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ABSTRACT

The study of interstellar molecules such as CO is crucial because interstellar ices in
the core of a pre-solar molecular cloud provide the starting point for volatile evolution in the
protoplanetary disk. A record of the initial volatile composition of the protoplanetary disk
can be obtained from the study of the chemical composition of cometary nuclei. Because of
their long residence in the Oort cloud and infrequent passage through the inner solar system,
long-period comets are one of the most primitive bodies in our solar system that can tell
us about the composition of the early solar system. High-resolution infrared spectroscopy
allows for measuring the chemical abundances of primary volatile species (sublimed native
ices directly from the nucleus) in the comae of comets, which are crucial for their chemical
taxonomic classification. Characterizing the chemical composition of comets over a range
of heliocentric distances (Rj) is crucial to investigate whether the composition of the
cometary nucleus varies with heliocentric distance or remains constant. There is a systematic
enhancement of some molecules (C,H,, NH3, HCO) for comets observed close to the
Sun compared to those observed beyond ~1 au. Measurements of the chemical abundance
of primary volatile species in the long-period comet C/2020 S3 (Erasmus) observed near
R; ~0.5 AU, presented in this study, contribute to the effort of investigating the chemical
abundances at small heliocentric distances. Within 2 AU from the Sun, cometary activity
is mainly driven by the sublimation of H,O ice. On the other hand, cometary outgassing
beyond the sublimation region of H,O (~ 3.0 AU) is driven by hypervolatile species such as
CO and CO,;. There have only been a few comet measurements made over the transitional
heliocentric distance range R, ~2.5-3.0 AU because the majority of comets are either very
faint or show low activity at this distance from the Sun. This leaves it uncertain where the
transition from hypervolatile to H,O-driven activity occurs. Observations of long-period
comet C/2017 K2 (Pan-STARRS) spanning a range of R, ~2.35 - 3.15 AU were conducted

to address this critical topic in cometary science.
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SECTION

1. INTRODUCTION

1.1. STAR FORMATION

Observations have shown that star formation in galaxies is strongly associated with
molecular gas (e.g. Bigiel et al., 2008; Leroy et al., 2008). The interstellar space (medium)
contains inhomogeneously distributed matter from the galaxy, mostly in the form of gas and
in smaller amounts as dust, which are tiny solid particles (e.g. Ferriere, 2001). Interstellar
medium in galaxies such as the Milky Way is predominantly HI by mass, and in such
galaxies, molecular gas is organized into discreet clouds that are highly filamentary and
clumpy, called giant molecular clouds (Krumholz, 2015). Giant molecular clouds (GMCs)
range in mass from ~ 10’ Mg to ~ 10* Mg and are hundreds of light-years across (e.g.
Greene, 2001; Oka et al., 2001). Regions within the GMCs with density > 10°-107 H,
molecules per cm?® that are roughly round in morphology than the lower-density material
around them are called cores, and they are thought to be the progenitors of single stars or
star systems (Dobbs et al., 2014; Krumholz, 2015; Wilking et al., 2008). Individual stars
emerge from dense core fragments of mass ~ 1 Mg within much larger ~ 10 Mg GMC, as

a result, young stars usually form in clusters (Krumholz, 2015).

1.2. STAGES OF STAR FORMATION

The self-gravitating gas of the densest cores of interstellar GMCs or the prestellar
cores begin to collapse when their gravity exceeds the internal pressure support of the cloud

(Stahler, 1983).



The minimum amount of mass required for the core of a GMC to undergo gravitational

collapse is expressed by the Jeans Mass, M, (Jeans, 1928),

3 1

T\2/(1)\2

sz(ﬂkB ) (—) : (1.1)
Gumpy ) \po

where T is the temperature of the cloud, u is the mean molecular weight of the cloud,
po = umgng, is the initial mass density of the molecular cloud (assumed to be constant
throughout the cloud), my is the mass of hydrogen atom, G is the gravitational constant, kp
is the Boltzmann constant, and ng, is the number density of the hydrogen molecule. For
example, for T = 10 K and ny, = 10° cm™3, the Jean Mass is M; =0.83 M.

As the core central density increases (o, = 10713 gcm™), the inner region of the core
becomes opaque to radiation, increasing its temperature. An increase in temperature, in turn,
causes an increase in thermal pressure since radiation cannot escape (Dunham et al., 2014;
Larson, 1969). The increase in thermal pressure slows further collapse and forms the first
hydrostatic core, which is a few AU in size and a few hundredths of a solar mass (Krumholz,
2015). The central density and temperature of this core rise as it keeps accreting material
from its surroundings. The molecular hydrogen dissociates due to collision, and the kinetic
energy required for the dissociation is transformed into chemical energy, which lowers the
kinetic energy budget of the gas. A small increase in temperature drastically boosts the
dissociation rate, transforming more kinetic energy into chemical energy, thereby preventing
further central temperature rise for the thermal pressure to balance the gravitational force. As
a result, the first core undergoes a gravitational collapse, which lasts until all of the hydrogen
dissociates. Eventually, this leads to the development of a second hydrostatic core called
protostar or Stage 0 (Dunham et al., 2014; Krumholz, 2015). The time scale for the collapse
of the first core to form the protostar phase is the free-fall time (Dobbs et al., 2014; Lada,

1
2005): 7ff = (323G—”pc) i, where p. is the central density of the first core. For a typical GMC,

pe =100 m,, and the free-fall time for the protostar to form is ~ 10° years (Greene, 2001).



Since protostellar objects are generally deeply embedded in a large envelope of
nascent dust and gas, their mass is smaller than the envelope of material surrounding them
(e.g., Cox etal., 2017). As the protostar accumulates mass from its surrounding envelope of
gas and dust, the circumstellar disk is formed by the rotating material around the protostar
that falls into orbits of different radii (Greene, 2001). Some matter remains in orbit, but
eventually, much matter flows through the disc into the protostar. The stellar mass eventually
exceeds the remaining core mass as most of the envelope material is directed into the central
protostar through a circumstellar disk, and the system becomes a Stage I object (Dunham
et al., 2014). Sources transitioning out of Stage I are referred to as Flat-Spectrum (FS)
objects.

After the envelope around the Stage I object has faded, most of the circumstellar
material is in a large disk that surrounds the central object and continues to slowly accrete to
the star (e.g., Cox et al., 2017). This disk is both optically thick and spatially thin. Stage II is
the term used to describe an object in this Stage. After the protostar has accreted its final
mass, a thin circumstellar disk remains, and the object is categorized as a Stage 111 source
(Andrews and Williams, 2005, 2007).

As the surrounding dust envelope dissipates, the accretion process ends, and the
central ball of gas becomes a pre-main-sequence star (Greene, 2001). During their early
stages (the first few million years), pre-main sequence objects are referred to as T Tauri stars,
the youngest objects observable at optical wavelengths. T Tauri stars are still surrounded
by a disk of gas and dust, referred to as the protoplanetary disk. After dispersing gas and
dust for several million years, a bare pre-main sequence star remains in the center of the
protoplanetary disk. The planets, moons, asteroids, and comets (the focus of this study) that
make up our solar system all formed in such a disk. It is important to note that most planet
formation happens during Stage II of protostar evolution. At this stage, the protostar has lost
most of its developing envelope and is surrounded by a large disk, which provides a large

reservoir for the formation and evolution of planetesimals.
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Figure 1.1. Evolutionary stages of a young, Sun-like star. The dense cores of molecular
clouds [a] undergo gravitational collapse [b] to form a protostar [c]. As the envelope of
dust and gas surrounding the protostar dissipates, the object first appears as the Tauri star at
optical wavelengths [d]. As the dusty circumstellar disk fades away, a pre-main sequence star
(with a debris belt sometimes containing recently formed planets orbiting the star) remains
at its center [e]. As the star continues to collapse due to gravity, its core temperature rises
and causes nuclear fusion to occur, transforming it into a main sequence star [f]. The Figure
was taken from Greene (2001).

1.3. STUDY OF INTERSTELLAR MOLECULAR CO GAS

Information about star-forming gas can be obtained from studying the observations
of rotational transitions of the CO molecule. The most abundant element in the interstellar
medium is hydrogen, and at densities where stars form, hydrogen is in the form of molecular
(H»). However, molecular hydrogen cannot be observed directly since it has no rotational
or vibrational transitions at the cold (~10 K) temperature of the interstellar medium where

stars form.



Thus, observation of the rotational CO lines, the second abundant molecule in the
ISM (after Hy), can be utilized as a proxy in the study of star-forming gas since it has
transitions at the low temperatures found in molecular clouds. Chapter 2 of this dissertation
is devoted to analyses of observations of molecular CO absorption lines in the spectra of
several Young Stellar Objects (containing objects in the evolutionary stages from O to III) to

tie them to the dense star formation conditions in the Interstellar Medium.

1.4. FORMATION OF THE SOLAR SYSTEM

As discussed above, the gravitational collapse of dense cores of molecular clouds
leads to protostar formation in a time scale of ~ 10° years (e.g., Greene, 2001; Krumholz,
2015), eventually forming the protoplanetary disk from which the planets and other small
objects around a star subsequently form. In the case of our solar system, the disk of
material (gas and dust) out of which all the planets and small bodies (Kuiper belt objects,
asteroids, and comets) were formed is referred to as the protosolar nebula. Thus, knowledge
of the initial composition of the solar nebula is crucial for understanding the history and
evolution of our solar system. As discussed below, comets provide a rare opportunity to
learn about the properties and composition of the protosolar nebula, which would not be
accessible otherwise. Figure 1.2 is a cartoon illustrating the various processes thought to
affect chemistry in the protoplanetary disk.

1.4.1. Comets. Comets are among the small bodies that are leftovers from the
formation time of our solar system. Because of their small size, comets lack gravitational
heating, which makes them retain volatile ices from where they formed (~5-50 AU from
the Sun), representing the volatile composition of the protoplanetary disk at the time of its

formation (Bockelée-Morvan et al., 2004; Mumma and Charnley, 2011).
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Figure 1.2. The protoplanetary disk. The formation region of comets and the processes
thought to affect the chemical composition are shown. Fig. Credit: Geronimo Villanueva.

Once scattered out of the inner solar system by giant planets during their formation,
comets are stored in their current, distant regions where the temperature is very low. A
spectroscopic study of the composition of comets as they come inside the inner solar system
is a valuable tool for gaining insights into the composition and processing of ices in the
protosolar nebula.

1.4.2. Dynamical Reservoirs of Comets. The Kuiper belt (KB) and the Oort cloud
(OC) are the present-day reservoirs that supply comets to the inner solar system. Figure 1.3
shows the locations of the KB and OC regions with respect to the locations of the planets
and the Sun. Once comets enter the inner solar system due to planetary perturbations and
collisions (from the KB region) or, in the case of OC comets, due to gravitational interaction
from a nearby star or the galactic gravitational field (Stern, 2003), they are classified into
two major categories. This classification is based on the Tisserand Parameter (T), which is
the measure of the gravitational influence of Jupiter on the orbit of the comet (e.g., Levison,

1996).
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Figure 1.3. Kuiper Belt and Oort Cloud to scale with the planetary system. The figure was
taken from Stern (2003).

For a comet with semi-major axis a, eccentricity e, and inclination i with respect
to the orbital plane of Jupiter, the Tisserand parameter with respect to Jupiter is Ty =
2 1+ 2 cos(i) [(1 - ez)%] %, where a; ~ 5.2 AU is the semi-major axis of Jupiter. Comets
with T; < 2 are categorized as nearlyisotropic comets (NICs), and those with2 < T; < 3
are classified as ecliptic (those whose orbits are near the plane of the solar system). NICs
include Halley-type comets (HTCs), which have orbital periods < 200 years, and returning
long-period comets (LPCs). Jupiter-family comets (JFCs) have orbital periods of < 20 years
and are in the category of ecliptic comets. It is worth noting that the Encke-type comets
have T; > 3 (Nesvorny et al., 2017) but due to their orbits lying in the plane of the solar

system, they are in the category of ecliptic comets.



The source of ecliptic comets is the KB region (Nesvorny et al., 2017). The NICs
originate from the OC region (Vokrouhlicky et al., 2019) and are called Oort cloud comets
(OCCs). OCCs are weakly gravitationally bound to the Sun due to their large distance (>
1000 AU). The two comets presented in this study are the long-period comets C/2020 S3
(Erasmus) and C/2017 K2 (Pan-STARRS), which are from the OC region. Thus, due to their
infrequent passage through the inner solar system, the volatile composition contained in the
comae of these long-period comets is expected to be relatively well-preserved and thus offer
insight into the initial chemical composition of our solar system.

1.4.3. Taxonimical Classification of Comets Based on Composition. Observa-
tions have shown that even comets within the same dynamical class were found to exhibit
distinctly different compositions (e.g., Bockelée-Morvan et al., 2004), making the taxonomi-
cal classification of comets based on dynamical type not unique. In addition, crystalline
silicates have been detected in some comets from both dynamical classes, such as 81P/Wild
2 (Zolensky et al., 2006), and C/2001 Q4 (Wooden et al., 2004), 9P/Tempel 1 (Harker et al.,
2005), and 1P/Halley (Bregman et al., 1987), which implies that hot material from the inner
disk and hypervolatiles from the cold outer disk were incorporated into their nuclei, as well
as the results of dynamical disk models (e.g., Levison et al., 2011; Morbidelli et al., 2005;
Nesvorny et al., 2017), have revealed a more “spatially mixed” comet formation region.
Furthermore, studies that combine the protoplanetary disk (PPD) astrochemical models
with near-IR comet composition show that no single time or place can explain the range of
molecular abundances found in comets, indicating that comets have incorporated material
from wide temporal and spatial stretches in the disk (e.g., Willacy et al., 2022). As a result,
the taxonomical classification of comets based on their chemical composition was pursued
to build a unique taxonomic classification.

Optical observations of comets based on product species such as OH, C,, C3, NH,
and CN have led to the classification in terms of whether the comet is depleted or typical in

carbon-chain molecules (e.g., A’Hearn et al., 1995).



These product species are primarily created in the cometary coma by chemical interactions
between coma gases, photolysis and photoionization of gaseous precursors, and degradation
of refractory organics on grains (Mumma and Charnley, 2011). However, these product
species may come from more than one precursor, making taxonomical classification based
on the abundance of daughter species difficult and less conclusive. Therefore, compositional
measurements of the primary volatile species (molecules that sublimate directly from the
nucleus, indicating its native composition) such as H,O, C,Hg, CH4, CH30H, H,CO,
NH3, HCN, C,H;, CO, and OCS are needed in an effort to develop a better taxonomical
classification of comets based on chemical composition.

These primary volatile species can be measured at radio (covering sub-mm/mm) or
near-infrared (NIR, covering ~2.8- 5.2 um) wavelength regions. Observations of asymmetric
molecules that have pure rotational transitions (e.g., H,CO, CO, CH3;OH, HCN, and NH3)
can be carried out in the radio and NIR wavelength regimes, while complex molecules
such as ethylene glycol (HOCH,CH,OH) are more easily detectable in the radio than in the
NIR (Mumma and Charnley, 2011). A pure rotational transition occurs in a molecule that
has a permanent dipole moment due to an asymmetric charge distribution (e.g., Tennyson,
2011). On the other hand, symmetric molecules like CO,, CH4, C,H>, and C,Hg do not
have permanent dipole moments and can only be detected in the NIR wavelength region via
their ro-vibrational transitions. It is worth noting that CO, can only be observed from space
due to telluric absorption at the wavelengths where its strongest features occur.

Radio observations have shown that while comets exhibit substantial chemical
diversity, there are no distinct differences between comets of different dynamical classes
(Crovisier et al., 2009). In the NIR, measurements based on 26 comets (both ecliptic and
nearly isotropic) showed three compositional groupings (Mumma and Charnley, 2011):

organics-normal, organic-enriched, and organics-depleted.
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Subsequent observations showed some comets are outliers in terms of chemical abun-
dances due to outbursts or disintegration during their observations, and Dello Russo et al.
(2016a) analyzed observations of 30 comets (both JFCs and OCCs) in the NIR and suggested
four major groups and eleven subgroups of chemical taxonomy based on primary molecules.
Thus, this indicates that observations of a large sample of comets are needed to build a
comprehensive chemical taxonomy in the NIR.

The emission lines of primary molecules in NIR wavelengths are observed by
detecting photons produced during their ro-vibrational transitions. In general, molecules are
excited by solar radiation from the rotational levels of the ground vibrational states (v = 0) to
the rotational levels in the higher vibrational states (v = 1, 2, 3, ...) (see e.g., DiSanti et al.,
2006; Paganini et al., 2013). These excited molecular levels eventually cascade (fluoresce)
to rotational levels in the ground vibrational state by releasing detectable photons. This
spontaneous decay can be estimated by calculating the fluorescence efficiencies (g-factors)
using statistical weights, absorption line strengths, Einstein A-coefficients, and the total
partition function.

The chemical taxonomy of comets in the near-infrared (NIR) is usually carried out
using the molecular abundance or mixing ratio (%) of the volatile species, which is the ratio
of the production rate of a given molecular species to that of simultaneously measured H,O.
The choice of H>O as a baseline in calculating the mixing ratio is because it is the most
abundant species in the coma of active comets, and cometary activity, especially within 2.0
AU, is thought to be driven by sublimation of H,O.

The mixing ratios of different volatile species are a good measure in comets as they
can provide information such as formation temperature and processing histories of cometary
volatile ices (e.g., Mumma et al., 1993). H,O has a sublimation temperature of ~150 K,
making it the least volatile ice in the cometary coma, followed by CH3;OH with a sublimation

temperature of ~ 99 K (e.g., Crovisier et al., 2000).
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If comet nuclei are homogeneous, once the least volatile species (such as H,O, CH3OH,
and HCN) are fully activated, volatile abundances should reflect the true composition of
the nucleus (e.g., Bonev, 2005; Roth, 2019). However, variability in mixing ratios in some
comets has been observed.

For example, Roth et al. (2018) measured the volatile composition of comet 2P/Encke
on three post-perihelion dates and reported mixing ratios that are depleted in volatile species
CH30H, C;Hg, and CH4 and enriched in H,CO and HCN compared to values obtained by
Radeva et al. (2013) for the same comet during a different apparition. The possible causes for
this discrepancy between apparitions could mainly be due to the comet being compositionally
heterogeneous and its different parts observed during each apparition (seasonal differences)
or potential evolutionary changes in composition due to multiple perihelion passages. In
addition, some comets such as D/2012 S1 (ISON) observed close to the Sun (< 0.80 AU)
have shown enrichment in abundances of some volatile species such as H;CO, NH3z, HCN,
and C,H, (Dello Russo et al., 2016b; DiSanti et al., 2016) compared to measurements of the
same comet taken at heliocentric distances greater than 0.80 AU from the Sun, possibly due
to activation of additional contributing sources in the coma closer to the Sun. Along this
line, observations of comet C/2020 S3 (Erasmus), one of the main subjects of this work, at
heliocentric distance of ~ 0.50 AU has shown enhancement in the abundances of H,CO,
NH3 and C;H, compared to their mean abundances from OCCs observed at heliocentric
distance greater than 0.80 AU from the Sun. Thus, this necessitates observations of comets
over a wider range of heliocentric distances to investigate whether the abundances of volatile
species in a given comet remain constant or enhanced as the comet gets closer to the Sun, as

with D/2012 S1 (ISON).
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As pointed out earlier, cometary activity within ~ 2.0 AU from the Sun is driven by

the sublimation of H>O ice. However, there are a few comets, such as C/2006 (Christensen),
C/2016 R2 (Pan-STARRS), C/1995 O1 (Hale-Bopp), C/2009 P1 (Garradd), and C/2017
K2 (Pan-STARRS) another main subject of this study, that showed activity well beyond the
sublimation distance of H,O.
Thus, cometary activity beyond a heliocentric distance of ~2.5 AU is generally thought to
be driven by the sublimation of hypervolatiles such as CO and CO;. As mentioned above,
since CO is not detectable using ground-based observations, for comets observed beyond
the activation regime of H>O, CO is usually used as a baseline to compute the mixing ratio
of the simultaneously measured volatile species. In particular, comets C/2006 (Christensen)
(Boneyv et al., 2017) and C/2016 R2 (Pan-STARRS) (McKay et al., 2019) have shown that
they are CO-rich comets at the heliocentric distances of their observations.

The studies presented in the next two sections consist of observations of two Oort
Cloud comets, one at a small heliocentric distance (Rj;) of ~ 0.50 AU, and one at R, beyond
~ 2.3 AU from the Sun. These observations aim to investigate the effect of heliocentric
distance on compositional measurements in comets, thereby adding a crucial sample towards
building a comprehensive database for the chemical taxonomy of comets. In particular, the
compositional measurements of comet C/2017 K2 beyond ~ 2.3 AU presented in this study
covered a wider range of heliocentric distances to address the effect of snapshot bias since

most comets are observed over a narrow range of heliocentric distances.
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2. ANALYSES OF SPECTRA OF YOUNG STELLAR OBJECTS

2.1. THE L1688 CLOUD

The L1688 cloud of the Rho Ophiuchi molecular complex (Figure. 2.1), one of the
closest active star-forming regions, is estimated to be 137 + 1.2 pc away (Loinard et al., 2008;
Lombardi et al., 2008; Mamajek, 2008; Ortiz-Le6n et al., 2017). This cloud is located near
the Sco-Cen OB association, which may have compressed and initiated star formation in
L1688 (Wilking et al., 2008). Within this cluster are more than 300 known YSOs, and about
55 prestellar cores have been identified that could be collapsing (André et al., 2007). Given
that most of the objects in Rho Ophiuchi have masses of approximately < 1 Mg, the Rho
Ophiuchi star-forming region is linked to the formation and evolution of low-mass objects.
The L1688 molecular cloud is an interesting location for studying star and planet formation
because it is close by, relatively young (0.5-2 Myr), and contains a significant number of
confirmed (candidate) members (Wilking et al., 2008). The B2V pre-main sequence star
HD147889 with an estimated mass of ~10 Mg (Figure. 2.2) illuminates the L1688 cloud
and creates a photodissociation region (where H; is decomposed into H atoms and H* by

UV photons) that delineates the western edge of the molecular cloud (Kulesa et al., 2005).

2.2. OBSERVATIONS

The observations of young stellar objects (YSOs) within the L1688 embedded cluster
were acquired using the iISHELL instrument of the NASA Infrared Telescope Facility
(IRTF) in Maunakea, Hawaii. iSHELL is a cross-dispersed, high-resolution, echelle infrared
spectrograph (Rayner et al., 2022). We used the iSHELL K2 mode for our observations,
which covers a wavelength range of 2.084-2.382 um over 32 orders. Table 2.1 shows the

sources we analyzed.
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Figure 2.1. The Spitzer Space Telescope image of the L1688 cloud. The image was taken with
the Infrared Array Camera (IRAC) and Multiband Imaging Photometry (MIPS) instruments.
The red color represents emission in the MIPS 24 ym band, the green color represents the
IRAC 8 um band, and the blue color represents IRAC 4.5 um. The Photodissociation Region
(PDR) is indicated in red on the lower right region. The image was taken by Robert Hurt.
The figure is taken from Wilking et al. (2008).
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Figure 2.2. Schematic diagram of the p Oph dark cloud. The Photo-dissociation Region
surfaces are highlighted in black. Fig taken from Kulesa et al. (2005).

Sources were selected based on their infrared brightness (K-magnitudes) and their
early Stage of evolution (Sullivan et al., 2019). Thus, the K magnitude brightness (1 = 2.2 um)
of our sources is < 10 mag. All the sources used in the analyses of the interstellar absorption
lines have completed the main accretion phase or Stage 0. The spectra of these YSOs, with
the exception of WLY 2-54, showed photospheric absorption lines that are weak or absent in
the longer wavelength orders. Instead, very narrow interstellar absorption lines, identified to

be from the R and P branch of the CO v = 0 - 2 transitions, were observed (Fig. 2.3).
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We have identified these lines in eight of our YSOs, mainly in orders 218 (2.37 um to 2.38
um), 219 (2.36 um to 2.37um), 220 (2.35um to 2.36 um), 221 (2.34 ym to 2.35 um), and
222 (2.33 pum to 2.34 um).

2.3. DATA REDUCTION

We reduced the data using the latest version of Spextool (Spectral Extraction Tool),
V5.0.2. Spextool is an Interactive Data Language (IDL)-based data reduction package
developed to reduce data obtained with iSHELL (Cushing et al., 2004). The reduction
steps include dark subtraction, flat-fielding, wavelength calibration using a ThAr arc lamp,
extracting the spectrum, telluric correction using an AO standard star spectrum, combining
extracted spectra to increase the signal-to-noise ratio of the final spectra, and finally, cleaning

(and smoothing) spectra. The detailed procedure of data reduction is discussed in the

appendix.
Table 2.1. The iSHELL observing Log of YSOs
Source R. A. (J2000) | Decl. (J2000) Date Int. Time
(hhmmss.s) Crm) (UT) (minutes) | Evol. Stage

VSSG 1 1626 18.9 -242819.7 | 2017 Apr26 30 IT
GY33 162627.5 -244153.5 | 2017 Apr28 60 I
SR 248 1626 58.5 -244536.9 | 2017 Apr26 30 II
GY 235 162713.8 -244331.7 | 2017 Apr27 60 I
WL 20E 162715.9 -243843.4 | 2017 Apr28 60 I
WL4 1627 18.5 -242505.9 | 2017 Apr27 30 I
WLY 2-51 162739.8 -244315.1 | 2017 Apr26 30 I
WLY 2-54 162751.8 -243145.5 | 2017 Apr26 30 I
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Figure 2.3. Ro-vibrational transition in a diatomic molecule. Vibrational excitation from
rotational levels in the ground vibrational band (v = 0) to rotational states in the v = 2
vibrational band. The band spectrum contains the R and P branches with rotational levels
obeying the selection rules AJ = +1 and A J = -1, respectively. The lines in each branch:
R(0), R(1), ... ; P(1), P(2), ..., are labeled by the J values of the lower rotational levels.

2.4. ANALYSES OF THE ABSORPTION SPECTRAL LINES

2.4.1. Measuring the Equivalent Widths of the Absorption Lines. The equivalent
width of an absorption line expressed in wavelength units (e.g., um) is the width from the
adjacent continuum to zero intensity with the same area taken up by the absorption line. The
equivalent widths of the spectral lines must be measured to calculate the column density and

temperature.
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The spectrum must be normalized (divided by the continuum level) before measuring
equivalent width. Measurement of an equivalent width can be accomplished by fitting a
Gaussian to the absorption line using the standard package Image Reduction and Analysis
Facility (IRAF?!) which returns the line center, equivalent width along with its uncertainty,
and Gaussian Full Width Half Maxima (gFWHMs).

2.4.2. Column Density Calculation. Column density is the number of atoms per
unit area in the line of sight in the initial (lower) transition level that produces an absorption
line. Thus, the column density of a line in a lower state (in cm™2) for each transition

determined from a measurement of the equivalent width is given as:

W)

N " = s
7T FA2(8.853 x 10 13)

2.1)

where 8.853x 10713 ¢m is the classical electron radius, f is the dimensionless oscillator
strength of the transition, W, is the equivalent width of the line in units of c¢m, and J”

represents the lower state.

2.4.3. Fractional Population. The fractional population, %, is the contribution

of each transition to the total population of the gas and is given as:

Ny 2J"+1 —thJI;'(J”H)
= T

= e , (2.2)

Nlol Qtot
where Q. = % is the total partition function of a diatomic molecule, k is the Boltzmann
constant, 7 is the temperature, 4 is the Planck’s constant, c is the speed of light, B = # is

the rotational constant in cm™!, and 7 is the moment of inertia about the center of mass of

the rotating diatomic molecule.

ITRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association
of Universities for Research in Astronomy, Inc., under a cooperative agreement with the National Science
Foundation.
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2.5. TEMPERATURE DETERMINATION FOR THE INTERSTELLAR GAS

2.5.1. Model Fits to the Spectral Absorption Lines. The FITROT model that
calculates the rotational temperature of infrared spectral observations was applied to model
the interstellar CO absorption lines. The model is written in Interactive Data Language
(IDL) and was initially developed at NASA Goddard Space Flight Center. Spectral regions
containing the absorption lines were selected to fit the model to the observed spectra.
Because a Gaussian line profile better describes the absorption lines, models were convolved
to a Gaussian profile line shape. The FITROT model simultaneously fits all the selected
absorption lines and is sensitive to baseline fit over 1 to 2 orders. The model is compared to
the data through a correlation coefficient £, the difference between the model and the data.
The total column density corresponding to the best-fit temperature is computed from the
retrieved column densities of each absorption line at the best-fit temperature. It was assumed

that the gas was in local thermodynamic equilibrium and optically thin.

AT

Figure 2.4. FITROT best-fit temperature model to SR 24S spectra. The data consists of
combined orders 220, 221, and 222 of the SR 24S spectra. The blue color indicates the
pixels (lines) selected, the black is the data, and the red is the model.

2.5.2. Linear Least Square Method of Determining the Gas Temperature . An

estimate of the rotational excitation temperature can be obtained by examining the quantity

NJ//

described in Equation 2.2.
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Table 2.2. FITROT Results

Source Order? Tran. Tror N;ot 4
(K) (x10'7 cm™2)

VSSG 1 220 & 221 R4-Ry, P;-P3 22+3 | 922+049 |0.86
222 Rio-Rs 1685 | 18.9+1.9 | 045
GY 33 220 & 221 R4-Ro, P; - P3 56+12| 36.5+39 |0.57
222 & 219 R;o-Rs, Ps-Pg 15430 | 90.7+4.8 | 0.80
SR 24S | 220,221 & 222 | Ri0-Rs, R4-Ry , P;-Ps 69i§0 20.1+1.0 |0.56
GY 235 220 & 221 R4 -Ry, P - Py 24t9 18.1+1.8 |0.79
WL 20E 220 & 221 R4 - Ry, P;-P3 19th 18.1+£22 | 0.66
WL 4 220 & 221 R4-Ry, P;-P3 22*] 244+25 |0.77
WLY 251 220 & 221 R4-Ro, P;-P3 22*] 157+1.6 |0.81
WLY 2-54 | 220, 221 & 222 | R7-Rs, R4-Rg, P;-Py4 3125 28.7+27 |0.89

¢ Order 219: 2.36 - 2.37 um; order 220: 2.35-2.36 um; order 221: 2.34 - 2.35 um; order 222:
2.32-2.34 um.

Assuming local thermodynamic equilibrium (LTE), the excitation temperature can be
determined by fitting the derived column densities from the Boltzmann equation. Equation

2.2 can be written as:

Ny» N, heBJ"(J" +1

M2 Ot kT

Assuming the excitation temperature is constant, the above equation is linear. The term
In (g;”) is a constant; the term on the right-hand side is the ratio of rotational energy of
the state, E;~ (in Joules), to the thermal energy, kT. Thus, Eq. 2.3 becomes In ( i ) =

2J"+1

_Eyp

—% + constant, which is an equation of the form y = mx +b, where x = E"' , b=

In (g’“’) and the slope m = —% . Hence, by fitting a first-order polynomial to a plot of
In (2]]\’/{:1) vs ——, the negative reciprocal of the slope will yield the temperature of the gas.
If a straight line does not represent the plot of the above equation, this could be due to optical
depth effects or due to possible variation in the temperature or excitation mechanism within

the emitting medium (e.g., Kwok, 2007).
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NJH

The uncertainty on the quantity, In (2 NS

), can be determined using the general equation of
the form x = aln(bu) whose uncertainty is given by oy = %o’u. Thus, the uncertainty on the
above quantity is given as: [m] on,,. The correlation coefficient, £ (an indicator of
the goodness of fit), and the uncertainties on the temperature were derived from a linear

least-square curve fitting program LINEST; the value of £ close to 1 shows a good fit of the

model to the data.
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Figure 2.5. Temperature determination for SR 24S using the Linear Least-Square technique.
The data consists of combined orders 220, 221, and 222 of the SR 24S spectra.
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Figure 2.6. Temperature determination for GY 33 using the Linear Least-Square technique.
The same as Fig. 2.5 but for GY 33 indicating that low-J transition lines having higher slope

(colder temperature) and high-J transition lines have lower slope (hotter temperature).

Table 2.3. The derived Temperatures using Linear Least Squares fits

EJ//

Source | Tran. W, In (%) i Tror
(X 107° pm) (K)
VSSG1 P, 5.80 £ 1.13 | 40.05+ 0.20 | 5.59
P> 5.22+1.27 ]39.26 £+0.24 | 16.77
Ps3 334 +1.10 | 3842 +0.33 | 33.53
R4 289+ 1.33 | 37.74 £0.46 | 55.89

Continued on next page
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Table 2.3 The derived Temperatures using Linear Least Squares fits (cont.)

EJN

Source Tran. W, In (%) s T,.: 4
(x 1070 pm) (K)
R3 4778 £1.00 | 38.46+0.21 | 33.53
R, 125+ 1.1 | 39.72+0.09 | 16.77
R, 6.36 + 1.01 | 39.45+0.16 | 5.59
Ro 7.07 +1.19 | 40.25 +0.17 | 0.00
2243 1096
Rig | 6.98+2.01 |37.79+0.29 | 307.39
Ro 6.07 +1.94 | 37.74 +0.32 | 251.50
Rg 854+ 121 |3820+0.14 | 201.20
R7 9.06 +4.80 | 38.38 +0.53 | 156.49
Rg 879+ 1.47 | 3849 +0.17 | 117.37
Rs 8.61 +1.55 |38.63+0.18 | 83.83
236+3) | 0.96
WLY 2-54 | P, 148 +13 | 40.99 +0.09 | 5.59
P, 132+13 | 40.18+0.10 | 16.77
P; 125+ 1.1 | 39.74 +0.08 | 33.53
P, 6.74 +1.19 | 38.82+0.18 | 55.89
R4 120£2.0 |39.16+0.17 | 55.89
R3 154 +1.5 39.63 +0.10 | 33.53
R, 202+ 1.5 |40.20+0.07 | 16.77
R, 162+12 | 40.39+0.07 | 559
Ro 13.6 £1.2 | 40.91 +0.09 | 0.00
R; 522+191 |37.83+0.37 | 156.49
R 8.84 +1.24 | 38.50+0.14 | 117.37

Continued on next page
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Table 2.3 The derived Temperatures using Linear Least Squares fits (cont.)

EJN

Source Tran. W, In (%) s T,.: 4
(X 107° gm) (K)
Rs 13.6+1.6 | 39.09+0.12 | 83.83
54*¢ 1 0.94
GY 33 P, 172 +4.6 | 41.14+0.27 | 5.59
P, 157 +4.1 | 40.36+0.26 | 16.77
P; 16.8 £5.1 | 40.04 +0.31 | 33.53
R4 19.7+3.5 | 39.66 +0.18 | 55.89
R; 16.7+29 |39.71 +0.17 | 33.53
R, 242 +3.6 |4038+0.15| 16.77
R; 13.0+3.0 |40.17 +0.23 | 5.59
Ro 143 +38 | 40.95+0.26 | 0.00
43+ 1 0.83
Ps 33.9+9.5 | 40.24+0.28 | 83.83
Ps 245+38 |39.74+0.16 | 117.37
P; 37.1+73 | 39.76 £0.20 | 156.49
Pg 20.1 +3.8 | 39.27 +0.19 | 201.20
Py 220+6.5 |39.25+0.30 | 251.50
Rip |244+68 |39.04+0.28 | 307.39
Ro 154+35 | 38.67+0.23|251.50
Rg 39.1+7.7 | 39.72+0.20 | 201.20
R; 40.6+6.1 |39.88+0.15| 156.49
R 449 +45 | 40.12+0.10 | 117.37
Rs 66.1 +7.3 | 40.67+0.11 | 83.83

Continued on next page




Table 2.3 The derived Temperatures using Linear Least Squares fits (cont.)

EJN

Source Tran. W, In (%) s T,.: 4
(x 1070 pm) (K)
144*28 1 0.89

SR 248 P, 6.66 +1.09 | 39.50 +0.16 | 16.77

P; 8.68 +1.36 | 39.38 +0.16 | 33.53

P, 9.51+2.24 | 39.17 +0.24 | 55.89

Ps 507 +1.28 | 3834 +0.25 | 83.83

R4 6.41 +0.84 | 38.54+0.13 | 55.89

R3 8.27 +1.06 |39.01 +£0.13 | 33.53

R, 922+ 1.74 | 39.41+0.19 | 16.77

R; 743 +1.03 | 39.61 £0.14 | 5.59

Ro 449 +2.02 | 39.80 +0.45 | 0.00

Ro 442 +133 |37.43+0.30 | 251.50

Rg 6.39 +2.18 | 37.90 + 0.34 | 201.20

R7 6.08 + 1.10 | 37.98 +0.18 | 156.49

R 9.33 +1.37 | 38.55+0.15 | 117.37

Rs 11316 |3890+0.15 | 83.83

113*13 1 0.95

GY235 | P 128+ 1.6 | 40.84 +0.13 | 5.59

P, 129+ 1.4 | 4017 +0.11 | 16.77

P; 8.19+2.07 |39.32+0.25 | 33.53

R4 5.43 +2.51 | 3837 +0.46 | 55.89

R3 9.79 +1.89 | 39.18 +0.19 | 33.53

R, 120+ 1.8 | 39.68 +£0.15 | 16.77

R; 9.49 + 1.84 | 39.85+0.19 | 5.59

Continued on next page
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Table 2.3 The derived Temperatures using Linear Least Squares fits (cont.)

EJN

Source Tran. W, In (%) s T,.: 4
(x 1070 pm) (K)
Ro 132+23 | 40.87 +0.18 | 0.00
24*3 1093
WL20E | P, 162+24 | 41.08+0.15 | 5.59
P, 9.00 +2.02 | 39.81 +0.23 | 16.77
P; 7.83 +2.48 | 39.28 +0.32 | 33.53
R4 3.97 +1.42 | 38.06 +0.36 | 55.89
R3 8.88 £2.24 | 39.08 +0.25 | 33.53
R, 18.7 24 | 40.12+0.13 | 16.77
R; 115+ 1.8 | 40.05+0.16 | 5.59
Ro 127+ 1.8 | 40.84 +0.14 | 0.00
2075 | 0.95
WL 4 P, 154+29 | 41.03+0.19 | 5.59
P, 126 +2.1 | 40.14 +0.17 | 16.77
P; 125+29 | 39.74 +0.23 | 33.53
R; 128 £2.5 | 39.44 +0.20 | 33.53
R, 202+2.8 |40.20=+0.14 | 16.77
R 128 +1.9 | 40.16 +0.15 | 5.59
Ro 149+23 | 41.00 +0.15 | 0.00
26*% | 0.88
WLY 2-51 | P, 123+1.0 | 40.80+0.08 | 5.59
P, 827 +1.18 |39.72+0.14 | 16.77
P; 738 +1.43 |39.22+0.19 | 33.53
Ry 4.05+1.45 | 38.08 +0.36 | 55.89

Continued on next page
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Table 2.3 The derived Temperatures using Linear Least Squares fits (cont.)

N, E
Source | Tran. W, In (ﬁ) = T, 4

(X 1076 pum) (K)

R3 843 +1.07 |39.03+0.13 | 33.53
R, 11.6 £ 1.0 39.64 £ 0.09 | 16.77
R; 10.1 £ 1.0 3991 +£0.10 | 5.59
Ro 103+14 40.63 £0.13 | 0.00

23+3 | 0.96

2.6. RESULTS

The spatial resolution of the interstellar gas is a pencil beam. On a much larger
scale, the gas temperature and column density can be investigated using J=1-0 transitions of
12CO (optically thick) and '*CO (usually optically thin), respectively, from the single-dish
COMPLETE survey (Ridge et al., 2006). At a resolution of 40 ”, nearly all '>CO emission
lines are self-absorbed by a cold foreground layer. Lower limits to the brightness temperatures
range from 11-33 K.

Rotational temperatures for the interstellar gas were derived from the spectra of eight
YSOs and correlate well with the distribution of cold dust and the photodissociation region.
However, for some sources, the FITROT model could not fit all orders of the spectrum with
a single temperature. This could be due to a possible temperature gradient, which we can
model as a two-layered gas (hot and colder) in front of the star. The results from FITROT
are presented in Table 2.2, and the results from the least-squares analysis (/Is) are given in
Table 2.3. Figures 2.4 and 2.5 show the FITROT and the /s output for SR 24S and Figure 2.6
shows the least-squares analysis output for GY 33. The locations of these objects relative to
cold dust emission are shown in Fig. 2.7. Table 2.4 indicates the summary of the rotational
temperatures derived for the foreground gas from the two methods along with the effective

temperature of the YSOs by Sullivan et al. (2019).



Table 2.4. Summary of the derived excitation Temperatures

Source | Tege K)* | Order” | Trrrror (K) | Tuis (K)
VSSG1 |[4370+300 | 220 & 221 22+3 22
222 1685 | 236 %]
GY33 | 4220+20 | 220&221 5612 | 43*°
219 & 222 15438 | 14438
SR24S | 4900 +80 | 220,221 &222 | 69*% 113+
WLY 2-54 — 220,221 & 222 31D 54+
WLY 2-51 | 4660 + 230 | 220 & 221 22*] 23+3
WL 20E | 4840 + 60 220 & 221 19+ 20"
WL4 [ 326020 | 220 & 221 22*] 26*%
GY 235 | 3360+20 | 220 & 221 24%) 24

28

Notes: Tiis is the excitation temperature determined from the linear least square method, and
TrrtROT 1S the temperature determined using the FITROT model.

¢ Effective surface temperature of the sources are from Sullivan et al. (2019)

b Order 219: 2.36 - 2.37 um; order 220: 2.35-2.36 um; order 221: 2.34 - 2.35 ym; order 222:
2.32-2.34um.

The temperatures derived from each source using the two methods generally agree
within 30. The difference in temperature between the two methods is higher for orders
corresponding to higher P and R lines (orders 219 and 222) because the detected lines in
these orders are weaker. In all the sources, the total column density derived from the (/ls)
method is higher than that obtained from FITROT. Even though it is not clear as to why
these differences arise, in all cases, the correlation coefficient from the (Ils) method is higher
than the correlation coefficient from FITROT model. It can be noted that both methods
depend on the baseline of the data (i.e., how well the spectrum is normalized). The column
densities inferred from the integrated intensities of the single-dish '*CO observations are
well-correlated with the values derived from both methods. The sole exception is the column
density toward GY 33, which is the lowest in the single-dish observations and highest in the
pencil beam. One explanation is that the dense molecular gas is very compact around GY

33, and the column density is diluted by the larger beam of the single-dish observations.
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2.6.1. Notes on Individual Sources. Most sources were only detected in the low R-
and P- branch (order 220 and order 221) lines, but VSSG 1, SR 24S, and GY 33 displayed
higher R- and P- branch lines (order 219 and order 222) from warmer gas.

2.6.1.1. WLY 2-54. In terms of evolutionary state, this object is Stage I, as it has
finished its main accretion phase, and most of the material has centralized (Sullivan et al.,
2019). The spectrum of WLY 2-54 does not show any photospheric absorption lines, and it
served as a reference against which we compared the interstellar absorption line features
in the other sources. The /ls method of determining temperature yields 54i2 K, and is
consistent with the temperature derived using the FITROT model, which is 3 1‘35 K. It should
be noted, however, that the correlation coefficient for the Ils fit is slightly higher (0.94) than
that of the FITROT (0.89), thereby indicating that the temperature determined from the //s
method is more accurate. This source’s spectrum also shows Br y emission at 2.166 ym
indicative of accretion characteristic of Stage I evolution objects; infalling material from
an accreting disk follows magnetic field lines and experiences thermal shocks as it hits the
stellar photosphere. The shock releases energy that heats the surrounding material of the
star and creates an emission spectrum. The spectrum of this source also shows molecular
hydrogen emission at ~2.223 ym and ~2.122 um, most likely from shocked local material
due to outflows into the surrounding interstellar medium.

2.6.1.2. WLY 2-51. This source is in Stage I evolutionary state since it has almost
finished accreting matter (Sullivan et al., 2019). The effective temperature of this source,
as measured by Sullivan et al. (2019), is 4660 K + 230 K. The temperature derived for
the foreground gas at the location of this source using the /ls method is 23 + 3 K. This
temperature is consistent with what is retrieved using the FITROT model, 22t§ K. The fact
that the interstellar lines were not identified in the higher transitions may indicate that any

higher temperature gas has a low column density.
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Figure 2.7. High column density cold dust map in the main cloud L1688 at 4 = 1.3 mm.
The map indicates locations of the sources in the main cloud L1688. The triangle and circle
symbols represent Stage I objects, and the diamond symbols are for Stage II objects. The
figure is adapted from Ossenkopf et al. (2008).

2.6.2. SR24S. The SR 248S is in a binary system with a secondary companion
SR 24N. The companion SR 24N is also a binary containing SR 24Na, and SR 24Nb
(Mayama et al., 2010). It is in Stage II evolutionary state as the infalling envelope of material
surrounding it is completely cleared. The temperature of this source, as determined by
Sullivan et al. (2019), is 4900 K + 80 K. The radial velocity derived for SR 24S from the
1ISHELL infrared data by Sullivan et al. (2019) significantly differs from the value derived
from optical data in a different epoch by Rigliaco et al. (2016). Such a large variation in
radial velocity value is too large to be due to interactions with SR 24N, but instead, the

SR 248 itself could be binary as well (Sullivan et al., 2019).
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For SR 24N, the interstellar lines detected in a few orders looked very noisy and
blended with other photospheric absorption lines, and thus, we decided not to include them
in our analyses. The temperature derived for SR 24S from the lis method is 1137} K is
higher than that derived from the FITROT model, which is 69f§0 K. However, the correlation
coeflicient from the /ls method (0.95) is significantly higher than that from the FITROT,
which is 0.56. Thus, the temperature obtained from the FITROT is possibly underestimated.

’”

It is worth noting that the transitions P4 and R4 have the same energy, %, and thus they

NJ//

W) Thus, as seen from Table

are expected to have the same column density value, In (
2.3, the two transitions have a similar column density within their respective measurement
uncertainties. There is Bry emission in the spectrum of this source, indicating accretion.
A molecular hydrogen emission at ~ 2.122 um indicates shocks and winds as a heating
mechanism for the local material.

2.6.2.1. VSSG 1. This source is in a Stage II evolutionary state and is west of the
high dust column density region (Fig 2.7). The temperature estimate of this source, as
measured by Sullivan et al. (2019), is 4370 K % 300 K. The plot of In (%) vs B2 for
low-J transition, interstellar absorption lines at the location of this source have a relatively
steeper (higher) slope, giving a colder temperature. However, the plot has a lower slope for
higher-J transition absorption lines (order 222), giving hotter temperatures. This indicates
that there is a two-layered gas (hot and cold) in front of the YSO or a temperature gradient,
and as such, the measurements from all orders for this source cannot be fitted with a single
temperature value. The temperature derived using the /Is method from the low-J transition

absorption lines is 22 + 2 K, which agrees very well with the temperature obtained using

the FITROT model 223 K. The temperature derived from higher-J transition absorption

lines using the IIs method is 236*37

K. This temperature overlaps with the upper limit
of the temperature 168t§£ K derived from the FITROT model. However, the correlation
coefficient of the /s (0.96) is much higher than that of the FITROT (0.45), thereby making

the temperature derived from the former more reliable.
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It is worth noting that the hot gas column densities are higher than that of the cold gas. A Br
v emission is identified in the spectrum of this source, indicating accretion, and there is no
indication of wind as a heating source for the surrounding material.

2.6.2.2. GY 235. In terms of the evolutionary state, this is the Stage I object. This
source is relatively cool, with an effective temperature estimate of 3360 + 20, as determined
by Sullivan et al. (2019). The temperature derived from these low-J transition absorption
lines for the surrounding cloud using the //s method 24t§ K is consistent with the temperature
obtained from the FITROT model, which is 24“:2 K. The spectrum of this source shows Br y
emission, indicating accretion, and molecular hydrogen emission at 2.122 ym, indicating
shock as a heating mechanism.

2.6.2.3. WL 4. This source is a Stage I object in terms of evolutionary state. Like
the GY 235, this source is also known to be a cool star with a temperature estimate of the
source itself 1s 3260 K + 20 K (Sullivan et al., 2019). The temperature derived from the
lower-J transition absorption lines using the /ls method is 26t§ K, while the temperature
derived using the FITROT, which is 22f75 K. These temperatures overlap their respective
measurement uncertainties.

2.6.2.4. GY 33. This is a Stage I source in terms of evolutionary state. Like VSSG
1, this source is also located west of the high column density cold dust (Fig. 2.7), and its
temperature estimate, as determined by Sullivan et al. (2019), is 4220 K + 20 K. The data
from the low-J transition absorption lines tend to have a steep slope (lower temperature)
in the /ls method. In contrast, the high-J transition absorption lines give a flatter slope
predicting higher temperatures (Fig 2.6). The temperature derived from the lower-J transition
absorption lines using the //s method is 43fé6 K, which overlaps with the temperature derived
from FITROT, which is 56 + 12 within their respective measurement uncertainties. However,
the correlation coefficient from Ils (0.85) is higher than that of FITROT (0.57), making the

temperature derived from the /ls more reliable.
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The temperature derived from the higher-J transition absorption lines using the /ls
method is 144381 K, while the temperature derived from FITROT model is 154’:523 K. These
temperatures overlap within their measurement uncertainties. The correlation coefficient
from the Ils (0.89) is comparable with that from the FITROT model, which is 0.80. As with
the VSSG 1 source, the column density is higher for hotter gas than the colder.

2.6.2.5. WL 20E. This is a Stage I source in terms of evolutionary state. The
temperature estimate of this source, as measured by Sullivan et al. (2019), is 4840 + 60
K. WL 20E is in a wide binary system with a companion WL 20W (Ressler and Barsony,
2001). However, like SR 24N, the interstellar lines detected in a few orders for WL 20W
were noisy and looked blended with photospheric lines, and thus, we did not include them
in our analyses. The temperature derived for WL 20E from the low-J transition absorption
lines using the /ls method is 20‘3 K agrees with the temperature derived from the FITROT
model, which is 19i§0 K. Again, as was the case for the WL 4 source, absorptions from the
higher P and R branch transitions were undetected.

2.6.3. Sources of Measurement Uncertainties of Temperature. As mentioned
earlier, both methods of determining rotational temperature depend on the normalization of
the spectrum, and errors in the normalization introduce systematic errors. Another thing
we noticed upon comparing the total column density of the lines determined from the
two methods is that the total column density determined by the /s method is higher than
that determined using the FITROT model. Even though it is not evident as to what is the
cause of this discrepancy, in all cases, the correlation coefficient from the /ls method is
significantly higher than that obtained from FITROT model. Thus, the FITROT model might
have underestimated the column density values for each transition. Another thing we noticed
in the measurement of column density from the /Is method is that the column density values
of P; and R, transitions are different. Ideally, since both have the same lower energy, they
are expected to have the same column density value. The oscillator strength value for Py is

about twice that of the R;.
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Since, according to Eq.2.1, the oscillator strength is inversely related to the column density,
the equivalent width of R has to be about twice that of Py for them to have a comparable
column density. However, that is not the case. One possible reason we see such a big
difference in the column density value between the two transitions is that the gas is generally

assumed to be in local thermodynamic equilibrium, which may not be the case.

2.7. DISCUSSION AND SUMMARY

The temperatures and column densities derived for the 8 YSOs can be put into
context with the larger-scale structure of the molecular gas and dust. The location of the
YSOs relative to the warm dust (traced by mid-infrared emission) and cold dust (traced by
1.3 mm continuum emission) are shown in Figs. 1.1 and 2.5, respectively. It is important to
note that apart from SR 248, there is little information with a resolution comparable to our
observations (i.e., with a slit width of 0.75").

2.7.1. Comparisons With Large Scale Structure. The COMPLETE (Coordinated
Molecular Probe Line Extinction and Thermal Emission) survey mapped '>CO (J = 1-0)
and 13CO(J = 1-0) emission lines over the L1688 cloud with 40 ” resolution (Ridge et al.,
2006). With the possible exception of GY 235, all the '2CO lines of sight are optically thick
and self-absorbed. Lower limits to the '>CO brightness temperatures (11-33 K) generally
agree with those derived from the low R- and P-branch lines presented in Tables 2.2 and
2.3, with some exceptions. The CO column densities, proportional to the *CO integrated
intensities from the large beam observations, correlate well with that derived for the colder
gas in Tables 2.2 and 2.3. The exception is GY 33, for which we derive the highest column
density of any source (in both the hot and cold components). This requires the cold CO gas
we are sampling to be very compact with a low filling factor in the larger beam. We note
that the layers of high-temperature gas toward VSSG 1 and GY 33 (~140-240 K) would not

contribute significantly to CO emission lines in the (J = 1-0) transition.
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Relative to the warm dust emission in Fig. 1.1, both VSSG 1 and GY 33 lie in
lower column density western region dominated by Polycyclic Aromatic Hydrocarbon (PAH)
emission heated by HD147889 as represented by IRAC band 4 (green), and this could
account for the warm dust layer we observe. The remainder of the sources lie in the colder
part of the cloud, shielded from external heating. WL 4 is part of a small cluster that appears
to have created a small bubble of warmer dust, but we do not see any effect on the gas
temperature along our line of sight. All but three sources lie in the region of high column
density cold dust (Fig. 2.5), but there does not seem to be any correlation between the cold
dust column density observed with 12” resolution (Motte et al., 1998) and the gas column
density measured in the 0.75 ” beam. The strongest emission sources at A = 1.3 mm are SR
24S (280 mJy), WLY 2-51 (110 mJy), and WL 20E (95 mJy), while our highest gas column
density sources are weak or undetected (Andre and Montmerle, 1994; Motte et al., 1998).
The high-temperature gas that dominates the 0.75 ” beam toward SR 24S (~110 K) is not
evident in the 40 ” beam and may be compact and have a low filling factor. Indeed, ALMA
interferometric observations of SR 24S resolve a circumstellar dust disk with a ~ 0.5” cavity
occupied with small dust grains and the peak of the CO (J = 2-1) molecular emission (Pinilla
et al., 2017). The heating source could be gas shock-excited by the stellar wind, accretion, or
the YSO itself, which, with a K1 spectral type, is the earliest type star in this sample.

In summary, the '2CO temperatures and column densities derived for each YSO
from the /ls and FITROT agree well within their respective uncertainties, with the former
having a higher degree of confidence. Four sources (GY 235, WL 20E, WL 4, and WLY
2- 51) have absorption lines only from the lower R and P branch lines and fit well with a
single temperature ranging from 20-26 K. In contrast, the remaining sources (VSSG 1, GY
33, SR 248, and WLY 2-54) show evidence of a gradient in temperature with the cooler
temperatures derived from the lowest R and P branch lines. We constructed '>CO line
profiles from the COMPLETE survey in a 40” beam (Ridge et al., 2006) along the lines of

sight that include each YSO.
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Except for GY 235, 12CO line profiles from the larger beam COMPLETE survey show
evidence for self-absorption from foreground gas, suggesting that a range of temperatures
along the line of sight may be present. Without more detailed modeling, only a lower limit
to the true column density (column of gas along the line of sight to the surface of the YSO)
from the lower R and P branch lines can be derived. For comparison with other studies,
the '>CO column densities can be converted to hydrogen column densities assuming an
abundance ratio [CO]/[H2] = 1.1 x 10~* (Pineda et al., 2010). The relationship between
hydrogen column density and dust column density has been derived from X-ray observations
of Class ITT YSOs in L1688. It is given by Ny /Ay = 5.6 x 10> cm™2 mag™! for A, <45
mag (Vuong et al., 2003). Assuming a standard extinction law, the visual extinctions derived
from the /ls method of 13, 13, and 17 mag for GY 235, WL 20E, and WL 4 agree reasonably
well with values derived from infrared colors and template matching with dwarf standards
of 9, 16, and 20 mag, respectively, given their uncertainties (Bontemps et al., 2001; Manara
et al., 2015; McClure et al., 2010; Natta et al., 2006). The agreement is poor for WLY 2-51,
with our extinction estimate about a factor of 3 smaller than that estimated from infrared
colors and template matching. This can be attributed to the assumption by the latter of no
excess emission in the J band, which is a poor assumption for a YSO with a flat-spectrum
SED and would lead to an overestimation of A, .

2.7.2. VSSG1 and the Photo-Dissociation Region. VSSG 1 lies within the p
Oph-W PDR excited by the B2V star HD147889. The PDR is traced by H, emission (Habart
et al., 2003), which also correlates with extended 2MASS Ks-band emission, PAH emission
in the ISO LW?2 band and IRAC band 4, and centimeter-wave continuum emission [see
Fig. 3 in Casassus et al. (2018); Arce-Tord et al. (2020)]. The H; emission is excited by
ultraviolet fluorescence and is a cooling line for the PDR from which Habart et al. (2003)

derived temperatures of 300-345 K.
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While the H, map does not show the full extent of the PDR, the PAH emission and centimeter-
wave emission indicate it extends further south to include VSSG 1 (e.g., Fig. 2.1). The ~240
K we derive for VSSG 1 is consistent with this association.

2.7.3. Winds and Accretion. Ignoring the hot gas layer observed toward two
sources, the warmest CO gas (54 - 110 K) observed in the 0.”75 beam is toward SR 24S
and WLY2-54. Both of these YSOs show evidence of emission lines from ionized hydrogen
and shocked molecular hydrogen. This suggests accretion and/or stellar winds could be
responsible for heating the CO gas along these lines of sight. Conversely, GY 235 and VSSG
1 also show evidence for winds and/or accretion that has had little or no effect on the gas
temperatures we derive. The effective temperatures of the YSOs seem to have little effect on

the gas temperatures apart from SR 24S.
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ABSTRACT

We report production rates of H,O and nine trace molecules (C,Hg, CHy4, H,CO,
CH30H, HCN, NHj3, C>H,, OCS, and CO) in long-period comet C/2020 S3 (Erasmus) using
the high-resolution, cross-dispersed infrared spectrograph (iISHELL) at NASA-IRTF, on
two pre-perihelion dates at heliocentric distances Ry, = 0.49 and 0.52 AU. Our molecular
abundances with respect to simultaneously or contemporaneously measured H>O indicate that
S3is depleted in CH3OH compared to its mean abundance relative to H,O among the overall
comet population (OCCs and JFCs combined), whereas the eight other measured species
have near-average abundances relative to H>O. In addition, compared to comets observed at
Rj; < 0.80 AU at near-infrared wavelengths, S3 showed enhancement in the abundances of
volatile species HyCO, NH3, and C,H; indicating possible additional (distributed) sources
in the coma for these volatile species. The spatial profiles of volatile species in S3 in
different instrumental settings are dramatically different, which might suggest temporal
variability in comet outgassing behavior between the non-simultaneous measurements. The
spatial distributions of simultaneously measured volatile species Co;Hg and CH4 are nearly
symmetric and closely track each other, while those of CO and HCN co-measured with H,O
(using different instrument settings) are similar to each other and are asymmetric in the
anti-sunward direction.

Keywords: comets, Near Infrared, comae

1. INTRODUCTION

Comets are among the small bodies stored in the outer reaches of our solar system.
Having experienced minimal alteration from gravitational self-heating, thermal processing,
or radiative processing (e.g., DiSanti et al., 2017), their internal compositions are likely to

have changed minimally since the formation of the solar system (~ 4.5 Gyr ago).
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Thus, comets likely retain a compositional record of the protoplanetary disk midplane
during planet formation (Bockelée-Morvan et al., 2004; DiSanti et al., 2017; Mumma and
Charnley, 2011). Comet C/2020 S3 (Erasmus; hereafter, S3) was discovered by Nicolas
Erasmus of the Asteroid Terrestrial-Impact Last Alert System (ATLAS) on UT 2020
September 17. S3 reached perihelion (R, ~ 0.4 AU) on UT 2020 December 12 and
was closest to Earth (1.03 AU) on 2020 November 19. The reciprocal semi-major axis
after integrating the orbit backward to a time before any planetary perturbations, 1/ag, is
approximately inversely related to the square of the number of inner Solar System crossings
(A’Hearn et al., 1995). Krolikowska and Dybczynski (2017) analyzed the dynamical
simulation of long-period comets having perihelia farther than 3.1 AU from the Sun. They
showed that all dynamically old comets have 1/ag > 25 x 10~% AU™! (ay < 40, 000 AU).
Thus, with 1/ag of ~ 5 x 1073 AU~! (Nakano Note 4506), S3 is a dynamically old comet that
has previously visited the inner solar system.

Comets such as S3 are from the Oort cloud and therefore have long orbital periods
(Vokrouhlicky et al., 2019). As comets approach the inner solar system, increasing insolation
causes nucleus ices to sublimate. The released volatiles and refractory material (dust dragged
by sublimating gases) lead to an expanding atmosphere (i.e., coma). High-resolution,
near-infrared (NIR) spectroscopy is a valuable tool to characterize the composition of
volatiles (ices) in comet nuclei through the analysis of fluorescent emissions from H,O,
CO, CH4, C,Hg, HCN, NH3, C, H,, H,CO, OCS, and CH3OH in the coma. The nucleus
composition inferred from these studies can also place observational constraints on the
nascent protoplanetary disk midplane where comets formed (Eistrup et al., 2019; Willacy
et al., 2022).

Although our understanding of comet composition has evolved in recent years, the
sample size of ~30 OCCs (dominated by observations at R, > 0.8 AU) is insufficient to fully
represent their compositional diversity, making their classification difficult (Crovisier et al.,

2004; Dello Russo et al., 2016a).
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Due to solar avoidance constraints for daytime observations, OCCs measured at R, < 0.80
AU are particularly limited in number. Thus, our observations of S3 at R, ~ 0.50 AU are
crucial to not only further the development of a taxonomy for comets based on primary
volatile composition but also to investigate possible effects of heliocentric distance on
composition measurements.

We present production rates and abundance (i.e., mixing ratios) with respect to H,O
and C,Hg, measuring eleven molecules having fluorescent emissions between ~ 2.8 and 5.0
um: HyO, C, Hg, H,CO, CH30H, CH4, CO, NH3, HCN, C,H,, NH;, and OCS. In Section
2, we discuss our observations. In Section 3, we discuss our data reduction and analysis. In
Section 4, we present our results. Section 5 discusses our results and places them in the
context of comets characterized to date.

Table 1. The iSHELL observing Log for S3

Setting? Target UT time Tins Slit PA
(minutes) ®)
2020 Nov 29, R;,=0.52 AU, A = 1.10 AU, dA/dt = 18.65 km s~ !
L-custom S3 19:32-20:10 40 273
Lpl S3 20:26-21:05 30 273
BS 5531 - - -
2020 Dec 01, R;,=0.49 AU, A = 1.12 AU, dA/dt = 21.67 km s~
M2 S3 18:11-18:45 40 272
L-custom S3 19:04-20:20 55 272
BS 5531 | 20:52-20:58 - -
M2 BS 5531 | 21:18-21:24 - -
Lpl BS 5531 | 21:31-21:37 - -
S3 21:40-22:10 40 272

Notes: R, A, and dA/dt are the heliocentric distance, geocentric distance, and geocentric velocity
of S3 at the time of observation, respectively, and Tint is the total on-source integration time.
The slit position angle (PA) was oriented along the projected Sun-comet line on both dates.

¢ Spectral setting used to sample molecular lines.
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2. OBSERVATIONS

We observed S3 during the daytime on UT 2020, November 29, and UT December
1 with Director’s Discretionary Time, using the high-resolution NIR echelle spectrograph
ISHELL (Rayner et al., 2022) at the 3-m NASA Infrared Telescope Facility (IRTF) located
at Maunakea, HI. iSHELL is a cross-dispersed infrared spectrometer operating at ~ 1-5 um
wavelengths. For the comet observations, we used the 0.”75 (6 pixels) wide and 15” long
slit. On both dates, we utilized the Lp1 setting, which covers ~3.28-3.66 um, to sample
C,Hg, CH4, H,CO, CH30H, and NH, [plus prompt OH, used as a proxy for the production
and spatial distribution of its parent, H,O; Bonev (2005), Bonev and Mumma (2006) ], and
a custom L-band setting covering ~ 2.80-3.10 um and sampling HCN, C,H;, NH3, NH;
together with H,O. On December 1, we also used the M2 setting, which covers ~ 4.52-5.25
um, to sample CO, OCS, and CN together with H,O. CO and CHy4 have strong corresponding
terrestrial absorptions; therefore, sufficient geocentric Doppler velocity (|dA/dt| ~ > 12
km s~1) is required to shift the cometary emission lines away from the (opaque) cores into
the wings of their telluric counterparts (Dello Russo et al., 2016a). The magnitude of the
geocentric Doppler shift of S3 on the dates of our observations (~ +18 — 21 km s™!; see
Table 1) was sufficient to measure both CO and CHy.

Spectra were obtained using a standard ABBA nod pattern to facilitate sky subtraction,
with A and B beams in the (15” long) slit symmetrically displaced about its center and
separated by half its length. Combining spectra as A-B-B+A canceled emissions from the
thermal background, instrumental biases, and sky emission (lines and continuum) to second
order in air mass. The slit was oriented along the projected Sun-comet direction with a
position angle (PA) of ~ 270° on both dates to compare the release of material into sunward
versus anti-sunward-facing hemispheres of the comet with a solar phase angle of ~60°. To
calibrate fluxes, spectra of the bright infrared flux standard star BS 5531 were obtained,

using a 4” wide slit to minimize slit losses. Our observing log is shown in Table 1.
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On UT 2020 November 29, the standard star spectra acquired using the L-custom
setting were not usable for flux calibration due to bad weather conditions. As a result, for this
date, we computed flux calibration factors (I, W/m?/cm~!/counts/s) from the ratios of their
values measured using the Lp1 setting on both nights and the L-custom setting on UT 2020
December 1 (for which photometric conditions persisted throughout the observing period).
The atmospheric seeing was also relatively poor (~ 1.5”) on November 29 compared to

December 1 (~ 0.5 - 1.0”).

3. DATA REDUCTION AND ANALYSES

We followed data reduction procedures that have been rigorously tested and are
described extensively in refereed literature(Bonev, 2005; Dello Russo et al., 1998; DiSanti
et al., 2006, 2014; Radeva et al., 2010), including their application to unique aspects of
1ISHELL spectra (DiSanti et al., 2017). Echelle orders were straightened spatially and
spectrally so that each row corresponded to a unique position along the slit and each column
to a unique wavelength. Spectra were extracted from the processed orders by summing over
15 rows (approximately 2.5”), seven rows to each side of the nucleus, defined as the peak of
continuum emission in each spectral order. Individual A-B pairs were spatially registered to
correct for potential comet drift during an exposure sequence; however, we note that these
corrections were minimal, owing to active IR guiding via narrowband filter imaging near
3.46 ym.

We determined contributions from continuum and gaseous emissions as previously
described (e.g., DiSanti et al., 2017) and as illustrated in Fig.1. Column burdens of telluric
absorbers were retrieved and quantified using the NASA Planetary Spectrum Generator
(Villanueva et al., 2018). The fully resolved transmittance function was convolved to the
resolving power of the data (~ 4.2 x 10*) and scaled to the comet continuum level. Next, to

isolate cometary emission lines, we subtracted the modeled continuum.
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After correcting each modeled g-factor (line intensity) for the monochromatic atmospheric
transmittance at its Doppler-shifted wavelength (based on the geocentric velocity of the
comet at the time of observation), synthetic models of fluorescent emission for each targeted
species were compared to observed line intensities. The g-factors used in this study were
generated with quantum mechanical models developed for H,O (Villanueva et al., 2012b),
OH* (Bonev and Mumma, 2006), HCN and NH3 (Villanueva et al., 2013), NH, (Kawakita
and Mumma, 2011), C,H; [(Villanueva et al., 2011b), see appendix C], CoHg (Villanueva
et al., 2011b), CH3OH (DiSanti et al., 2013; Villanueva et al., 2012a), H,CO (DiSanti et al.,
2006), CH4 (Gibb et al., 2003), and CO (DiSanti et al., 2001).

o Observed Dec 01 o Observed I%ec 01 A
- Telluric Model @) B Telluric Model ®)
§ Total Fluorescence Model § o Total Fluorescence Model -
£ U | O e S v U Mo
B ' 1 3\ %« J N AN ol A
x | ¥ ¥ J v ¥ 3 A A A A A A
«% l _lll . | '_To‘ g . CH, CH,
5 A (| [ — — -
£ N O ‘ CH,OH

residuals residuals
150 21 2950

Observed Nov 29 N Observed Deco! 3
_of Telluric Model @ 3 Telluric Model %
§ " Iotal Fluo.rescence Model " £ LB Total Fluorescence Model E
E P ot aten, L s e e £ M L
H A A 3

At poo deond b

Al A Aon

IR, ey AL it ]
/ v \/
\ /

: NH FICN- L { E
s=F CH, OH ] LA v
é H,0 @ x) 2 ) H,CO ‘ i - ‘
e ek e e e s
w2
Observed Dec 01 Observed Dec 01
- Telluric Model ) of Telluric Model U
5 Total Fluorescence Model 5 ol _l Total Fluorescence Model E
[ VNS SR S T ¥ B R S hai
2 ! /N e H
N VI Y| A e
A " PR | A 8
OH' NH CH, ¢ = HO,
! o residuals residuals

3045 3040 3035 3080 3485 3460
Frequency fom') Frequency (om’)

Figure 1. Sample spectra and best-fit fluorescent models of molecular emissions in comet
C/2020 S3 (Erasmus) during the observations on 2020 December 01 and November 29.
The observed spectra (black) are superimposed with the telluric model (yellow). The red
is the total fluorescence model overplotted on the telluric subtracted spectra. Individual
fluorescence emission models (color-coded by species) are shown below the observed
spectrum in each panel. The bottom trace indicates the residual spectrum (after subtracting
modeled continuum and total molecular contributions), with the superimposed + 10 stochastic
noise envelope shown in orange.



45
4. RESULTS

We determined rotational temperatures (T,,,), volatile production rates (Q, molecules
s~1), and abundances (or “mixing” ratios), e.g., Qx/Qm,0 or Qx/Qc,H,, and spatial profiles

for volatile species in S3. The details of this analysis are discussed below.

4.1. DETERMINATION OF ROTATIONAL TEMPERATURE

The relative strengths of molecular emission lines are constrained by the excitation
conditions in the coma (e.g., Bockelée-Morvan et al., 2004; DiSanti et al., 2016). The
strengths of these lines are quantified by a rotational temperature (T,,;), which needs to be
known (either measured or assumed) to determine accurate molecular production rates for
each species. When strong lines of a given molecule spanning a broad range of excitation
energies can be measured, Trot is obtained using zero-slope excitation analysis (e.g., Bonev,
2005; Dello Russo et al., 2004; DiSanti et al., 2006). This technique retrieves the rotational
temperature corresponding to a zero slope in F;,./g vs. E,), (or Ey,,), where F;,, is the
observed line flux, g is the temperature-dependent fluorescent g-factor, and E,,, is the upper
(lower) state rotational energy of each measured transition (emission line). In S3, H,O,
CyHg, HCN, CH30H, CO, and H,CO provided a sufficient number of lines having high
S/N and spanning a wide range of rotational energy to obtain a well-constrained T,,;. As
indicated in Table 2, the rotational temperatures determined from these species on both
dates are consistent within their 1-o uncertainties. For CH4, Co,H,, NH3, and OCS, accurate
rotational temperatures could not be determined, so we assumed the value for H,O from
the same date. This assumption is reasonable, given the consistency among rotational
temperatures determined from different species (see Table 2; assumed T,,; values are given

in parentheses).
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4.2. MOLECULAR PRODUCTION RATES

Nucleus-centered molecular production rates, Q,,, are obtained from the line fluxes
measured from an extract of 15 spatial rows (as defined in section 3). In our analysis,
emission lines are selected if they are not strongly blended with other species and are in
regions of adequate atmospheric transmittance. For a given emission line, Q,. is obtained
by applying a coma model that assumes a spherically symmetric gas outflow with uniform

velocity and direct nucleus release (e.g., DiSanti et al., 2016, 2014):

_ 4nANFine

O Fomer .

where 71(s) is the molecular photo-dissociation lifetime at R;, =1 AU, g1 (W molecule™) is
the fluorescence g-factor at R, = 1 AU, A (m) is the geocentric distance, and F;,, (W m~2)
is the line flux at the top of the terrestrial atmosphere. The photodissociation timescales of
each molecular species and the fluorescence g-factors (given at R, = 1 AU) are scaled to the
heliocentric distance of our observations using the heliocentric dependence of each quantity
(e,7=1 R%, g =g1R72, where the subscript “1” refers to values at Rj, = 1 AU). The quantity
f(x) is the fraction of the total number of molecules in the coma encompassed by the beam,
assuming their release is entirely from the nucleus, and includes the R; dependent molecular
scale length, /, given as [ =VgaS(Rh=1AU)TlR}Z'5 (e.g. DiSanti et al., 2016). The molecular
lifetimes used in our analyses are determined using the molecular photodissociation rates
in the solar radiation field at R, = 1 AU as provided by Huebner and Mukherjee (2015).
The gas outflow velocity from the nucleus, vgqs = 800 x R;%>m s™!, is assumed based on
velocity-resolved observations of bright comets at radio wavelengths (e.g., Biver et al., 2006).
This quantity is not measured directly from our observations since the spectral resolving
power (~ 4.2 x 10%) corresponds to a velocity resolution of ~7 km s~! and is thus insufficient

to resolve spectral lines and hence gas outflow velocities.
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This assumption of the canonical value of v, introduces a systematic uncertainty in
the production rates; however, this has a negligible effect on our derived abundance ratios
(Dello Russo et al., 2020).

Compared to the coma model, slit losses due to atmospheric seeing lower the fraction
of molecules within nucleus-centered extracts. As a result, production rates derived from
nucleus-centered extracts are underestimated. A multiplicative correction factor known as
the growth factor (GF) is applied to the Q,. (e.g., Dello Russo et al., 1998, 2020; DiSanti
et al., 2001) to compensate for these effects. Thus, the total production rate, Q;,,, is given
by Q;or = (Qc)GF. The GF is determined through the Q-curve method for analyzing the
spatial profiles of emissions (Bonev, 2005; Dello Russo et al., 1998, 2020) by averaging
signal (summed over multiple lines) from equidistant, diametrically opposite directions
along the profile relative to the position of peak emission intensity (DiSanti et al., 2016).
We could not calculate a well-constrained GF for some molecules owing to insufficient
signal-to-noise ratios in the wings of the profiles (i.e., along lines-of-sight increasingly
displaced from the position of peak emission intensity). For these molecules (e.g., CH;0H,
H,CO, NH3, and C,H3), we assumed the GF of either simultaneously measured C,Hg (for
those obtained within the Lp1 setting) or H,O (for those obtained with the L-custom setting).
For CH30H and H,CO, the assumption of a GF from C,Hg is reasonable, given that their
spatial profiles, while noisy, are consistent with nucleus-centered sublimation (Fig. 2). In
addition, seeing-related flux losses are a common systematic effect for all molecular species
sampled within a given spectrograph setting. Therefore, they will influence the GF (within a
setting) in an identical manner (e.g., Bonev et al., 2021; DiSanti et al., 2014; Villanueva
et al., 2012a). Production rates for all the species and their mixing ratios relative to water

(and ethane) are presented in Table 2.
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4.3. MOLECULAR MIXING RATIOS

The compositional taxonomy of comets is based on the measurements of mixing
(or abundance) ratios for molecules (DiSanti et al., 2021), usually calculated with respect
to H,O (the most abundant molecule in active comets) and are expressed as the ratio of
the total production rate of a given molecule to that of HyO (Qx/Qp,0). H2O is usually
observed simultaneously (within the same instrument setting) or contemporaneously (during
the same observing block) as the other molecules. The uncertainty in the mixing ratio is
calculated considering the uncertainty due to the GF and the stochastic noise or standard
error (depending on which one is higher). The uncertainty due to the conversion factor
between measured counts (ADU sec™!) and flux density (Wm™2cm™"), ', is also included
if the species being considered were observed using a different instrument setting. Since
ethane (C,Hg) 1s routinely measured in the comae of comets at high SNR, it has recently
been used as an alternative compositional baseline molecule for calculating mixing ratios
to extend the chemical taxonomy of parent volatiles in comets (e.g., Bonev et al., 2021,
& references therein). In the case of S3, C,Hg was observed on both dates using the Lpl
setting. The mixing ratios (with respect to HyO and C,Hg) of the molecules we targeted

during our two nights of observations are given in Table 2.

4.4. SPATIAL PROFILES

Studies of coma molecular emission intensity along the slit (spatial profiles) can
provide information on the association of volatiles in the comet nucleus and how they are
released into the coma (Dello Russo et al., 2004, 2020). Comparing profiles of co-measured
volatiles and dust provides information regarding the release and outflow of material in the
coma (e.g., Dello Russo et al., 2004). Such comparisons can also disentangle direct release
from the nucleus versus potential distributed sources in the coma (Brooke et al., 2003; Dello

Russo et al., 1998, 2016a; DiSanti et al., 2001).
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We extracted emission profiles for HO, OH* (OH prompt emission, a proxy for H,O
production rate and spatial profile), CH4, NH;, HCN, CH30H, H,CO, and C,Hg in S3 on
both dates. We also generated spatial profiles for H,O, CO, and CN from the M2 setting on
UT 2020 December 1 (see Figs. 2 and 3).

An important caveat in the interpretation of spatial profiles is that the iISHELL slit
is 15” long. When nodding on-chip, the A- and B-beams are separated by 7.5” (half the
slit length, see Section 2). Therefore, if the comet’s emission extends beyond about 3.75”
from the nucleus, taking an A-B will result in the subtraction of some flux in the extended
wings of the profiles. The broader the emission spatial profile, the more significant this
self-subtraction will be. Also, some flux may be lost outside the slit for molecules that
exhibit a substantial offset relative to the dust continuum since the telescope was tracking
on the optocenter during our observations. In the discussion below, most molecules have
sufficiently narrow profiles (FWHM < 3”) and small (< 0.5”) offsets to not be significantly
affected by self-subtraction. The exceptions are species such as CN in the M2 setting and
H,0 and OH" in the L-custom setting (those with high offset toward anti-sunward direction
and showing highly extended profiles). The variation in OH*, NH,, and H,O profiles among
the different dates and settings imply that S3 was exhibiting complex and variable outgassing
behavior on relatively short timescales. For this reason, we limit the discussion of the spatial
profiles to simultaneously observed molecules for each setting separately.

4.4.1. Lpl. Using the Lpl setting, we obtained the spatial profiles of C,Hg, CHa4,
CH3OH, H,CO, NH,, and OH* on both dates (Fig. 2). The spatial profiles of the apolar
molecules C,Hg and CHy4 (Figs. 2a and 2b) exhibit similar profile shapes and peak positions.
While the profile shapes are also very similar to the co-measured, nearly Gaussian-shaped
dust profile, there was a slight shift of the gas profiles toward the anti-sunward direction on

November 29 that was not present on December 1.
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Symmetric spatial distributions and a similar profile shape to the co-observed dust for
these apolar species were noted by Villanueva et al. (2011a) in comet C/2007 W1 (Boattini),
by DiSanti et al. (2021, 2014) in comets C/2018 Y1 (Iwamoto) and C/2009 P1 (Garradd)
as well as by Bonev et al. (2017) in comet C/2006 W3 (Christensen) suggesting that these
apolar hydrocarbons may have been released primarily from the nucleus.

The spatial profiles of the polar species CH30H and H,CO [Fig. 2 (e) and (f)],
as well as the product species of polar molecules, OH* and NH, (Fig. 2 c and d), are
consistent with each other on both dates. They are slightly narrower than the profiles of the
apolar molecules and shifted more toward the anti-sunward direction with respect to the
co-observed dust profile, with a slightly higher shift on November 29. As discussed in the
next section, NH; could be produced by fluorescence and prompt emissions, though as we
noted in section 4.4.2, most of the lines used in the spatial analysis of NH, are of lower
rotational states for which prompt emission is expected to be insignificant.

4.4.2. L-custom. HCN, OH, and NH, were co-measured with H,O on both dates
using the L-custom setting. They all exhibited asymmetry in the anti-sunward direction
as well as comparable and significant anti-sunward offsets relative to the dust [see Fig. 3
(a)-(d)]. On December 1, the spatial profiles for all species were broader than on November
29, similar to the pattern seen in the Lp1 spatial profiles [Figs. 2 and 3 (c¢) and (d)]. We
note that OH* (prompt emission), which tracks the distribution of H,O, occurs generally at
wavenumbers less than ~ 3410 cm™! (corresponding to higher rotational quantum numbers).
Combined OH (fluorescent emission) and OH* (prompt emission) are expected for lines at

larger wavenumbers (lower rotational excitation).
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Figure 2. Simultaneously measured spatial profiles on 2020 November 29 [(a), (c), and (e)]
and December 1 [(b), (d), and (f)] using the Lp1 setting. The slit was oriented along the
Sun-comet direction of ~ 272°, and a favorable phase angle of ~61° on both dates. To ensure
uniform spatial registration for all targeted molecular species, the peak of the continuum
profile (black-dashed line) is taken to define the nucleus position. The vertical error bars
indicated for each volatile species represent + 1o stochastic noise.

Compared to the OH* spatial profiles from Lp1, the L-custom OH profile exhibited
a greater anti-sunward offset on both dates and was flatter in the anti-sunward direction
on December 1, extending well beyond the edge of the slit. Such dramatically different
outgassing behavior from simultaneously observed water, coupled with the fact that our
prompt emission model does not fit the low-J OH emission lines well, could indicate that

fluorescence emission contributed significantly in the L-custom setting [Fig. 3, panel (d)].
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This is further supported by noting that the high-J OH lines in Lp1, which are less likely to be
excited by fluorescence emission alone, both have similar spatial profiles to other molecules
undergoing fluorescent emission and provide a similar water production rate. For this reason,
we do not report water production rates inferred from OH lines in the L-custom setting.
NH,, generally thought to be produced from the photodissociation of NH3, was also
observed for S3. For comets C/2004 Q2 (Machholtz) (Kawakita and Mumma, 2011) and
6P/d’Arrest (Dello Russo et al., 2009a), comparison of the mixing ratio of NH, and NH3
supports NH3 as the dominant parent molecule of NH;. In the case of S3, assuming the
same growth factor and rotational temperature for both NH; and NH3 results in an NH»
abundance about twice that of NH3. Discrepancies in NH; and NH3 abundances have been
noted for other comets. For example, Dello Russo et al. (2016b) observed D/2012 S1 (ISON)
near R, = 0.46 AU and derived a production rate or NH; less than that of NH3 by about a
factor of five, though this could have been due in part to the non-simultaneous measurement
of these molecules and the short-term variability exhibited by comet D/2012 S1, the absence
of an appropriate model for a daughter species like NH; (Dello Russo et al., 2016b), or
the production of NH, from a species released when a thermal threshold is reached (Dello
Russo et al., 2016a). Even though the R, at which S3 was observed was similar to that of
D/2012 S1, the fact that the production rate of NH, was greater than that of NH3 in S3 as
compared to D/2012 S1 (ISON) is intriguing given that the same NH, fluorescence model
(by Kawakita and Mumma (2011) was used in both comets to obtain the production rates.
In this work, in addition to finding the mixing ratio of NH,, we also analyzed the
spatial profiles of NH; to characterize the overall outgassing behavior of S3 (see Fig. 3).
Most of the lines used in the analyses of spatial profiles of NH, are of lower rotational
quantum states and hence are produced mainly by fluorescence emission. The NH, spatial
profile also shows similar width and offset from the dust as co-measured species HCN and

H,O that also exhibit fluorescence emission (Fig. 3).
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Due to weak signal-to-noise ratio (SNR) of NH3 lines, we were not able to obtain the spatial
distribution of NH3 to compare it to that of NH; to accurately determine how different the

spatial profile of NH; from its likely fluorescent emitted parent molecule NHs.

[Nov 29 +L ||Dec o1 : + H.O
L i + ] (b) i ‘|' H2CN
————— Dust
N
w
2 © Eelil
:C) Slit
>
g OH
S ——  NH,
< 1 SNy SR 8 - Dust
P
‘B
C
(O]
IS
(0]
=
: 2
(0] -
2
i AN S N | 2= Y R | RS — Dust
il CN
/
4 k /
i

2-101 2 21012
Projected Distance fromthe Nucleus [10°km]

Figure 3. Simultaneously measured spatial profiles using the L-custom and M2-settings on
2020 November 29 and December 1. Panels (a), (b), (c), and (d) indicate the spatial profiles
measured on 2020 November 29 and December 1 using the L-custom setting, and panels (e)
and (f) indicate the spatial profiles on December 1 using the M2 setting.

4.4.3. M2. Carbon monoxide (CO) and CN were observed simultaneously with H,O
on December 1 using the M2 setting [Fig. 3 (e) and (f)]. CO has a sublimation temperature
of ~24K (Crovisier et al., 2000), making it the most volatile species observed in comets at
IR wavelengths. While the profile shape and width are very similar to those of H20O, the

anti-sunward shift is slightly smaller [Fig. 3(f)].
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The CN emission spectra, which include very high energy transitions, require a very
high temperature (> 200 K) and are not well fit by the currently existing fluorescent models
(e.g., Dello Russo et al., 2016a,b; Roth et al., 2018). This is consistent with what was
observed in the optical for comet D/2012 S1 (ISON) at a similar R, (McKay, priv. comm.),
confirming that daughter species have higher rotational excitation temperatures than their
parents. Thus, we do not report the production rate nor abundance of CN in this work. The
spatial profile of CN is highly asymmetric and broad compared to the co-observed dust,
with a greater shift toward the anti-sunward direction than for any other molecule [Figs. 2
and 3]. Similar behavior was noted for comets D/2012 S1 (Dello Russo et al., 2016b) and
153P/Ikeya-Zhang (Dello Russo et al., 2004), which were observed at a similar heliocentric
distance. This spatial distribution suggests a different, extended source for CN that does not
follow the spatial distribution of the continuum dust. As discussed in section 5.1, this is
further supported by the fact that the HCN production rate in S3 is insufficient to account
for the CN observed in the optical wavelength range (Jehin et al., 2020a,b), which indicates
a possible release of additional CN from an extended source once a thermal threshold is

reached (Dello Russo et al., 2016a).

S. DISCUSSION

5.1. PRODUCTION RATES AND MIXING RATIOS

H,0, the most abundant species in the coma of comets, is routinely detected at
infrared wavelengths. The H,O production rate we measured on November 29 using the
L-custom setting was 1.49 + 0.18 X 1022 molecules s~!, while on December 01, we measured
Q(H,0) of 2.00 + 0.23 x 10** molecules s~ and 2.22 + 0.29 x10%° molecules s~! using
L-custom and M2, respectively. Thus, the H;O production rate on December 1 was higher

than its value on November 29, roughly by a factor of one and a half.
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This increase in H,O production rate before perihelion is consistent with the measure-
ments of Combi et al. (2023), who reported a maximum value five days before perihelion.
However, we note that there is a gap in SWAN observations between this maximum water
production date until 39 days after the perihelion where the water production rate could have
been potentially larger.

To obtain the global production rate, our technique to determine the GFs involves
averaging along both sides of a spatial profile to average out asymmetries (e.g., Villanueva
et al., 2011a). In the scenario where the spatial profiles were sufficiently offset and were
considerably off the chip on the right side, we used the left side of the profile to determine the
GF. The agreement of H,O production rates for the L-custom and M2 settings on December
1 demonstrates the robustness of this method. For abundance ratios, co-observed H,O was
used when available, and for species acquired in the Lp1 setting, L-custom H,O was used
since it was observed on both dates. We note that this may lead to systematic differences in
abundance, given that the spatial distributions of volatiles in the Lp1 setting are different
from that of H>O in L-custom. However, since the uncertainties in production rates take into
account uncertainties in GFs as well as uncertainty in I', the uncertainty introduced into the
abundance as a result of using production rates between different settings (non-simultaneous
measurements) is accounted for. We also add that the OH prompt emission in Lp1l gives a
H;O production rate that is consistent with the H,O production rates in the L-custom setting.

Combi et al. (2023) also reported water production rates from 2020 October 29
through 2021 February 13, using the Solar Wind ANisotropies (SWAN) instrument on board
the Solar and Heliospheric Observer (SOHO) satellite. They found a steep R;S heliocentric
distance dependence as S3 approached perihelion. The increase in the H,O production rate
we observed between the two dates is consistent with this increase; however, their absolute
production rates are lower than ours by a factor of ~ 2-2.5 compared to the same dates. It is
not unusual for the SOHO/SWAN water production rates to differ from those measured in

the NIR.
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If the SOHO values are larger, it is often attributed to icy grains releasing water into the
coma outside the smaller field of view of instruments like iISHELL. One example was
46P/Wirtanen (Combi et al., 2020; McKay et al., 2021). Similarly, water values reported for
comet D/2012 S1 in the NIR (Dello Russo et al., 2016b; DiSanti et al., 2016) were slightly
less than those reported by Combi et al. (2014). However, the much larger field of view
of SOHO/SWAN (5° x 5° with 1° x 1° pixels) compared to iSHELL (15” long slit with
0.16”/pixel) means that rapid changes in comet productivity will be detected by and leave the
field of view of NIR detectors before filling the beam of SOHO/SWAN. Given the difference
in outflow velocities, ~1.2 km s~ for primary volatiles in the NIR and ~8-20 km s~! for H
atoms produced from photodissociation measured by SOHO (e.g., Combi et al., 2019), a
time delay on the order of days would be expected between sensing dramatic production rate
changes with iISHELL vs. SWAN. Our production rates on November 29 and December 1
are in agreement with those measured by SWAN about three to five days later, consistent
with this scenario.

Carbonyl sulfide (OCS) is the only sulfur-bearing species with strong fluorescence
emission lines at infrared wavelengths and is only measured in ~ ten comets to date, including
radio observations (Saki et al., 2020). Thus, our study of S3 provides a vital addition to the
abundance measurements of OCS within the comet population. The OCS abundance we
measured in S3 is consistent with measurements in other comets (both OCCs and JFCs)
obtained over R, ranging from 0.47-1.04 AU: C/2012 S1 (Dello Russo et al., 2016b), C/2015
ER61 (Saki et al., 2021), 2P/Encke (Roth et al., 2018), and C/2021 A1l (Leonard) (Faggi
et al., 2023).

We compared the abundances of secondary species C, and CN with respect to
simultaneously measured OH from the TRAPPIST in the optical (Jehin et al., 2020a,b) at
Rj; =0.87 AU and 1.42 AU to the abundances of HCN, C,H, with respect to co-measured

H;O during both nights of our observations at R = 0.52 AU and 0.49 AU.
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The abundances of C;H; and HCN with respect to H>O are significantly less than that
of C; and CN, respectively. This possibly indicates additional sources for these daughter
molecules. The inconsistency between abundances of secondary species in the optical and
their potentially primary molecules in the NIR is also reported by Lippi et al. (2023) in
comet C/2021 Al (Leonard). In general, the inconsistency between abundances of daughter
species from cometary ices in the optical and their potential parents in the infrared have
been noted in many comets possibly due to a significant source of C, and CN from grians in

those comets (Dello Russo et al., 2016a).

5.2. COMPARISON OF S3 ABUNDANCE RATIOS WITH COMETS OBSERVED
AT SIMILAR R,

To better place S3 in context, we compare our measured abundances with other Oort
cloud comets. It was noted by Dello Russo et al. (2016a) that many comets observed within
Ry ~ 0.8 AU exhibited a systematic enrichment in H,CO, NHj3, and C,H; relative to comets
measured at larger R;. For example, comet D/2012 S1 was observed on several UT dates
spanning R, = 1.21-0.35 AU and exhibited significant enhancements in abundances of those
three molecules, plus HCN, when observed within R;, ~ 0.6 AU compared with R;, > 0.8
AU (DiSanti et al., 2016). This suggests an additional source in the coma, possibly from the
photodissociation of more complex progenitors associated with dust grains. This gives rise
to the question of whether NIR spectroscopic measurements of comets near the Sun (within
approximately 0.8 AU) truly measure only the nucleus composition of these molecules
or whether the actual ice abundances are lower than implied by the coma measurements.
Since observations of individual comets over a wide range of R, are generally unavailable,
primarily due to observational constraints, we compare the S3 abundances to those obtained
for the sample of OCCs measured within ~ 0.8 AU and those observed at R, > 0.8 AU. Table

3 summarizes the abundances of these molecules from comets observed at R, < 0.80 AU.
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Table 4 compares the average abundances of S3 to those of all OCCs observed at Ry,
greater than 0.8 AU from the Sun, all OCCs observed within 0.8 AU from the Sun, and
the overall average for all comets. As can be seen from this comparison, when there is a
systematic difference in composition for comets observed close to the Sun (as for H,CO,
NH3, and C;H>), the abundance of each molecule in S3 is more similar to the sample of
comets observed at small Rj, (see Fig. 4), consistent with what was found by DiSanti et al.
(2016) and Dello Russo et al. (2016b) for comet ISON.

The enhancement in these three volatile species at such a close distance to the Sun
might be due to semi-volatile sources for these molecular species. For example, ammonium
salt species (NH;CI™, NH;CN™, NH;OCN~, NHyHCOO™, and NH;CH3COO™) were
detected by the Rosetta mission in comet 67P/Churyumov-Gerasimenko (Altwegg et al.,
2020). At low temperatures, ammonia easily reacts with acids, such as HCN, HNCO, and
HCOOH, to create ammonium salts (NH;X™), thus, they may be present in other cometary
nuclei as well (e.g., Altwegg et al., 2020; Poch et al., 2020). Ammonium salts are degraded
to ammonia at higher temperatures (at small R,). Dello Russo et al. (2016b) found a
double-peaked NHj spatial profile in comet D/2012 ISON, indicative of NH3 being produced
in the coma. The NHj3 lines in S3 were too weak to provide a quality spatial profile, but the
strongly enriched NH3 abundance in S3 possibly hints at ammonium salt as a distributed
source in the coma.

The production rate of HyCO obtained from radio observation for comet C/1995 O1
(Hale-Bopp) also showed an increase with decreasing heliocentric distance (Biver et al.,
2002). Apart from additional HyCO possibly coming from a distributed source (less volatile
than H,CO itself) in a coma, it has been suggested that thermal degradation of formaldehyde
polymers, polyoxymethylene (POM), on grains into gaseous H,CO can explain this increase

in production rate (Cottin et al., 2001; Fray et al., 2006).
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Thus, even though we do not see any clear indication of distributed sources for HoCO in
the spatial distribution for S3 during both dates of our observations, it is possible that the
enhancement of H,CO abundance for S3 at such small Rj could be explained by the same

mechanism.

:. S3 aﬁumdonée | . B B
Q OCCS;OJ[ Ry, < 0.8 o;u
A OCCsiat R, > 0.8 au : : e
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Figure 4. The abundance of primary volatiles in comet C/2020 S3 compared with OCCs.
The filled blue circles are measurements for S3 compared with weighted average abundance
ratios in OCC populations observed in the near-IR (at R, < 0.80 AU and Rj > 0.80 AU).

Our results indicate that compared to the mean abundances among OCCs character-
ized in the NIR at R;, > 0.80 AU, S3 is more strongly enriched in HCO and NH3, slightly
enriched in C;H,, depleted in CH3OH and C;Hg, while it is near-average in HCN, CHy,
and CO (see Fig. 4). We note that the enrichment in abundances we measured for H,CO,
NHj3, and C,Hj is consistent with what DiSanti et al. (2016) and Dello Russo et al. (2016b)
found for comet ISON and for the average of comets measured at R, < 0.80 AU. We also
compared the abundances measured in S3 to the mean abundances of each species from the
overall comet population (JFCs and OCCs together). This comparison indicates that S3 is

depleted in CH30H and near-average in all eight other species measured (see Table 4).
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We note that even though the relatively large GFs determined for the volatile species
of S3 might point to the evidence for an extended source, it can also be due to bad seeing
for daytime observations of S3, given that the spatial profiles of HCO on both dates of
our observations do not indicate the presence of a clear extended (distributed) source in the
coma (see Fig. 2). In general, if the trends in enrichments of some volatile species observed
for comets close to the Sun is consistent with the hypothesis that some molecules originate
from alternative sources, comets observed beyond 0.8 AU might be preferred for overall
compositional studies of the nucleus. On the other hand, this implies that comets observed
close to the Sun may provide crucial information for explaining processes and molecules

that are not generally observable when further from the Sun.

6. SUMMARY

On UT dates 2020, November 29, and December 1, we obtained pre-perihelion
spectra of comet C/2020 S3 (Erasmus) using the echelle spectrograph iSHELL at the NASA
IRTEF. Our observations spanned a heliocentric distance of R;, = 0.49 - 0.53 AU. We report
production rates and abundance ratios (relative to simultaneously or contemporaneously
measured H,O) for nine detected trace NIR-active volatiles (CoH,, HCN, NH3, H,CO,
CH3;O0H, CyHg, CH4, OCS, and CO). We compared the abundance ratios of molecules
measured in S3 to their overall mean abundances in all comets (JFCs and OCCs) measured
at NIR wavelengths. Our main conclusions are summarized below.

1. Compared to the mean abundances in the overall comet population, our results indicate
that CH30H is depleted; the remaining eight species are consistent with the average comet
composition (rightmost column of Table 4). In addition, compared to OCCs measured to
date at R, > 0.80 AU, S3 is enriched in HyCO, NHj3, and C;Hj;, which may be due in part to
an additional source(s) released in the coma at smaller heliocentric distances (e.g., Dello

Russo et al., 2016a,b; DiSanti et al., 2016).



61

Spatial profiles for apolar molecules (CH4 and C,;Hg) were similar to each other but
different from the co-observed polar molecules (H,CO and CH30H or NH, and OH").
Daughter molecules in S3 generally exhibited outgassing behavior with large offsets from
the nucleus (Figs. 2 and 3). Compared to parent species, daughter molecules (e.g., OH-
fluorescent, CN, and NH>) generally had broad, flat spatial distributions.

2. Even though the spatial profiles of most volatile species within the same setting on both
dates generally show similar profile shapes and shifts towards the anti-sunward direction,
there are notable differences in the profiles between non-simultaneous settings, which could
be due to temporal variability in outgassing between these non-simultaneous measurements.
Compared to Lpl, the spatial profiles from the L-custom setting show stronger asymmetry
in the anti-sunward direction. Variable outgassing behavior between the settings may be
expected as outgassing sources rotate in or out of the field of view (i.e., change in observing
geometry).

3. The variable outgassing behavior of comet S3, which is revealed by the spatial profiles
measured non-simultaneously, along with the compositional variations between comets
observed at R, < 0.80 AU and R;, > 0.80 AU, highlight the necessity of observing more
comets over a wider range of heliocentric distances, including those that are close to the Sun.
The flexible scheduling of IRTF over numerous dates makes these serial measurements a

good fit for the iISHELL instrument.
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Table 2. Volatile composition of comet S3 obtained using iSHELL

Setting Mol. T'@) GF) Q) Q%%(d) %ZXH()(C)
(K) (10%° mol s71) (%)
2020 Nov 29, R;,=0.52 AU, A = 1.10 AU, dA/dt = 18.65 km s~
L-custom | HyO | 95+3 [3.36+0.32| 1490+ 180 100 266 + 48.34
HCN | 101*% 343032 | 347+041 |023£0.04| 0.62x0.11
(95) 3.43 343+041 |023£0.04| 0.61x0.11
CoH, (95) (3.36) 276 £042 | 0.19+£0.04 | 0.49+0.10
NH; (95) (3.36) 1630+ 1.80 | 1.09+0.19 | 2.90 +0.51
NH, (95) (3.36) 22.80 £2.50 | 1.53+0.27 | 4.06+0.71
Lpl CoHe | 107717 [ 2.84+0.14 | 590+0.56 | 0.40 +0.06 1.00
(95) 2.84 561 £0.54 | 0.38 +0.06 1.00
CHy4 (95) (2.84) 1120+ 1.10 | 0.75+0.12 | 2.00 +0.22
OH* (95) (2.84) 1140 £102 | 765+ 11.5 | 203 £18
CH3;OH | 106%] (2.84) 24.1£220 | 1.62+£026 | 429044
(95) (2.84) 223£210 | 1.50+£024 | 3.99+0.41
H,CO | 106% (2.84) 579+0.63 | 039£0.07 | 1.03+0.12
(95) (2.84) 548 £0.60 | 037+0.06 | 0.98+0.12
2020 Dec 01, R;=0.49 AU, A = 1.12 AU, dA/dt = 21.67 km s~
M2 H,O | 114+9 [ 339+038 | 2210 +290 100 267.67 + 53.56
Co 121" 1 3.19+0.32 | 8580+9.70 | 3.89+0.57 | 10.40+ 1.89
(114) (3.19) 84496 |3.83+0.56 | 10.24+1.86
oCs | (121) (3.39) 225+037 | 0.10+£0.02 | 027006
(114) (3.39) 221037 |0.10+£0.02 | 0.27+0.06
L-custom | HyO | 98+4 |3.69+0.70 | 2000 + 230 100 242.13 £59.33
HCN | 86%¢ (3.69) 4.66+094 | 023+007 | 0.57+0.17
(98) (3.69) 481+£097 |024+007 | 0.58+0.17
CoH, (98) (3.69) 469+1.06 |024+0.16 | 0.57+0.18
NH; (98) (3.69) 16.7+44 | 084+033 | 2.02+0.69
NH, (98) (3.69) 35.7£69 | 1.79+054 | 433+1.25
Lpl CoHg | 107*%7 [ 3.14£0.28 | 852+0.86 | 0.43+0.08 1.00
(98) (3.14) 823+0.83 | 0.41 +0.07 1.00
CHy4 (98) | 3.19£0.13 | 147+190 |0.74+0.13 | 1.79+0.27
OH* (98) (3.14) 1732+ 119 | 86.8 +11.8 210 +25
CH3OH | 107 £8 | (3.14) 32.1+£3.10 | 1.61 £028 | 3.89+0.51
(98) (3.14) 304+£30 | 1.53+£027| 3.69+0.60
H,CO | 8510 | (3.14) 6.73£0.79 | 034+£0.06 | 0.82+0.11
(98) (3.14) 720+0.84 | 036+0.07 | 0.87+0.15

Notes: ¢ Rotational temperature. Values in parentheses are assumed.
b Growth factor. Values in the parentheses are assumed.

¢ Global production rate. Production rate uncertainty includes line-by-line deviation between the
modeled and observed intensities and photon noise (e.g., Bonev et al., 2007; Dello Russo et al.,
2004)

4 Molecular abundance with respect to H,O.

¢ Molecular abundance with respect to C,Hg



Table 3. The volatile composition of OCCs measured at R;, < 0.80 AU

Comet@ R; (AU) Molecules
H,CO NH3 CyH, HCN
S3 049-0.52 | 0.37+0.05]| 1.09+0.19 | 0.19+0.04 | 0.23 +0.03
S1 0.35-0.59 | 1.10 £0.30 | 3.63 £ 0.56 | 0.24 + 0.02 | 0.28 = 0.02
E4 0.66 0.36 £0.03 | 1.86 +0.36 | 0.14 £ 0.02 | 0.17 = 0.02
V5 0.70-0.79 | 0.13 +£0.02 | 0.74 £ 0.08 | 0.07 = 0.01 | 0.08 = 0.01
153P 0.51-0.78 | 0.83 +0.24 - 0.21 £0.05 | 0.21 +0.03
T7 0.69 0.79 + 0.09 - - -
P1 0.55 0.49 +£0.09 | 1.50 £ 0.30 | 0.45 +0.08 | 0.24 + 0.03
F6 0.75 0.54 £ 0.12 - - -
B2 0.64-0.73 - - 0.25 +£0.10 | 0.20 +0.03
Al 0.62-0.68 | 0.14 + 0.01 <0.34 0.09 +£0.01 | 0.11 +£0.01
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Notes: ¢ S1 = C/2012 S1 ISON (Dello Russo et al., 2016b; DiSanti et al., 2016), E4 = C/2017
E4 (Faggi et al., 2018), V5 = C/2013 V5 (DiSanti et al., 2018), 153P =153P/Ikeya-Zhang (Dello
Russo et al., 2004, 2016a; Disanti et al., 2002; Gibb et al., 2003), T7 = C/2002 T7 Linear (DiSanti
et al., 2006), P1 = C/2006 P1 (Dello Russo et al., 2009b), F6 = C/2012 F6 (Paganini et al., 2014),
B2 = C/1996 B2 (Brooke et al., 1996; Dello Russo et al., 2002; DiSanti et al., 2003; Magee-Sauer
etal., 2002) , Al = C/2021 Al (Faggi et al., 2023).

Table 4. Weighted mean abundances for the detected molecules in S3

Molecule | Weighted mean | OCC Average (9 | OCC Average ?) | Average in all

in S3 (R, > 0.80 AU) | R, <0.80 AU) | comets'?) (%)
C,H, 0.19 + 0.06 0.12 + 0.02 0.21 + 0.05 0.12 + 0.02
HCN 0.23 + 0.03 0.21 + 0.03 0.18 £ 0.03 0.20 + 0.02
NH; 1.03 £ 0.16 0.54 £ 0.13 1.58 £ 0.53 0.78 £ 0.16
H,CO 0.37 £ 0.05 0.16 + 0.05 0.55+0.11 0.27 + 0.05
CH;0H 1.51 £0.18 2.19 £ 0.22 1.67 + 0.40 2.20+0.19
C,Hg 0.39 + 0.05 0.65 + 0.09 0.40 + 0.06 0.53 + 0.05
CH,4 0.75 + 0.09 0.89 + 0.10 0.44 + 0.07 0.71 = 0.07
CO 3.83 £ 0.56 6.01 + 1.69 4.08 + 1.85 4.15 + 1.04

OCS 0.10 + 0.02 - 0.10 £ 0.03¢9 | 0.15 £ 0.04(©

Notes: (¢) Average abundance values among OCCs measured in NIR at Rj, > 0.8 AU. The
uncertainties associated with the unweighted average values correspond to the standard deviation
from the mean abundances divided by the square root of the number of measurements.

() Average abundance values among OCCs measured in near-IR at Rj, < 0.80 AU, which
includes comets listed in Table 3.

(¢) Weighted average of OCS from comets observed in the near-IR at R, < 0.80 AU: C/2021 Al
(Faggi et al., 2023), C/2012 S1 (Dello Russo et al., 2016b), and C/2002 T7 (Saki et al., 2020).
(d) Average abundance in all comets (OCCs and JFCs) observed in near-IR at all Ry, values.

(¢) C/1995 O1 (Dello Russo et al., 1998), 2P/Encke (Roth et al., 2018), 21P/Giacobini-Zinner
(Saki et al., 2020), and OCCs from which the weighted average OCS measurements are indicated
in the table.
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ABSTRACT

Comet C/2017 K2 (Pan-STARRS) provided a rare opportunity to investigate the
evolution of coma composition and outgassing patterns over a transitional heliocentric
distance range where activity drivers in comets are thought to change from hypervolatile
dominated to H;O dominated. We performed high-resolution (/A4 > 25,000), cross-
dispersed, near-infrared spectroscopy of C/2017 K2 with iSHELL at the NASA Infrared
Telescope Facility (IRTF) and NIRSPEC at the W. M. Keck 2 observatory. We report gas
rotational temperatures (T,,;) and molecular production rates (Q; mol/s) or upper limits of
hypervolatile species such as CO and CHy, and other parent volatiles such as C;Hg, CH30H,
H,0, HCN, C,H;, NH3, OCS, CN, and OH* (a proxy for H,O production) in long-period
comet C/2017 K2 (Pan-STARRS) over a range of heliocentric distance 3.15-2.35 AU during
its pre-perihelion passage. We also report mixing ratios (or stringent upper limits) of the
targeted species with respect to CO, Co,Hg, and (when it was active) H,O. All volatiles were
found to be enriched relative to water in C/2017 K2 when compared to their mean values
from Oort Cloud comets, though abundances relative to CoHg were consistent with their
average values from other long-period comets.

Keywords: Comets, Comae, Infrared

1. INTRODUCTION

Because of their ~ 4.5 Gyr residence in the far-out, cold Oort cloud region, returning
long-period comets are thought to be least affected by solar radiation, making them the
most primitive small icy bodies in the solar system. They are, therefore, used to constrain
conditions present in the protoplanetary disk when (and where) they formed and, thus, the
subsequent evolution of the early solar system (Dello Russo et al., 2016). Although coma
volatile abundances provide an excellent proxy for bulk nucleus abundance when comets
are close to the Sun, more distant comets may be affected by preferential outgassing of

hypervolatiles.



73

The critical region for this transition is thought to be between ~2.5 -3 AU (e.g., Ootsubo
et al., 2012). Thus, to more accurately determine the volatile abundances of comets for
comparison to protoplanetary disk models, it is crucial to understand when comets are fully
activated. Our observations addressed this critical question by observing comet C/2017 K2
as it traversed an important diagnostic range of heliocentric distances (3.15 AU - 2.35 AU)
while inbound to perihelion.

For comets such as C/2017 K2 observed to be active outside of the region where H,O
ice can sublimate (R, > 3 AU), the possible drivers of activity include hypervolatile ices such
as CO and CO;, (A’Hearn et al., 2012; Ootsubo et al., 2012) or exothermic crystallization
of amorphous H,O ice (e.g., Guilbert-Lepoutre, 2012; Jewitt, 2009; Prialnik and Bar-Nun,
1992). For comets that have been observed to be active at large distances post-perihelion,
heat acquired near perihelion could be slowly transferred into the interior of the nucleus
through conduction. This could cause subsurface volatiles to activate later and fuel distant
outbursts (e.g., Prialnik, 1992).

Comet C/2017 K2 (hereafter K2) is a long-period comet detected by the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS) at Haleakala, Hawai’i, on
UT 2017 May 21, when it was on its pre-perihelion path at R; = 15.9 AU from the Sun
(Wainscoat et al., 2017). Analysis of prediscovery archival data later showed that K2 was
active even at R;, = 23.7 AU from the Sun (Hui et al., 2018; Jewitt et al., 2017; Meech et al.,
2017). As this was well beyond the distance at which water crystallization should occur, the
activity was likely due to the sublimation of hypervolatile ices (Jewitt et al., 2017; Meech
et al., 2017). This is supported by the detection of CO in K2 at R, = 6.72 AU (Yang et al.,
2021). Atomic oxygen emission at 2.80 AU also suggests significant CO,-driven activity

(Cambianica et al., 2023).
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In this paper, we report high-resolution, near-infrared spectroscopic observations of
K2 to characterize its volatile composition, organized as follows. We discuss observations
of K2 in section 2; in section 3, we present data reduction and analysis; in section 4, we
discuss our results. In section 5, we present our detailed discussion, and in section 6, we

present a summary of our observation results.

2. OBSERVATIONS

Observations of K2 were carried out from UT 2022 May 08-Aug 21, covering a
heliocentric distance (Rj) range of ~3.15 — 2.35 AU during its pre-perihelion passage. The
observations were performed using both the iSHELL instrument (Rayner et al., 2022) at
the NASA Infrared Telescope Facility (IRTF) and the NIRSPEC instrument at the keck
IT telescope (Martin et al., 2018, 2016) to sample mainly the volatile species CO, CHy,
and C,Hg and to test whether H,O was fully activated in K2 at these ranges of R;,. The
observations were acquired using the 0.75” wide and 15” long slit for iISHELL and 0.43”
wide and 24" long slit for NIRSPEC, resulting in a resolving power (1/AQ) of ~ 4.2 x 10*
and ~ 25,000, respectively. The comet frames were obtained using a sequence of A-B-B+A
exposures with the beams A and B placed equidistant from the center of the slit and separated
by half of the slit length (e.g., Bonev et al., 2021; DiSanti et al., 2006). We acquired the
spectra using three different iSHELL settings: Lp1 to sample C,Hg, CH4, CH30H, and OH",
M2 to sample CO, OCS, and H,O, and a custom L-setting to sample H,O, HCN, C,H,, and
NH3. The NIRSPEC observations were performed using the KL.1 setting to sample H,O,
C,Hg, and CH30H and the KL2 setting to sample H,O, HCN, C,Hg, and CH4. Table 1
shows the observing log for K2. The hypervolatiles CO and CH4 require sufficiently large
geocentric velocities (dA/dt) to separate cometary CO and CH,4 emission lines from their
strong terrestrial counterpart absorptions. The dA/dt of ~14 km s~! and higher during our

observations (see Table 1 ) enabled measuring these molecular species.



Table 1. The iSHELL* and NIRSPEC observing Log for K2

Setting® Target UT time T;s Slit PA
(minutes) )

2022 May 18, R;,=3.15 AU, A = 2.44 AU, dA/dt = -34.73 km 57!

Lpl BS 6117 | 11:16-11:28 - -
M2 BS 6117 | 11:32-11:42 - -
M2 K2 11:52-13:20 80 236
Lpl K2 13:29-15:00 80 236

2022 June 08, R;,=2.97 AU, A = 2.08 AU, dA/dt = -25.37 km 5!

Lpl BS 5867 | 08:47-08:55 - -
M2 BS 5867 | 09:03-09:13 - -
M2 K2 09:23-11:27 96 207
Lpl K2 11:36-12:57 72 207

2022 June 18, R;,=2.88 AU, A = 1.95 AU, dA/dt = -18.95 km 5!

Lpl BS 5867 | 08:18-08:27 - -
M2 BS 5867 | 08:35-08:47 - -
M2 K2 08:57-10:47 84 183

Lpl K2 10:55-12:25 80 183
2022 July 28, R, = 2.54 AU, A = 1.85 AU, dA/dt = +9.06 km s~
KL1 K2 06:38-08:03 56 -
KL1 BS6175 - -
KL2 K2 08:04-09:29 60 -

KL2 BS7950 - -

2022 Aug 4, R, = 2.48 AU, A = 1.89 AU, dA/dt = +12.33 km s~ !

KL2 K2 ] 08:04-0849 | - | -

2022 Aug 10, R;,=2.43 AU, A = 1.93 AU, dA/dt = 14.24 km s~ !

Lpl K2 05:07-06:35 64 102
M2 K2 06:46-08:45 90 102
M2 BS 7236 | 08:58-09:07 - -

Lpl BS 7236 | 09:09-09:17 -

2022 Aug 19, R,=2.36 AU, A = 2.01 AU, dA/dt = 16.57 km s~

Lpl K2 05:11-07:26 120 101
Lpl BS 7236 | 07:36-07:47 - -

2022 Aug 20, R;,=2.35 AU, A = 2.02 AU, dA/dt = 16.76 km s~

Lcustom K2 05:09-07:28 116 101
Lcustom | BS 7236 | 07:39-07:50 -

2022 Aug 21, R,=2.35 AU, A = 2.03 AU, dA/dt = 16.92 km s~

M2 K2 05:04-07:32 106 101
M2 BS 7236 | 07:42-07:54 - -

Notes: Ry, A, and dA/dt are the heliocentric distance, geocentric distance, and geocentric velocity of K2 at the time of the observation, respectively, and
Tint is the total on-source integration time. The slit position angle (PA) was oriented along the projected Sun-comet line on all dates.
< iSHELL and NIRSPEC spectral setting used to sample molecular lines.

* Program ID & PI: 2022A055 [Investigation of CO vs. H, O driven outgassing in comet C/2017 K2 (PanSTARRS)], 2022B089 [Compositional measurements
as comet C/2017 K2 (PanSTARRS) transitions from hypervolatile to water-dominated activity]; Ejeta
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3. DATA REDUCTION AND ANALYSES

We followed a data reduction procedure tailored to iSHELL and NIRSPEC spectra
(e.g., Bonev et al., 2021, 2023; Dello Russo et al., 2020; DiSanti et al., 2021, 2017). The
1ISHELL echelle orders were flat-fielded, dark subtracted, cleaned for cosmic ray hits, and
spectrally and spatially straightened such that each row corresponded to a unique position
along the slit and each column to a unique wavelength. Comet spectra were extracted from the
processed orders by summing over 15 rows, seven rows to each side of the nucleus, defined
as the peak of emission lines in each order. Contributions from continuum and gaseous
emissions (shown in Fig. 1) were determined as outlined in DiSanti et al. (2017) Bonev
et al. (2023). Telluric burdens were retrieved using the NASA Planetary Spectrum Generator
(Villanueva et al., 2018) using IR standard star spectra acquired for each instrument setting
with the widest slit ( 4” for ishell and 0.72” for NIRSPEC) and then applied to the comet
spectra. The fully resolved transmittance function was convolved to the resolving power of
the comet data (~ 4.2 x10%) and scaled to the level of the comet continuum. The cometary
emission lines were isolated by subtracting the modeled continuum.

Finally, each modeled g-factor (line intensity) is corrected for the monochromatic
atmospheric transmittance at its Doppler-shifted wavelength based on the geocentric velocity
of the comet at the time of the observation. Synthetic models of fluorescent emission for
each targeted species were then compared to the observed line intensities. The g-factors
used in this study were generated with quantum mechanical models developed for H,O
(Villanueva et al., 2012b), OH* Bonev and Mumma (2006), HCN and NH3 (Villanueva et al.,
2013), CoH, [(Villanueva et al., 2011b), see appendix C], CoHg (Villanueva et al., 2011b),
CH;OH (DiSanti et al., 2013; Villanueva et al., 2012a), CH4 (Gibb et al., 2003), and CO
(DiSanti et al., 2001).
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Figure 1. Sample spectra and best-fit fluorescent models of molecular emissions in comet
C/2017 K2. Panel (a) is for observation on 2022 August 10 (a), panels (b) and (c) are for
observations on August 19, and panel (d) is for August 20. The observed spectra (black) are
superimposed with the telluric model (yellow). Individual fluorescence emission models
(color-coded by species) are shown below the observed spectrum in each panel. The bottom
trace indicates the residual spectrum (after subtracting the modeled continuum and total

molecular contributions), with the superimposed +1 o stochastic noise envelope shown in
orange.

3.1. DETERMINATION OF ROTATIONAL TEMPERATURE

The excitation condition in the cometary coma can be quantified by the rotational
temperature (T,,;). The technique of obtaining T,,, involves analysis of a graph of Fy;./g
vs. rotational energies of the upper states (E, ), where Fj;,,. is the transmittance corrected
molecular line flux, and g is the fluorescence efficiency (or the g-factors) of the ro-vibrational
lines. At the optimum T,,,, the quantity F;,./g is constant for all E,, and this T,,; value
corresponds to the zero slopes of the best fit of the graph of F;;,./g vs. E,, (Dello Russo et al.,

2004; DiSanti et al., 2006).
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Figure 2. A composite spectra of H>O in K2 acquired using the NIRSPEC. The spectra were
acquired using KL 1 and KL2 settings on UT on 28 July 2022 with ~ 55 minutes on source.

For each date of our observations, we obtained consistent rotational temperatures for all
species with sufficient signal-to-noise ratio (SNR) (see Table 2 below). When the SNR for a
given species was insufficient, we assumed a T,,; determined from species measured on the
same night. This assumption is reasonable given that T,,; obtained from contemporaneously
measured volatile species (both within the setting and across the settings) are genearally
found to be consistent (e.g., Gibb et al., 2012), and that thermodynamic models for the inner
collisional coma also show roughly the same effective temperature for all species observed

within a given field of view (Combi et al., 2004; Fougere et al., 2012).
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3.2. MOLECULAR PRODUCTION RATES and MIXING RATIOS

The nucleus-centered molecular production rate, Q,. (molecules s™1), is given as

(DiSanti et al., 2014):
A A®F;

One = fx)Tig’

ey

where F; (Wm™2) is the flux of the i’" emission line at the top of the terrestrial atmosphere, g
(W molecule™!) and 7;(s) are the fluorescence efficiency (g-factor) and the photo-dissociation
lifetime, respectively at R;, =1 au (both Rj, dependent through the relations g = glRZ2 and
T=T R]21, where the subscript 1 indicates R;= 1 au ), f(x) is the fraction of molecules of the
species contained in the beam at each position, assuming entirely native release (nucleus
release), and A (m) is the geocentric distance. The technique of obtaining the nucleus-
centered production rate is based on the Q-curve analysis (e.g., Bonev, 2005). The production
rates at different positions along the slit were computed assuming uniform symmetric outflow
and were symmetrized by averaging the production rates at diametrically opposite positions
about the center along the slit to account for axi-symmetric outflow (Villanueva et al.,
2011a). The weighted mean of these symmetrized production rates gives the terminal
(total) production rate, Q.- The increase of production rate from the nucleus-centered
position (Qy,.) to a terminal (off-nucleus) value (Q;.,,) establishes a quantity called a growth
factor (GF = Q,,./Q,) which accounts for the flux loss (or slit losses). Generally, the same
atmospheric seeing conditions will affect molecules measured within the same instrument
setting (Villanueva et al., 2011a). Thus, when low SNR precluded determining a reliable
GF, we assumed a value determined from a simultaneously or contemporaneously measured
species. The total production rates obtained for each molecular species are indicated in

Table 2.
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The chemical taxonomy of comets is established based on the chemical abundance

of molecular species, which is quantified using the mixing ratio (Bonev, 2005), typically

given as the ratio of the production rate of a given molecule to that of simultaneously

or contemporaneously measured H,O [i.e., Qx/Qp,0], usually the most abundant species

in a cometary coma. We also calculated mixing ratios with respect to simultaneously or

contemporaneously measured CO or C,Hg since H,O was not always detected (Table 2).

Table 2. Volatile measurements in comet K2 obtained using iSHELL and NIRSPEC
Setting | Molecule | T'%) GF®) QY
(K) (10%° molecules s~1)
2022 May 18, R;, = 3.15 AU, A = 2.44 AU, dA/dt = -34.73 km s~/
M2 CO 18*¢ | 240 £0.20 | 33.4 £5.1
(20) | 2.40+£0.20 | 34.1+5.1
H,0 (18) | (2.40) <438
(20) | (2.40) < 463
Lpl C,Hg 20*7 | (2.52) 425 +0.58
(18) | (2.52) 4.13 £ 0.57
CH4 (20) | 2.52+0.14 | 7.10 £ 1.01
(18) | 2.52 6.72 =+ 1.10
2022 June 08, R, = 2.97 AU, A = 2.08 AU, dA/dt = -25.37 km s~
M2 CO 24J:75 209+0.10 | 31.7 £ 2.8
(28) |2.09+0.10 | 33.4+3.1
H,0 (24) | (2.09) <231
(28) | (2.09) < 246
Lpl CyHg (28) | (2.09) 3.01 £0.38
(24) | (2.09) 2.85 +£0.37

Continued on next page
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Table 2. Volatile Measurements in Comet K2 obtained using iSHELL and NIRSPEC (cont.)

Setting | Molecule | T'“) GF® Q©
(K) (10%° molecules s~1)
CH, 28" | (2.09) 8.49 +0.39
24) | (2.09) 7.59 + 0.46
2022 June 18, R;, = 2.88 AU, A = 1.95 AU, dA/dt = -18.95 km s~
M2 co 34%9 1254 £0.15 | 40.4 £ 8.5
(32) |254+0.15|39.8 +84
H,0 34) | (2.59) <336
(32) | (2.54) <334
Lpl C,Hs 3275 | 2.16 £0.21 | 4.49 + 0.61
(34) | 216021 | 4.56 +0.62
CH, (32) [212£021 | 848 +1.17
(34) |2.12+021 | 9.06 + 1.25
2022 July 28, R;, = 2.54 AU, A = 1.85 AU, dA/dt = +9.06 km s~
KL1 H,0 317 | 178 £0.18 | 122+ 15
C,Hs 443 | 1.76 £ 0.12 | 4.08 £ 0.28
CH3O0H | 40*" | 1.64 +0.32 | 9.03 + 1.88
KL2 H,0 G | 179027 | 119+ 22
HCN 33*7 | 1.80+0.18 | 0.83 +0.10
C;Hs (44) | 1.74£037 | 422 +0.97
2022 Aug 4, R, = 2.48 AU, A = 1.89 AU, dA/dt = +12.33 km s~
KL2 H,0 (50) | 1.73+£022 | 173 +35
CH, (50) | 1.77£0.20 | 15.6 £3.2
2022 Aug 10, R, = 2.43 AU, A = 1.93 AU, dA/dt = 14.24 km s
M2 CO 49+12 1 (1.93) 409 + 8.3

Continued on next page
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82

Setting | Molecule | T'“) GF® Q©
(K) (10%° molecules s~1)
H>,O 49) | (1.93) <243
Lpl C,Hg 49) [193+£0.12 | 5.09 £0.49
CHy 49) | (1.93) 122 + 3.1
OH* 49) | (1.93) <454
CH;OH | (49) | (1.93) 157+23
2022 Aug 19, R, = 2.36 AU, A = 2.01 AU, dA/dt = 16.57 km s~!
Lpl C,Hg 52tz) 2.18 £0.23 | 5.25 £ 0.67
CHy (52) [214+£0.13 | 157+£23
CH3;0OH | (52) | (2.18) 17.1+19
OH* (52) | (2.18) <323
2022 Aug 20, R, = 2.35 AU, A = 2.02 AU, dA/dt = 16.76 km s~!
L-custom | H,O (53) |244+0.26 | 365+ 66
HCN (53) | (2.44) 1.75 £ 0.16
CH, (53) | (2.44) 1.97 £ 0.34
NH3 (53) | (2.44) <6.24
2022 Aug 21, R;, = 2.35 AU, A = 2.03 AU, dA/dt = 16.92 km s~!
M2 CO 53ti 2.65+0.15 | 63.7+4.0
H,O (53) | (2.65) <300
CN (53) | (2.65) < 2.58
OCS (83) | (2.65) <1.2

Notes: ¢ Rotational temperature. Values in parentheses are assumed.

b Growth factor. Values in the parentheses are assumed.

€ Global production rate. Production rate uncertainty includes line-by-line deviation between the modeled and observed intensities and photon noise (e.g.,

Bonev et al., 2007; Dello Russo et al., 2004).



Table 3. Volatile abundances in comet K2

Molecule | R, | T,,; %(d) %;Hs(e) Q%%(f)
(AU) | (K) | (%) (%)
CO 3.15 | 18 100 8.10+1.67 | >7.62
(20) | 100 8.08 +1.65 | >7.37
H,O 3.15 | (18) | <1313 <106
(20) | < 1357 <109
CyHe 3.15 | 20 125+£25 1.00 > 0.92
(18) | 124 £ 2.5 1.00 > 0.94
CH4 3.15 | (20) | 20.8 +4.3 1.68 £0.32 | >1.53
(18) | 20.1 £4.5 1.63+0.34 | > 1.53
CO 297 | 24 100 11.1+1.8 | >13.8
(28) | 100 1.1+ 1.7 | >13.6
H,0 297 | (24) | <727 < 81.1
(28) | <735 < 81.5
C,Hg 297 1(28) 1 9.02+141 | 1.00 > 1.23
(24) | 897 +1.43 | 1.00 > 1.23
CHy 297 |28 |254+26 2.82+037 | >3.46
(24) | 239+ 2.6 2.67+£0.38 | >3.29
CO 2.88 | 34 100 8.86 £2.22 | >12
(32) | 100 8.87+£2.22 | >11.9
H,O 2.88 | (34) | <831 < 73.6
(32) | <839 <744
CyHe 2.88 | 32 11.3+£2.8 1.00 > 1.34
(34) | 11.3+£2.8 1.00 > 1.36

Continued on next page
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Table 3. Volatile Abundances in Comet K2 (cont.)

Molecule | R, | T, % @ %;16 (©) Q%% )

(AU) | (K) | (%) (%)
CH4 288 | (32) | 213 +£54 1.89 £ 0.36 | > 2.54

(34) | 224 £5.7 1.99 £ 0.38 | > 2.70

H,O 2.54 | 31 299 +£71 299+43 | 100
C,Hg 254 |44 1 998+2.14 | 1.00 3.34 +0.48
CH;OH | 254 (40 |221+643 |221+0.49 |7.40+1.80
H,O 2.54 | (31) | 291 £ 81 28.1 84 | 100
HCN 254 |33 | 2.02+£048 |0.20+0.05|0.70 £0.16
C,Hg 254 | (44) | 103 +£32 1.00 3.56 + 1.06
H,O 248 | (50) | 424 £ 122 41.0 +12.6 | 100
CH4 248 | (50) | 383+ 11.1 | 3.70 £1.15 | 9.03 £ 2.63
CO 243 | 49 100 8.02+1.80 | >16.8
H;0 243 | (49) | <596 < 47.7
C,Hg 243 | (49) | 12.47 +£2.80 | 1.00 > 1.04
CHy 243 [ (49) | 299 +£9.6 240 £0.64 | >5.02
OH* 243 | (49) | <1111 < 89.1
CH;OH | 243 | (49) | 383+9.6 3.07+£0.57 | >6.43
CyHe 236 |52 |824+1.25 |1.00 1.44 +0.32
CHy 236 | (52) | 246+4.1 298+0.55|429+1.0
CH;0H | 236 | (52) | 269 +3.7 327+0.52 | 469+ 1.0
OH* 2.36 | (52) | <507 <6l1.5 > 16.2
H,0 235 | (83) | 573+ 114 69.6 £ 15.4 | 100
HCN 235 | (83) | 277+£0.34 | 034+£0.05|0.48 £0.10
C>H, 2.35 | (83) | 3.09+0.59 | 0.38+0.08 | 0.54 +£0.13

Continued on next page
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Table 3. Volatile Abundances in Comet K2 (cont.)

Molecule | R, | T, % @ %;;6 (©) Q%% &)
(AU) | (K) | (%) (%)

NH3 2.35 | (83) | <9.79 < 1.19 <171

CO 235 | 53 100 12119 |175+35

H,0 2.35 | (83) | <471 <57.2

CN 2.35 | (83) | <4.06 <0.49 <0.71

OCS 235 | (83) | <1.84 <0.22 <0.32

Notes:
4 Molecular abundance with respect to CO. For Aug 19 and 20, Q(CO) from Aug 21 was assumed; for July 28 and July 4, Q(CO) from Aug 10 was assumed
€ Molecular abundance with respect to CoHg. For Aug 20 and 21, Q(CyHg) from Aug 19 was assumed; for July 4, Q(CoHg) from July 28 was assumed

f Molecular abundance with respect to HyO. For Aug 19 and 21, Q(Hp O) from Aug 20 was assumed

4. DISCUSSION

4.1. CHANGE OF PRODUCTION RATES WITH HELIOCENTRIC DISTANCES
IN COMET K2

We investigated volatile activity in comet K2 between R;, = 3.15 AU and 2.35 AU
inbound from the Sun. The comet activity was relatively consistent beyond ~ 2.5 AU (within
uncertainty) but showed an increase within that (see Fig. 3). While only CO, CHy, and
C,Hg were detected beyond 2.5 AU, K2 was sufficiently bright and active within that to also
detect H,O, HCN, C;H,, and CH30H. The H,O production rate increases more steeply than
other molecules near ~ 2.3 AU. The increase in production at a smaller heliocentric distance
is generally expected as the comet’s activity increases typically with decreasing Rj,.

We compared the molecular abundances measured with respect to H,O as well as
C,Hg (see Table 3) to other OCCs (Figs. 4,5). When compared to water, the abundances of
all volatile species are significantly higher than their mean values from OCCs measured to
date at NIR wavelengths within ~ 2.0 AU, with the enhancements being very strong for the

hypervolatile molecules CO and CHy.
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Figure 3. Molecular production rates of detected molecular species in comet C/2017 K2
(Pan-STARRYS) as a function of heliocentric distances of observations.

On the other hand, the abundances of these volatile species relative to CoHg are
within the range of values from OCCs measured to date within ~ 2 AU (see Fig. 3).
Thus, the enhanced abundances of volatile species with respect to H,O might imply that
either H,O was fully activating as the comet approached ~ 2.0 AU or that the comet K2
is unusually enriched in these volatiles, as was the case for comet C/2001 A2 (Gibb et al.,

2007; Magee-Sauer et al., 2008).

4.2. VOLATILE ABUNDANCES IN COMET K2

To put K2 in context, we compared its volatile abundance measurements to those of

other comets (see Fig. 6).
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Figure 4. Comparison of volatile abundances of species in comet C/2017 K2 (Pan-STARRS)
relative to simultaneously (contemporaneously) measured H,O with their average values in
OCCs measured within ~2 AU. The average abundances in OCCs are from Dello Russo
et al. (2016) and from comets observed after that: C/2020 S3 (Ejeta et al., 2024), E4 C/2017
E4 (Faggi et al., 2018), V5 C/2013 V5 (DiSanti et al., 2018), C/2021 A1 (Faggi et al., 2023;
Lippi et al., 2023), C/2002 T7 and C/2015 ER61 (Saki et al., 2021), C/2018 Y1 (DiSanti
et al., 2021), C/2014 Q2 (Dello Russo et al., 2022), and C/2012 K1 (Roth et al., 2017).

While the CH4 abundance relative to CO in K2 remained roughly consistent over
the heliocentric distance covered, it is significantly higher than for comets C/2006 W3
(Christensen) and C/2016 R2 (Pan-STARRS) at about similar R;, (Bockelée-Morvan et al.,

2010; Bonev et al., 2017; McKay et al., 2019; Wierzchos and Womack, 2018).
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Figure 5. Abundances of CH4, CO, CH30H, and HCN in comet C/2017 K2 (Pan-STARRS)
relative to simultaneously (contemporaneously) measured C,Hg . The abundance of each
molecule relative to C;Hg in OCCs measured to date in the Infrared within ~ 2.0 au are
shown (in red) for comparison.

In addition, the CO abundance relative to CoHg in K2 is lower than that for comets
C/1995 O1 (Hale-Bopp) and C/2006 W3 (see Bockelée-Morvan et al., 2010; Bonev et al.,
2017; Dello Russo et al., 2001; DiSanti et al., 2001). This is due to these comets being
significantly CO-rich compared to K2. Yang et al. (2021) measured a 3.6 o~ CO detection
at R, = 6.72 AU in comet K2. They attributed the low production rate of K2 compared
to Hale-Bopp at a similar heliocentric distance to K2 being dusty (dust/gas ratio > 1) and

smaller on size.
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Using imaging observations, Jewitt et al. (2017) determined an upper limit for the
size of the radius of the nucleus of K2 to < 9 km, which is roughly a fifth of the size of
the radius of Hale-Bopp. Even though the nucleus radius size of C/2016 R2 is unknown,
Wierzchos and Womack (2018) suggested that its radius is < ~ 15 km if its CO production
rate is proportional to the surface area of its nucleus. Thus, even though there were no
accurate measurements of the sizes of the nuclei of comets C/2006 W3 and C/2016 R2,
it is possible that the significantly lower CO production rates we measured for comet K2
compared to those measured for these comets at about similar Rh could be due to, among
other factors, the dusty nature of K2 and its smaller in size compared to these comets. On the
other hand, Ootsubo et al. (2012) observed different comets over a range of R;, =2.43 AU -
3.29 AU and measured only 3 o upper limits for the CO production rates. This indicates that
apart from the Ry, the overall production rates strongly depend on the nucleus radius size of
a comet, an active fraction of surface area, and the dust-to-gas ratio. As such, differences in
production rates among comets observed at similar heliocentric distances could be due to
any combination of these factors.

Measurements of hypervolatiles CH4 and CO relative to C;Hg from OCCs measured
to date in the infrared wavelength region are shown in Fig. 6 for comparison. It can be noted
that the ratio of CHy4 relative to CoHg in comet K2 is generally consistent with some OCCs
observed within ~3.5 AU. In addition, the ratio of CO relative to CoHg is consistent with
some OCCs measured within 2.0 AU. On the other hand, Ootsubo et al. (2012) observed
comets C/2006 OF2, C/2006 Q1, C/2007 Q3, and C/2007 N3 during multiple nights over Ry,
~ 2.4-3.6 AU and measured only a 3-0 upper limits (ranging 1-10 %) for CO abundance
(relative to H,O) for all of these comets. Thus, more measurements of CO and C,Hg beyond

~2.0 AU are required to draw any conclusion.
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Figure 6. Abundance of volatile species in comet C/2017 K2 (Pan-STARRS) relative to
simultaneously measured CO and C,Hg. Panels (a) and (b) indicate abundance of CHy4
relative to CO and C,Hg, and panels (c) and (d) indicate abundance CO relative to C,Hg and
H,O, respectively. The abundances of OCCs measured in the infrared wavelength (in red)
are also shown for comparison.

5. SUMMARY

We obtained pre-perihelion observations of K2 covering a heliocentric distance range
of R; ~ 3.15 -2.35 AU to sample the volatile composition and to test the activation of H,O
and other volatile species (CoH;, NH3, HCN, CH30H, CN, and OCS). Our main results are
summarized below:
Abundances of volatile species with respect simultaneously or contemporaneously H>O in
K2 were significantly higher than the average values from OCCs measured to date within
2.0 AU. On the other hand, the abundances of these volatiles relative to CoHg are generally
consistent with their mean values from OCCs. This might imply that comet K2 is either
enriched in these volatiles (depleted in water) or that the H,O was not yet fully activated as
the comet approached 2.0 AU. This necessitates that perhaps observations of comets at the
critical heliocentric distance region of ~ 2-2.50 AU to conclusively decide the full activation

of Hzo.
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SECTION

3. SUMMARY AND CONCLUSIONS

3.1. ANALYSES OF YSO DATA

Observations of young stellar objects (YSOs) in the core of the L1688 cloud were
obtained using the iISHELL instrument of the NASA IRTF telescope. These sources are
stars that have completed the main accretion evolutionary stage but are still surrounded by
gas and dust (i.e., they are deeply embedded). Analyses of spectroscopic observations of
these sources have shown the presence of narrow absorption lines from molecular CO v =
0-2 transitions. These absorption lines have been identified in eight YSO sources in the
wavelength range 2.33 um - 2.38 um. By measuring the equivalent width of these absorption
lines, the gas column density (column of gas along the line of sight to the surface of the
YSO) was calculated to determine the excitation temperature of the transitions, which, at the
spatial location of the source, gives temperature information of the foreground gas (gas in
front of the YSO source). Some of the YSOs considered in the analyses (GY 235, WL 20E,
WL 4, and WLY 2-51) have absorption lines only from the lower R and P branch lines and
fit well with a single temperature that ranges from 20-26 K, while the remaining sources
(VSSG 1, GY 33, SR 248, and WLY 2-54) show evidence for a gradient in temperature with
the cooler temperatures derived from the lowest R and P branch lines. For these sources, the
entire spectrum (i.e., from multiple orders) could not be fit with a single temperature but a

two-layered foreground gas temperature.
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The '2CO line profiles from the COMPLETE (Coordinated Molecular Probe Line
Extinction and Thermal Emission) survey in a 40” beam (Ridge et al., 2006) were constructed
along the lines of sight that include each YSO. Except for GY 235, the '>CO line profiles
show evidence of self-absorption from the foreground gas, suggesting that a range of
temperatures along the line of sight may be present. Lower limit estimates to the '2CO
brightness temperatures (11-33 K) generally agree with the gas temperature derived from
the low R- and P-branch lines for some of our sources (GY 235, WL 4, and WL 20E). The
CO column densities, proportional to the '*CO integrated intensities from the large beam
COMPLETE observations, correlate well with that derived in our analyses. The exception is
GY 33, for which we derive the highest column density of any source (in both the hot and
cold components). Without more detailed modeling, only a lower limit to the true column
density from the lower R and P branch lines can be derived. Thus, this effort to determine
the temperature of the foreground gas at the locations of the YSO sources from ground-based
observation could be used as a good starting input to characterize the temperature profiles in

conjunction with the satellite observations of CO.

3.2. STUDY OF THE CHEMICAL COMPOSITION OF COMETS AND CONTRI-
BUTION OF THIS RESEARCH

Following their formation in the cold, dense regions of the protoplanetary disk (PPD)
midplane, comets were scattered out to the outer solar system, where they have been stored
cryogenically for 4.5 Gyr. Thus, they preserve a record of volatile ices and refractory
materials included in their nuclei from the PPD. By measuring coma molecular abundances
(which reflect the nucleus ice composition) of Oort Cloud comets, one can thus explore the

retained records of the midplane chemistry of the PPD.
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In addition, a comparison of the protosolar nebula astrochemical predictions to the
volatile emission measurements of the ices in the comets unveil the physical and chemical
processes involved during the early formation of our solar system (e.g., Bergner and Ciesla,
2021; Eistrup et al., 2019; Willacy et al., 2022). Furthermore, since the disk midplane of
extrasolar PPDs are generally optically thick to observations, the comet-forming region
and the ice-phase chemistry occurring within is primarily obtained from dynamical and
astrochemical models (e.g., Drozdovskaya et al., 2016; Willacy et al., 2022). Thus, the
molecular abundances preserved in comets can be utilized as one of the few constraints on
these models. In this context, Oort Cloud comets (OCCs), such as the two comets presented
in this study (C/2020 S3 and C/2017 K2), are particularly relevant owing to their infrequent
perihelion passages through the inner solar system due to their long orbital periods and
thus contain relatively unaltered nucleus compositions. Furthermore, studies on interstellar
molecules in the gas phase indicate that the primary source of ices found in cometary nuclei
is likely interstellar ices, which are formed in the pre-solar molecular cloud core (Altwegg
et al., 2019; Bockelée-Morvan and Biver, 2017; Mumma and Charnley, 2011). On the other
hand, a comparison of sublimed cometary volatile ices to interstellar ices that is not in the gas
phase has shown that the mixing ratios of interstellar ices (with respect to H>O) are typically
enriched compared to cometary ices (Oberg et al., 2011). These variations in mixing ratios
could result from the thermal evolution of the cometary nuclei during repeated passages
through the inner solar system. Therefore, determining mixing ratios in long-period comets,
such as C/2020 S3 and C/2017 K2, that are less subject to thermal evolution due to their
infrequent passage through the inner solar system is crucial for investigating the chemical
similarity between cometary ices and interstellar ices.

3.2.1. Comet C/2020 S3 (Erasmus). The observations of comet S3 were obtained
during two nights on November 29 and December 1, 2020, when the comet was in its

pre-perihelion orbit at heliocentric distances of 0.49 AU and 0.52 AU, respectively.
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There is a paucity of measurements of the volatile composition of comets (both JFCs
and OCCs) at small heliocentric distances (R;, < 0.80 AU) at near-infrared wavelengths
mainly due to observational circumstances such as the solar elongation limit for daytime
observations of comets like C/2020 S3 (e.g., DiSanti et al., 2017). Those very few comets
observed at R; < 0.8 AU showed enrichment in abundances in some volatile species such as
C,H,, NH3, and H,CO compared to the measurements obtained at R, > 0.80 AU (Dello
Russo et al., 2016b; DiSanti et al., 2016). This enrichment is possibly due to the contribution
from additional sources in the coma related to the thermal decomposition of organic dust
as the comet gets closer to the Sun (Dello Russo et al., 2016a). Our measurements of
abundances of volatile species in comet S3 showed enrichment in abundances for H,CO,
NHj; and CyH,, compared to their average abundances from OCCs measured at R, > 0.80
AU. Thus, the compositional measurements of comet S3 add valuable measurements to the
sample of comets observed at small R, to build the trend of volatile abundances of comets for
measurements made at R;, < 0.80 AU. The general implication of such measurement is that
comets observed beyond 0.8 AU may be preferred for overall compositional investigations
of the nucleus if the trends in the enrichment of some volatile species seen for comets
observed closer to the Sun are compatible with the theory that some molecules originate from
alternate sources. Conversely, this suggests that comets observed closer to the Sun could
yield important insights into molecules and processes often not exhibited when the comet is
relatively far from the Sun. Another interesting contribution of comets observed at small Ry,
is that high energy lines of certain species like CN are excited owing to their proximity to
the Sun. These high-energy lines can only be fit by fluorescence models produced at higher

temperatures.
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However, currently, there is no available fluorescence model for CN lines at tempera-
tures greater than 100 K due to a lack of good spectra to fully parameterize the model for
CN bands at higher temperatures. Thus, measurements for bright comets such as S3 add to
the sample of the few comets observed close to the Sun (e.g., Roth et al., 2018) that can be
used to develop CN fluorescence models for temperatures greater than 100 K.

3.2.2. Comet C/2017 K2 (Pan-STARRS). The main goal of the project in studying
comet K2 was to study the transition of cometary activity as it approaches the H,O ice-line,
and H,O supplants CO as the dominant driver of activity. At R; > 3 AU, outgassing in
comets is driven mainly by the sublimation of more volatile ices such as CO and CO, (Bonev
et al., 2017; McKay et al., 2019; Ootsubo et al., 2012). Within R, ~ 2.0 AU, where most
comet primary volatile measurements are performed (Crovisier et al., 2004; Meech et al.,
2017), comets are thought to have completed the transition from hypervolatile-dominated
to HyO-dominated activity. To date, while ~ 30 OCCs have been characterized using
high-resolution infrared spectroscopy, very few have been observed at the transitional
heliocentric distance ranges of R, ~ 2.0 - 3.0 AU (e.g., Dello Russo et al., 2016a) owing to
most comets being quite faint, or their activity levels being too low to accurately measure CO
and H,O over this range of R;,. As a result, where the transition from hypervolatile-driven
activity to water activation occurs remains uncertain. Towards the goal of investigating this
less explored transition region of cometary activity, comet K2 offered a rare opportunity
to measure these molecules in this critical range of Ry, as it started to show activity (based
on the prediscover archival data) at ~ 23 AU from the Sun (Hui et al., 2018; Jewitt et al.,
2017; Meech et al., 2017), and was available for study over a range of R;, ~3.2 — 2.35 AU
during our observations (May 2022-Aug 2022). In this study, the volatile composition for
multiple molecular species (CO, C,Hg, CHy4, H,O) were sampled at the edge of the H,O
ice-line (~ 2.3 -3.0 AU) to characterize the interplay between the volatiles driving activity in

this less-explored heliocentric distance transition region.
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Our results indicate that, compared to other comets observed at similar Rj, (~ 2.80
- 3 AU (Bockelée-Morvan et al., 2010; Bonev et al., 2017; McKay et al., 2019), the CO
production rate in K2 at a comparable distance is less than an order of magnitude. We note
that the production rate in comets depends on several factors such as orbital stage (whether it
1s in its pre- or post-perihelion path), whether the comet is dynamically new (coming to the
inner solar system for the first time since scattered out to KB or OC region) or dynamically
old, dust to gas ratio of the comet, size of the nucleus, and the fractional active surface of
the nucleus (e.g., Bonev, 2005). The estimate of the upper limit of the nucleus radius size
of comet K2 is < 9 km (Jewitt et al., 2017). Even though the nucleus radius size of comet
C/2016 R2 is unknown, based on its CO production rate, it is estimated to be less than ~
15 km (Wierzchos and Womack, 2018). Thus, the nucleus size is possibly not a significant
factor to account for an order of magnitude difference in CO production rate between comets
K2 and C/2016 R2.

To address one of the main goals we set out in studying comet K2, the H,O was
measured using the NIRSPEC and iSHELL instrument at R, = 2.54, 2.48 and 2.35 AU
distances from the Sun. The H,O production rate increased more steeply than other molecules
near ~2.3 AU. To tell whether H,O was fully active, molecular abundances of simultaneously
(contemporaneously) measured species with H,O such as HCN, C,H;, C,Hg, CH4, CH3;0H
and CO were computed. Our measurements show that the mixing ratios of these volatile
species relative to simultaneously measured H,O are significantly higher than their range of
mean values from OCCs measured to date in NIR within 2.0 AU (see e.g., Dello Russo et al.,
2016a). This implies that either the abundances of these volatiles in K2 are enriched as was
the case for comet C/2001 A1 (Gibb et al., 2007; Magee-Sauer et al., 2008) or, given the
changing H,O production rate over a range of our observations, that H,O is not yet fully
activated at these heliocentric distances from the Sun. Thus, to conclusively decide the H,O
activation distance of comet K2, more observations at heliocentric distances smaller than

2.35 AU are required.
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3.2.3. Putting iSHELL Studies of K2 in Context. Combining facilities to conduct
synergistic investigations of comets can yield information on potential time-variability,
outgassing patterns, and correlations between chemical composition and spatial relationships
(e.g., Khan et al., 2021; Roth et al., 2021). Observations of CO, HCN, CH30OH, and H,CO
in comet K2 were acquired using Atacama Large Millimeter/Submillimeter Array (ALMA)
around the same time as the iSHELL observations of K2 to characterize coma volatile
composition of comet K2. However, symmetric molecules like CH4 and C,Hg, crucial to
characterize the overall composition of K2, can not be observed at radio (mm/sub-mm)
wavelengths, making the iSHELL measurements of these hypervolatiles at the infrared
wavelength very important. From space-based observations, comet K2 has been observed
using the James Webb Space Telescope (JWST). However, at the resolution of JWST,
solid-ice spectral features cannot be disentangled from the gas phase organics (those detected
by iSHELL). Thus, the iSHELL measurements of K2 provide an important comparison that
will enhance the overall scientific goal of fully characterizing the volatile composition of K2,
thereby making a vital addition to the sample of OCCs measured at the infrared wavelength

region for the overall taxonomical classification of comets based on chemical composition.



APPENDIX A.
REDUCTION AND ANALYSES OF YSO SPECTRA
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1. DATA REDUCTION

1.1. DARK SUBTRACTION

To account for any bias and dark current, a master dark frame, obtained by median-
combining a set of (usually 5) dark frames, must be subtracted from each science frame
before extraction. These dark frames need the same integration times as the science and
telluric star frames.

1.1.1. Flatfielding. A set of quartz lamp images (usually 5) observed close in time
to the science targets is needed for flat-fielding. The science frames must be divided by
the normalized master flat-field image obtained by median-combining the flat-field frames
using the xspextool task. The purpose of flat-fielding is to remove pixel-to-pixel quantum

efficiency variations in the array. The Spextool does not subtract the dark from the flats.

1.2. REDUCING THAR ARC IMAGES

The thorium-argon arc lamp spectra (usually 2) taken close in time to the science
data need to be reduced before generating the wavelength calibration solution. First, the arc
lamps need to be flat-fielded using the xspextool task. The Spextool does not subtract darks

from the arc lamps. Then, the program generates a wavelength calibration solution.

1.3. WAVELENGTH CALIBRATION

Spextool subtracts the master dark from the science frames, divides the dark-
subtracted science frames by the master flat field, and wavelength calibrates the frames to

the lines from the calibration arc lamp.
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1.4. EXTRACTION

Spextool extracts each science spectrum using point source extraction configuration.
Spextool automatically finds the spatial profile. The number of apertures that need to be
found has to be specified. Then, it finds aperture positions and traces the order. The extraction
width needs to be specified along with the background subtraction radius. Normally, the
background sample has to lie outside of the extraction width of the spectrum. Finally,
Spextool extracts the spectra. After that, Spextool can do all the steps from wavelength
calibration to the extraction, at the same time, once the parameters are set for one frame, by

entering the remaining science frames.

1.5. REDUCING THE TELLURIC SOURCE

An AQ standard star spectrum taken close in time to the science targets is needed for
telluric correction. The telluric standard source has to be dark-subtracted, flat-fielded, and
wavelength calibrated similarly to the science source, making sure that the master dark is of
the same exposure as the telluric source and has to be extracted with the same extraction

parameters set for the source.

1.6. COMBINING EXTRACTED SPECTRA

The signal-to-noise ratio of the final spectra is increased by combining the individual
multi-order extracted spectra using the xcombspec task. Firstly, all orders must be scaled to
a common order, usually one of the middle orders. This single scale factor is then applied to
all spectrum orders. This is the stage at which one can mask out bad pixels using the “prune
spectra” command before combining spectra. Then, all orders are combined to get a final

single extracted and wavelength-calibrated spectrum.
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1.7. TELLURIC CORRECTION

Telluric features (atmospheric absorption lines) are removed from the source spectra
by dividing the source spectrum by the telluric standard spectrum using the xtellcor task
(Vacca et al., 2003). Even after dividing the source spectrum by the telluric, we noticed
unremoved telluric features in the final spectrum. This is due to a slight wavelength shift
between the telluric spectrum and the object spectrum that is believed to be arising from
the sub-pixel flexure of the instrument as the telescope moves between the object and the
standard. Thus, we had to apply a corrective shift of about 0.25 to 0.5 pixels to the telluric

spectrum to optimize the telluric correction.

1.8. CLEANING AND SMOOTHING THE SPECTRA

The last step of data reduction, which can be done, is removing or fixing a spectrum
region using the xcleanspec task. It is also possible to smooth the spectra during the
cleaning process, usually using the Savitzky-Golay smoothing function in xcleanspec. This
function uses a nine-pixel width box for smoothing, and it preserves the average resolving

power of the instrument.

2. ANALYSES OF INTERSTELLAR ABSORPTION LINES

2.1. CALCULATING THE DOPPLER SHIFTS OF THE SPECTRAL ABSORPTION
LINES

Before proceeding with an analysis of the absorption lines, calculating the Doppler
shift for each absorption line is necessary to check whether the line has been misidentified or

is blended. This can be seen if Doppler shifts significantly differ from the average value. The

Doppler shift of spectra is calculated as v, = cﬁ—ﬁ, where A1 represents a shift in wavelength

from the (known) rest (that is laboratory) wavelength Ao, ¢ (in kms™!) is the speed of light

and v, (in kms™') is the velocity of the source along the line of sight from Earth.
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2.2. COLUMN DENSITY CALCULATION

To determine the total number of atoms per unit area in all energy levels, how they
are distributed (partitioned) among their energy levels must be known. In general, under
conditions of equilibrium, the probability P, of finding a given system in any particular state

r of energy E, is:

P, (D

e h
The quantity }, e~ is called the partition function; the sum extends over all possible states
of the system irrespective of energy. Thus, if there are a total of N atoms, each of which has
m possible energy levels, and if there are N; atoms in energy level E;, the total number of

atoms is

N = i Nj, (2)

J=1
where the integer j runs from 1 to m. Thus, the ratio between the number of atoms in level j

and the total number of atoms per unit area in all levels is:

Ej

N; gje
N L 3)
ijl gje_ kT

where g is the degeneracy of the energy levels in an atom. The denominator of the expression,
5
D 8¢ = Qur, )
j=1

is the total partition function. Thus, the column density of a line in a lower state (in cm™2)
for each transition can be determined from a measurement of the line strength (equivalent

width) as follows:

(&)

W mec? 3 Wi
2| £A2(8.853 x 10-13)’
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where 8.853x 10713 cm is the classical electron radius, nfc—(lzz f 1is the dimensionless oscillator
strength of the transition, W, is the equivalent width of the line in units of c¢m, and
J” represents the lower state. To estimate the measurement uncertainty, we applied error
propagation by rewriting Equation 5 as N;» = % where a=f(8.853 x 10~'3). This simplified
equation is of the form x= f(u, v) and the measurement uncertainty on the function x can be
estimated as o, = |x|{/(%%)? + ()2, according to Bevington and Robinson (2003). The

denominator of Eq. 5 is of the form x = au®, and its uncertainty is given by o, = bx2x.

Thus, the uncertainty on the column density is given as o,, = N. j"\/ (UVW;)2 + (%%)2.

2.3. ROTATIONAL ENERGY OF A DIATOMIC MOLECULE

Consider the diatomic molecule shown in Figure 1. In general, the coordinates of

CM = center of mass: mir1 = mora

Figure 1. Diatomic Molecule, as a rigid rotator.

the center of mass (CM) are given by

L XiTimy  Fumy+Famy
Fem = = (6)
im mp +my
Taking m; as located at the origin of the coordinate system:
- - iy
rcm = rl = (7)
mip+myp
Similarly, taking m; as located at the origin of the coordinate system:
. . Fmy
Frem =12 = (8)

mip+myp
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Thus for a rotation about the CM, the moment of inertia, I:

2 2
1=m1r%+mzr§=m1( g )+m2( gy ) =P )
mi +my mi +myp mp +mj
KE,,; = E L2 1(1 ) 1L(L) L* (10)
l: l:_w = — w) W= — —_ :—,
e ) 20 L 27\ 21
L

A diatomic molecule possesses angular momentum due to its rotation about the axis
perpendicular to the line joining the atoms and electronic angular momentum. However,
because the rotations of diatomic molecules are approximated as the rigid rotator, the total
angular momentum of the diatomic molecule J is approximately the same as the angular
momentum of L of the rigid rotator. Thus, the rotational energy of a diatomic molecule is
E o ~ ‘;—j The total angular momentum J is quantized: J2 = J(J + 1)712, J=0,1,2,... Itis
worth noting that in the case of rotating molecules, a capital J notation is also used as a
quantum number directly, whereas, in the case of an electron, the total angular momentum
quantum numbers are designated as j = |£ + s|. For example, transitions are labeled as J
=1 — 0 to indicate that a molecule has moved from the first excited rotational state to its
ground state.

The Eigenvalue equation (the time independent Schrédinger equation)is:

1 K2
Hy =Ey = ZJ%// =J(J + 1)7,//, (11)

where h = 27h, is Planck’s constant. Thus,

h2
E = ZJ(J-'- 1). (12)
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The set of solutions to %fzw = Ey are spherical harmonics: ¢y, = YJM’ 6,0) =
Py’ (cos H)eiMJ ¢ where J =0, 1,2, ..., is the rotational quantum number, and it can have
several discrete spatial orientations labeled by My, its projection onto the molecular axis
(see Fig. 2).The possible values of My are: My =-J, -J+1,..., 0, ..., (J-1), J. Thus, each value

of J has 2J + 1 possible quantum states of the same energy.

M;=-2,-1,0,1,2

w wn Q

M, =-1,0,1

v .4// _
0 1 —r s a o

Figure 2. The degeneracy of energy levels.

The rotational spectrum of a diatomic molecule such as CO can be approximated as
a rigid rotor and can be calculated as:
72
E o = Z](J +1), (13)
where h = 2xh is Planck’s constant; J = 0,1,2, ..., is the rotational quantum number;
and I is the moment of inertia about the center of mass of the rotating diatomic molecule.

Energy in wavenumber units:

In general,

1 E
E:hv:h(%):hc(/—l):hd:ﬂ:%, (14)

where the quantity v = % is the wave number (in cm™!). Thus, the rotational energy, &, in

units of cm™!:

R2J(J +1) h
Fos ~
21he 8n2lc

J(J+1)~BJ(J+1), (15)

where B= ﬁ is the rotational constant in cm™' units. It is worth noting that there is no

rotational zero point energy, and the energy levels are separated by Ag, = 2B(J” + 1), where

J" = Jlower-



112

2.4. MOLECULAR PARTITION FUNCTION

Having derived the form of rotational energy of a diatomic molecule, the partition
function of a diatomic molecule under certain temperature conditions is needed.

The total rotational partition function is given by

(o0

Qror = (2] + 1)~ 71U+, (16)
J=0

hcB

w7 J (J +1), then for low temperature

If we consider the ratio of rotational to thermal energy,

T or small moment of inertia, 22 > 1 and e~ %7/U+1) 5 0. If the temperature T is high

and the moment of inertia is not very small, then }}(C—TBJ (J +1) < 1 and the rotational levels

are closely spaced together. The summation in the above equation can be replaced by an

integral:

Qror ~ / du e_h’:fu, (17)
0

where u = J(J + 1). Thus, the total rotational partition function is given by

kT

Qt()t ~ th7

(18)

where k is the Boltzmann constant, T is the temperature, % is the Planck’s constant, ¢ is the
speed of light, and B is the rotational constant. For temperatures greater than 20 K, the
high-temperature limit formula for the total partition function for diatomic molecules such
as CO gives roughly comparable values with those obtained from the formula for partition

function using summation over the levels.
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2.5. FRACTIONAL POPULATION

The fractional population is the contribution of each transition to the total population
of the gas. The column density in the lower state can be related to the total column density

for a molecule using the fractional population, Ny~ ;.

Nj’/ gy _kEJ” 2‘]” =+ 1 —thJ,i’T(J”H)

NJH, 1= 7 = e Trot = N 4 (19)
" Nlol Qtot Qtot

= NZOI = N " QtOtEJ// : (20)
g]" e_kTrot

The fractional population is the contribution of each transition to the partition function

divided by the total partition function at that rotational temperature. It is worth noting that

the total column density N;,, is the average value of NL[ To estimate the uncertainty on
JI.re

fractional population, we first write as:

=b
(2J” + 1)heB  -heBs”u”+))  aeT
e —— 21 kT = =

NJ”,frac = kT T

)

—or

OB = 07-1 =72

b C . .

A =aeT = ae ", which is a function of the form x= ae*?* with o, = +bxoy,.
o

Thus, o4 = bAT—g.

Thus, the measurement uncertainty on the fractional population is given as follows:

2
bO’T ar 2
ONy, frac = Ny7, frac T + (7)

NJH
N]//,fruc

The uncertainty on the total column density, N;,; = , can be estimated following

a similar procedure. We finally compute the weighted mean for the total column density

S (xi/a})
X(1/a})’

from the transitions using x = with error in the weighted mean using the relation

1

oy = ——
)
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2.6. OPTICAL DEPTH CALCULATION

To check if the column densities of the absorption lines were derived from optically
thin lines, and thus no correction for optical depth was needed, the maximum optical depth
of the observed transitions needs to be estimated. According to the Maxwellian distribution

1 mv)zC
of a molecular velocity component, g(v,)dvy = n ( 2 e~ %1 dvy, each component of

i)
velocity is distributed with a Gaussian distribution symmetric about the mean value v, = 0
(Reif, 1965).

The Equipartition Theorem states that each independent quadratic term in the energy

contributes a mean value of %kT. Thus,

5 1 o kT
2= kT =02 = — @1)
2 m

1
Thus, the root-mean-square width of the Gaussian distribution,\/v,% = (kT) ® The lower the

m
temperature, the narrower the width of the distribution function g(v,).

The optical depth 7 is related to the column density and the oscillator strength as:

(22)

Nl‘gl‘fNJN,rel 71'82 le‘Ol‘ Njy» 7T€2 fN ” 7T€2 fNj’/
T = = = = R
bv MeC by Ny \mec bv \m,c bv(6.68 x 10°)

where f is the oscillator strength, ¥ is the wavenumber in cm™!, N~ is the column density
1

in cm~2. The parameter b = (%) 7, with m being the mass of the molecule, is called the

intrinsic line width (or the doppler width). A value of 7 on the order of 1 or less is sufficient

to be considered optically thin, and in the case of our observations, the calculated values of

7 were well below 1.
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1. DETERMINING GROWTH FACTOR

The Growth factor, the ratio of the terminal (total) production rate to the nucleus-

centered production rate, is determined using Q-curve analysis.

Emission Spatial Profile (red:continuum) Profile corrected for f(x) - Bold:combined, red/sq:upper, green/dia:lower
F T T F T T T T
3000~ B r
F 2000~
4
2000 E 15001 Qierm I h
; %
=]
= 4 L
2 £ ] 2 1000
3 1000 1 3 r Q-scale Q(1-3):/Q(0-0) 2.8414712
8 [ 4 <]
3 £
5 F E ool Qe = - stoch-error Q(1-3):  0.039057977
E Sk | ] [ - Std-error Q(1-3): ~ 0.13908223
ofF P S 1 (1-3)
F ﬁ s h‘iﬁq E
L r—’_rrrrrrr‘: 1 1 |
B 5 0 5 ]
4000~ Distance lothe gasfeak [slitwidth pixels]
-40

0 20
Distance to center row #128 [instrument pixels]

1 2
Distance from the nucleus in slit-width pixels

Figure 1. Determination of the Growth Factor using the Q-curve analysis method for C;Hg
from S3 spectra during November 29, 2020, showing that the production rate increases from
nucleus centered value to its final (terminal) value after which it remains constant.

2. DETERMINING ROTATIONAL TEMPERATURES

The excitation condition in the coma of a comet can be quantified by a rotational
temperature (T,,;), which depends on the fractional strength of each ro-vibrational band
contained by the observed emission lines (DiSanti et al., 2016). The rotational temperature
is obtained using correlation and zero-slope excitation analyses. The rotational temperature
is run over a range of temperatures covering the assumed temperature range of the inner

coma of a comet (10-150 K). The observed comet residuals are compared to the model at

each run step.
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2.1. CORRELATION ANALYSIS

This method is based on the agreement between the convolved model (to the resolving
power of the observed spectrum) and the observed comet residual. At each step in rotational
temperature, a correlation coefficient, R, between the model and the data is computed. The
most probable rotational temperature corresponds to the value of R with the maximum value,
and the sharpness of this maximum indicates how well T,,; can be constrained. In Fig. 2,
the second panel from the left shows the correlation analysis of K2, picking the highest

correlation value corresponding to the best-fit rotational temperature.

2.2. ZERO SLOPE EXCITATION ANALYSIS

The fluorescence g-factors depend on rotational temperature. The g-factor of each
emission line is multiplied by the fully resolved transmittance at the frequency of the Doppler
shifted line center to express the g-factor in watts per molecule. This lets one compare it
with the observed line flux, Fj;,,. (W m~2). The ratio Fiine/g (molecule m~2) is proportional
to the column density of molecules. At the correct T, Fiine/g 1s independent of rotational
energy (DiSanti et al., 2006). In Fig. 2, the second panel from the end shows the zero slope

excitation analysis method of determining best-fit rotational temperature.

N-mean: 3314.97 [10% mol] at Trot 95K Correllogram (optimum at 91) Slopes (optimum at 95) Relative SIG_Q (minimum at 94.0000
10000 ———r e hed e : e
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10- 0.004

\ 0.002
0.8 s

0.000

nt

4000 -

o
o
&

0.6~
-0.002
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Excitation slope
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o
°
&

-0.004 |

N - Total no. molecules [10% mol]

2000 02l -0.006

-0.008

PN
100 120 140

80 100 120 140 80
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NN L .| NI SR L
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Figure 2. Rotational temperature determination from correlogram and zero-slope analyses
methods for H,O from S3 spectra during November 29, 2020 showing that consistent
rotational temperatures are retrieved from each method.
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3. CALCULATING PRODUCTION RATES AND MIXING RATIOS

3.1. UNCERTAINTIES ON PRODUCTION RATE

The uncertainties on the production rate of a given molecule take into account
uncertainties due to the Growth Factor, the production rate of the molecule (Qy), and flux

calibration (Gamma).

2 2
O'Qx:QXX\/(UQQ;) +(Tm) + (orp? ()

We note that if a GF was assumed for a given molecule due to a low signal, then the
uncertainty in the production rate of species needs to be calculated without taking into

account uncertainty due to the GF

3.2. UNCERTAINTIES ON MIXING RATIOS

The uncertainties in mixing ratio of a given molecule take into account uncertain-
ties on the production rate of the molecule (Qx) and uncertainty on simultaneously or

contemporaneously measured H,O (Qg,0).

2 2
) (3 2
Ox OH,0

We note that if the molecule under consideration was observed with the same setting as

(Qx

) x 100
H,0

O MixingRatio =

H,O (i.e., if it was observed simultaneously with H>O), uncertainties on the mixing ratio
need not account for uncertainty due to flux calibration, that is, the production rates of the
molecule (Qx) and Qp,0 need to be calculated without accounting for the uncertainty due to

flux calibration to calculate uncertainty on the mixing ratio.
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1. PERMISSION FOR FIGURE 1.1 FROM THOMAS GREENE

FW: Form submission from: Request Permission to Copy for Educational .
(::) S &K &
Use

® Mia Evans <mevans@sigmaxi.org> Today at 8:58 AM
To: () Ejeta, Chemeda (S&T-Student)

WARNING: This message has originated from an External Source. This may be a phishing expedition that can result in
unauthorized access to our IT System. Please use proper judgment and caution when opening attachments, clicking links, or
responding to this email.

Thank you for contacting American Scientist. Permission is kindly granted. This permission is for one-time
educational use only. If you need further assistance, please feel free to contact me.

Thank you for your request.

Mia Evans

Editorial Associate

From: noreply@americanscientist.org <noreply@americanscientist.org>

Sent: Monday, February 19, 2024 2:41 PM

To: Mia Evans <mevans@sigmaxi.org>

Subject: Form submission from: Request Permission to Copy for Educational Use

Submitted on Monday, February 19, 2024 - 2:40pm Submitted by user: Anonymous Submitted
values are: Purpose: Educational Use Requested by: Chemeda Tadese Ejeta Institution:
University of Missouri - St. Louis Telephone: 3146293730 Email: cteqgnf@umsystem.edu
Quarter/year: 2001 Expected enrollment (number of copies requested): 1 Volume: 89 Pages: 1
Article title: Protostars: "Stellar embryology" takes a step forward with the first detailed look at
the voungest Sun-like stars Author(s): Thomas P. Greene
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2. PERMISSION FOR FIGURE 3.2 FROM ALAN STERN

Re: Using Figure of your paper in my dissertation

O« «
O Alan Stern <astern@boulder.swri.edu> Thursday, October 5, 2023 at 1:39 PM
To: @ Ejots, Chemeda (UMSL-Student); Ce:  astern@swriorg
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Approved if you cote the Nature paper for proper credit.

-Alan
Sent from my iPhone
On Oct 5, 2023, at 1:30 PM, Ejeta, Chemeda (UMSL-Student) <ctegnf@mst.edu> wrote:
(EXTERNAL EMAL]
DearS. Alan,
Tam a Ph.D. student at the University of Missouri - St. Louis. I am in the final stage of submitting my dissertation on comets.

Tam contacting you to request for your permission to use Figure 1 (Diagram illustrating KB and OC region) in the introduction section of my dissertation.
Thanks in advance for your time!

Sincerely,
Chemeda Tadese Ejeta
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Dr. Ger6nimo Villanueva (he/him/&l)
Associate Director, Strategic Science
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NASA Goddard Space Flight Center
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