examples of high-resolution imaging in the chemical sciences are abun-
dant on Caltech's own campus. For example, Miao & Wei (2020) introduced a
method for viewing live cells with subcellular resolution by coupling stimulated
Raman scattering microscopy with deuterium-labeled amino acids. Lakshmanan
et al. (2020) developed acoustic biosensors which are molecules that show up in
ultrasound images as a response to enzyme activity.

High-resolution imaging is also prevalent for non-biological systems. Transmission
electron microscopy can be used to study the structures of aerosols (e.g., Zangmeister
et al., 2018), and scanning electron microscopy can be used to study pores in
responsive polymers that undergo physical changes instigated by their environment
(Zhou et al., 2017). Jones et al. (2018) developed a technique using electron
cryo-microscopy and microcrystal electron di raction as a way to routinely and
unambiguously image the structures of small organic molecules.

Evidently, these advances in imaging have been paramount to understanding our
chemical and physical world on microscopic scales. This thesis is also concerned
with high-resolution imaging of chemical systems. However, instead of reveal-
ing the hidden chemical universe on extremely small scales, it is concerned with
astronomically large scales.

In 1933, just a few years before the rst high-resolution scanning electron micro-
scope was developed (McMullan, 1995), a radio engineer named Karl Guthe Jansky
reported his accidental discovery of radio waves coming from the center of the
galaxy (Jansky, 1933). Jansky's merry-go-round antenna (Figure 0.1) was a far
cry from the radio telescopes of today. Nevertheless, it was crucial in initiating the
eld of radio astronomy. Antennas evolved into single-dish radio telescopes, and
single-dish telescopes were connected to build interferometers, or arrays of individ-
ual radio antennas that act as one large telescope with lots of holes in it.



Figure 0.1: Karl Jansky and his merry-go-round antenna. Jansky, who was aradio
engineer at Bell Telephone Laboratories, constructed this antenna to identify sources
of stating that would interfere with transatlantic radio telephone communications.
It was with this antenna that he discovered a steady hiss coming from the galactic
center.Credit: NRAO/AUI/NSF.

The soul of this thesis is an interferometer called the Atacama Large Millime-
ter/submillimeter Array, or ALMA. In this thesis, ALMA is used to image the wider
molecular universe with high spatial resolution. While ALMA cannot resolve in-
dividual dust grains in the interstellar medium, it can show how chemical patterns
change across molecular clouds, which serve as interstellar laboratories that host
some of the most extreme chemical conditions in our universe, at unprecedented
angular resolution.

Because the environments studied in this thesis are at least 1,300 light-years away,
we cannot make in situ measurements or collect samples of icy dust grains to bring
back to Earth. Instead, we observe interstellar space from afar, speci cally from
the Atacama Desert at an elevation of 5,000 meters (16,000 feet) on the Chajnantor
Plateau in northern Chile. ALMA (Figure 0.2) dots the plateau with 66 antennas:
50 movable dishes that are 12 meters in diameter, twelve xed 7-meter antennas,
and 4 xed 12-meter antennas.



Figure 0.2: lllustration of some of the ALMA antennas in the Atacama Desert in
Chile. Colored pencil on paper.

The movable aspect of the telescope allows ALMA to observe the invisible radio
universe with extremely high resolution. Each of the 115-metric-tonne (127-U.S.-
ton) antennas can be moved by giant transporter, giving ALMA the exibility to
be as much as 16 kilometers (10 miles) across. At its highest angular resolution
(0.004° or 0.004 arcseconds), ALMA has the equivalent resolving power of being
able to photograph a U.S. dime from 575 miles away. While such high angular
resolutions are not used in this thesis speci cally, this nonetheless demonstrates
ALMASs incredible power when it comes to synthesizing images of our broader
universe.

Since achieving rst light in 2011 and becoming fully operational in 2013 (Ghosh,
2011), ALMA has been used to make a number of chemical discoveries. Some
of the rst ALMA observations revealed chemical signatures of iso-propyl cyanide
(I-C3H,CN), the rst branched compound detected in interstellar space, near the
galactic center (Belloche et al., 2014), and the simple sugar glycolaldehyde, which
was detected in close proximity to an infant star for the rst time (Jgrgensen et al.,
2012). ALMA has also been used to intimately study the distribution of di erent
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chemical compounds, such as hydrocarbon chain molecules around protostellar
cores (Sakai et al., 2014).

In this thesis, molecular signatures observed with ALMA act as probes of the
physical and chemical conditions of interstellar environments. A brief introduction
to astrochemistry, the eld comprising this work, is given in Chapter 1. Chapters 2-
4 discuss observational work focused on the Orion Kleinmann-Low nebula, and
Chapters 5-6 focus on observations of giant molecular clouds in the molecular ring
of the Milky Way. A summary of the thesis and outlook are given in Chapter 7.
Appendices A-l provide supplemental information to the aforementioned chapters.

In addition to the research that constitutes this thesis, teaching and service have been
important aspects of my graduate experience. Activities and accomplishments in
these areas are summarized in Appendices J and K, respectively.
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Chapter 1

INTRODUCTION

The content in this chapter is discussed more fully in the following text:

Wilkins, O. H. and Blake, G. AAstrochemistry American Chemical Society,
Washington, DC, USA, 2021doi: 10.1021/acsinfocus.7e5004

Astrochemistry is an interdisciplinary eld that addresses matter in space, from
what types of molecular compounds are out there to how these molecules form and
interact with each other and with stellar radiation. Despite being rooted in two elds
that have ancient origins in proto- and pseudo-scienti ¢ elds, namely alchemy and
astrology, astrochemistry has emerged only relatively recently.

Astrochemistry relies on spectroscopy in both its observational astronomy and lab-
oratory chemistry branches. The modern eld of spectroscopy emerged in the 17th
century, but it was not until two centuries later that spectroscopy truly laid the
foundation for astrochemical research. In the 1800s, William and Margaret Lindsay
Huggins used spectroscopy to reveal for the rst time that hazy nebulae dotting the
night sky were not clusters of distant stars but a luminous gas (Huggins, 1897,
1898). This gas was composed of some mysterious element dabbablinor neb-
uliumthat was later identi ed, in 1927, as doubly ionized atomic oxygen emission
(Bowen, 1927).

The rst moleculediscovered in space was the methylidyne radical, or CH, in 1937
(Dunham, Jr., 1937; Swings & Rosenfeld, 1937). Since then, nearly 250 compounds
have been detected in interstellar and circumstellar space. These molecules provide
us with an interesting perspective of chemistry because interstellar space contains
some of the most extreme conditions in the universe.

Interstellar space is extremely cold and di use by terrestrial standards. Starsformin
the coldest regions of space, which have temperatures of about 1268 (C, 442

F) (Evans et al., 2009). Stars also form from the densest gas with number densities
ofaroundl0* 10° molecules cm®. Whereas this is dense in the interstellar medium



Figure 1.1: Schematic of a molecular cloud and examples of molecular tracers that
can tell us about di erent interstellar environments.

(ISM) , it is sparse by terrestrial standards; even the air we breathe hasla@bdut
molecules cm?®.

Molecules can also be used as probes of the physical environments in space. The
spectra, or chemical ngerprints, of interstellar molecules carry important informa-
tion about the velocity, temperature, and abundance of gas. The types of molecules
seen can also reveal much about the physical conditions of an environment (Fig-
ure 1.1). Besides molecular hydrogen,fHcarbon monoxide (CO) is the most
abundant chemical compound produced in molecular clouds. The isotopologues

or molecules that are chemically identical but have slightly di erent masses due to
substitutions of heavier atoms of CO can be used to identify regions of higher
density than the ambient molecular cloud. For instah@Q can be used to locate
subregions within a cloud, and'®D traces dense gas, typically associated with
the cores of infant stars. Such cores have also been found to host complex organic
molecules (COMs), which have six or more atoms; methanoL(@H is often used

to search for places likely to be rich in COMs. Simple molecules containing sulphur
and silicon, such as }$, SiO, and SQ reveal the location of molecular out ows or

jets emanating from evolving young stellar objects (YSOs). Other molecules, such
as cyclopropenylidenee{C;H,), instead trace low-density gas in the outer regions

of YSOs.
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In this thesis, methanol is the primary chemical targeted in astronomical obser-
vations. Methanol is used along with some other compounds, namely methyl
cyanide (CHCN) and C®0 to reveal new information about massive star-forming
regions, from the already well-studied but still-enigmatic Orion KL (Chapter 2) to
new chemical stockrooms in a region of the galaxy called the molecular ring (Chap-
ter 6). This thesis also studies the chemistry of methanol, speci cally addressing
guestions previously unanswered about what happens to this moddtarlg forms
(Chapter 3).

Before learning about the research culminating in this thesis, we must rst under-
stand, broadly, how astrochemical research is conducted as well as the types of big
picture questions about our wider chemical universe that can be answered by this
eld.

1.1 Approaches to Astrochemical Research

Astrochemistry research integrates observational astronomy, laboratory astrophysics,
and computational modeling and theory. Early observations of interstellar molecules
were made using optical and ultraviolet (UV) telescopes, which target electronic
transitions of atoms and molecules. This includes the detection of CH using the
100-inch telescope at Mount Wilson Observatory (Figure 1.2). However, such
transitions require high amounts of energy found in stellar atmospheres or nebulae
energized by the light from stars. Instead, much of observational astrochemistry,
speci cally that of molecular clouds and YSOs, comes from IR and radio astronomy.

Most observational astrochemistry uses radio telescopes, which are tuned to collect
the signals from distant molecules tumbling and rotating in interstellar gas. Radio
telescopes are able to see through Earth's atmosphere without much interference
except for some water emission. For this reason, many radio telescopes are built in
deserts or at high altitudes to circumvent much of the atmosphere's water vapor. For
example, the Atacama Large Millimeter/submillimeter Array (ALMA) sits high up

in the Chilean Desert at an elevation of 5 kilometers (16,400 feet).

IR astronomy is also important, but instead of capturing the signals from molecular
rotations, IR telescopes detect molecular vibrations. This is useful for observing
compounds in the gas that are nonpolar (or whose electrons are shared equally across
all bonds, meaning their movements do not produce any changes in rotational state),
such as methane (GH IR is also used to study molecules locked up in ices on
interstellar dust grains. Unlike radio astronomy, however, IR astronomy is quite



Figure 1.2: Illustration showing the dome of the 100-inch Hooker telescope atop
Mount Wilson in southern California. The observatory is visible from Caltech's
campus. This illustration was digitally hand-drawn in Microsoft Paint by O. H. W.

sensitive to molecules in Earth's atmosphere. As such, IR telescopes are built at
high elevations or, when budgets allow, as space telescopes.

There is also plenty of astrochemistry conducted in terrestrial laboratories. Some
laboratory work measures the spectra of molecules under (ultra-)high vacuum con-
ditions to compile spectroscopic databases which allow astronomers to identify what
molecules are detected with their telescopes. Other experimental work looks at the
kinetics of gas-phase chemistry or watches to see what products form on irradiated
interstellar ice analogues.

Finally, computational modeling is used to contextualize what is observed in space
or what is seen in the lab. Theorists make assumptions about the initial conditions
in star-forming regions and try to extrapolate what led to the molecular abundances
observed in the present. Theory can also make use of molecular emission as a sort of
chemical clock to determine the age or evolutionary state of a YSO. Computational
work also helps when making predictions about what chemistry will be observable.
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