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Abstract

The extraordinary 2021 September—October outburst of Centaur 29P/Schwassmann—-Wachmann 1 afforded an
opportunity to test the composition of primitive Kuiper disk material at high sensitivity. We conducted nearly
simultaneous multiwavelength spectroscopic observations of 29P/Schwassmann—-Wachmann 1 using iSHELL at
the NASA Infrared Telescope Facility (IRTF) and nFLASH at the Atacama Pathfinder EXperiment (APEX) on
2021 October 6, with follow-up APEX/nFLASH observations on 2021 October 7 and 2022 April 3. This
coordinated campaign between near-infrared and radio wavelengths enabled us to sample molecular emission from
a wealth of coma molecules and to perform measurements that cannot be accomplished at either wavelength alone.
We securely detected CO emission on all dates with both facilities, including velocity-resolved spectra of the CO
(J=2-1) transition with APEX/nFLASH and multiple CO (v =1-0) rovibrational transitions with IRTF/
iSHELL. We report rotational temperatures, coma kinematics, and production rates for CO and stringent (30)
upper limits on abundance ratios relative to CO for CH4, C;Hg, CH3;0H, H,CO, CS, and OCS. Our upper limits for
CS/CO and OCS/CO represent their first values in the literature for this Centaur. Upper limits for CHy, C,Hg,
CH;0H, and H,CO are the most stringent reported to date, and are most similar to values found in ultra CO-rich
Oort cloud comet C/2016 R2 (PanSTARRS), which may have implications for how ices are preserved in cometary
nuclei. We demonstrate the superb synergy of coordinated radio and near-infrared measurements, and advocate for
future small-body studies that jointly leverage the capabilities of each wavelength.

Unified Astronomy Thesaurus concepts: Molecular spectroscopy (2095); High-resolution spectroscopy (2096);
Near-infrared astronomy (1093); Radio astronomy (1338); Comae (271); Comets (280); Centaur group (215)

1. Introduction

The study of comets affords a unique window into the birth,
infancy, and subsequent evolution of the Solar System. Soon
after their accretion from the protosolar disk at the time of planet
formation, comets were gravitationally scattered across the Solar
System, with many emplaced in their present-day dynamical
reservoirs, the Oort cloud or the Kuiper disk, where they have
remained in the cold outer Solar System for the last ~4.5 Gyr,
affected by minimal thermal and radiative processing.
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Systematically characterizing the compositions of their nuclei
should therefore provide insights into the composition and
thermochemical processes in the solar nebula where (and when)
they formed (Bockelée-Morvan et al. 2004; Mumma &
Charnley 2011; Dello Russo et al. 2016; Bockelée-Morvan &
Biver 2017).

Comets that become available for remote sensing can be
broadly categorized into two groups based on their dynamical
reservoir: (1) the Jupiter-family comets (JFCs), originating
from the scattered Kuiper disk with inclinations largely within
the ecliptic plane (Nesvorny et al. 2017), and (2) nearly
isotropic Oort cloud comets (OCCs) stored in the far outer
reaches of the Solar System with random orbital inclinations
(Vokrouhlicky et al. 2019). While these represent the major
dynamical reservoirs for comets, the line between them has
become increasingly ambiguous as ever more small bodies are
discovered with the increased sensitivity and coverage of all-
sky surveys.
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Although most processes thought to affect nucleus composi-
tion during a typical perihelion passage should only penetrate
the uppermost few meters (see Stern 2003), a JFC that
experiences many perihelion passages (perhaps at small
heliocentric distances, ry) may undergo considerable thermal
processing compared to an OCC, whereas an OCC may
experience greater cosmic ray processing (Harrington Pinto
et al. 2022). Indeed, there is evidence that JFCs are depleted in
certain volatiles, such as acetylene (C,H,) and ethane (C,Hg),
with respect to OCCs (Dello Russo et al. 2016). On the other
hand, some JFCs have been shown to have abundances of the
hypervolatile methane (CHy) consistent with that seen in OCCs
(DiSanti et al. 2017; Roth et al. 2020), and optical wavelength
studies show no correlation between carbon-chain depletion
and dynamical age (A’Hearn et al. 1995), suggesting that
observed compositional differences between the two classes are
not evolutionary. Understanding to what extent present-day
measurements of coma abundances reflect natal and/or evolved
chemistry in the nucleus is critical to placing these observations
into the context of Solar System formation.

The enigmatic objects known as Centaurs provide an
opportunity to disentangle signatures imprinted in cometary ices
by the nascent Solar System from those acquired through
thermal or other evolutionary processing. Centaurs are thought
to be transition objects, migrating from the scattered Kuiper disk
to their ultimate dynamical fate as JFCs (Jewitt 2009). With
semimajor axes and perihelia confined between those of Jupiter
and Neptune, these distantly active objects have undergone
considerably less potential thermal processing than their evolved
JFC counterparts. As such, active Centaurs (those showing
evidence of gas or dust comae) represent some of the most
primitive Kuiper disk material available for study via remote
sensing. Characterizing their volatile composition may serve as a
bridge between the more primitive OCCs and the more
processed JFCs. With advances in state-of-the-art observatories,
Centaurs have come under increased study at both ground- and
space-based facilities, including the James Webb Space Tele-
scope (JWST) and the Atacama Large Millimeter/submillimeter
Array (ALMA), and the recent 2023-2032 Planetary Science &
Astrobiology Decadal Survey recommended a Centaur orbiter
and lander as one response to the New Frontiers 6 call (National
Academies of Sciences, Engineering, & Medicine 2022).

Centaur 29P/Schwassmann—Wachmann 1 (hereafter SW1)
is among the most active known Centaurs, with an orbital
period P = 14.65 yr and a roughly spherical nucleus of radius
31 km (Bockelée-Morvan et al. 2022). Its most recent
perihelion was on 2019 March 7 at ¢ = 5.72 au. Documentation
of its repeated outbursts dates back nearly a century
(Hughes 1990), and its peculiar cycles of quiescent activity
punctuated by outbursts have been the subject of significant
study at multiple wavelengths stretching into the modern era
(e.g., Jewitt 2009; Paganini et al. 2013; Wierzchos &
Womack 2020; Bockelée-Morvan et al. 2022).

SW1 is the most prominent member of the so-called gateway
Centaurs. This proposed dynamical group of Centaurs are
passing through a gateway in dynamical space (Sarid et al.
2019), which may lead them to transition into JFC orbits on
relatively short timescales, resulting in significant increases in
cometary activity and lending them to be test subjects for
understanding the effects of thermal evolution on their nuclei
(Kareta et al. 2021). However, whether these gateway Centaurs
contain more primitive, thermally unaltered material than JFCs
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is unclear based on recent dynamical simulations (Guilbert-
Lepoutre et al. 2023).

In terms of volatiles, carbon monoxide (CO), hydrogen
cyanide (HCN), and water (H,O) have been securely detected
(Ootsubo et al. 2012; Bockelée-Morvan et al. 2022), along with
product species CO™, the cyano radical (CN), and ionized
dinitrogen (N3) (Cochran & Cochran 1991; Korsun et al. 2008;
Ivanova et al. 2016). Long-term monitoring has revealed that
dust and gas production are not always correlated during
outbursts (Wierzchos & Womack 2020). The drivers of activity
at such large ry (~6 au) beyond the H,O sublimation zone are
still under debate, although the transition of amorphous-to-
crystalline water ice is a strong candidate (e.g., Prialnik & Bar-
Nun 1987; Jewitt 2009; Meech et al. 2009).

Here, we report coordinated multiwavelength observations
of SW1 taken during its exceptional late-2021 outburst (Miles
& BAA Comet Section 29P 2022) using iSHELL at the NASA
Infrared Telescope Facility (IRTF) and nFLASH230 at the
Atacama Pathfinder EXperiment (APEX). The outburst began
on September 25, with SW1 brightening nearly 6 magnitudes
by September 28. SW1 slowly approached quiescent magni-
tudes over the next month, before undergoing a smaller
outburst on October 23. IRTF/iSHELL and APEX/
nFLASH230 observations were taken contemporaneously on
2021 October 6, with follow-up APEX/nFLASH230 observa-
tions on 2021 October 7 and 2022 April 3. Our April
observations were designed to serve as a baseline taken outside
of the outburst for comparison with the October observations.

Secure detections of CO emission were identified at both
wavelengths, and stringent (30) upper limits were determined
for CH,, C,Hg, methanol (CH50OH), formaldehyde (H,CO),
carbonyl sulfide (OCS), and carbon monosulfide (CS). We
present molecular production rates, spectral line profiles, spatial
profiles of column density, and abundance ratios (relative to
CO). Section 2 discusses the observations. Sections 3 and 4
detail our data reduction and present our results. Section 5
provides optical context for the outburst, compares our results
against previous radio wavelength measurements of SW1, and
places them into the context of the molecular abundances
measured in the larger comet population.

2. Observations

We conducted multiwavelength observations to characterize
SW1’s chemistry during its brightest outburst in a decade. We
chose near-infrared and millimeter wavelength observations
for their highly complementary nature: APEX/nFLASH230
sampled CO (J: 2—1), H2CO (]Ka,KC: 30’3—20,2, JKa,KC:
31,2—21’1), CH3OH (J[(: 5()—40 A+), and CS (J: 5—4) emis-
sions at high spectral resolution to derive detailed coma
kinematics, and IRTF sampled multiple rovibrational transi-
tions of CO to measure coma rotational temperature while also
characterizing abundances of the symmetric hydrocarbons CH,
and C,Hg, along with CH3;0H and OCS. Table 1 provides an
observing log, and we detail our observations and data
reduction procedures for each observatory in turn.

2.1. IRTF/iSHELL Observations

We conducted spectroscopic observations of SW1 using the
high-resolution, near-infrared facility spectrograph iSHELL
(Rayner et al. 2012, 2016) at the 3 m NASA-IRTF on 2021
October 6 (Table 1). We utilized two iSHELL settings so as to
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Table 1
Observing Log
Date UT Time Setting Target Tint A dA/dt Molecules Slit PA
(min) (au) (au) (kms™h) Sampled ©)
IRTF/iSHELL
2021 Oct 6 10:46-12:41 M2 SW1 78 591 5.41 —24.0 CO, H,0, OCS 259
12:56-13:02 M2 BS-1641
13:18-13:21 Lpl BS-1641
13:28-15:37 Lpl SW1 108 591 541 —23.7 CH,, C,Hg, CH3;0H, H,CO 259
APEX/nFLASH230
Date UT Time Setting Target Tint H A v Molecules 0
(min) (au) (au) (GHz) Sampled (@)
2021 Oct 6 06:12-10:23 1 SW1 75 591 5.41 230.5 CO, H,CO, CH;0H, CS 26.2
2021 Oct 7 06:48-10:01 1 SW1 54 591 5.39 230.5 CO, H,CO, CH;0H, CS 26.2
2022 Apr 3 18:15-20:15 1 SW1 33 5.97 6.43 230.5 CO, H,CO, CH30H, CS 26.2

Notes. IRTF/iSHELL Observations. ry, A, and dA /dt are the heliocentric distance, geocentric distance, and geocentric velocity, respectively, of SW1 at the time of
observations. Ty, is the integrated time on-source. The seeing on Maunakea varied from ~0”6-171, and the average precipitable water vapor (PWV) was 1.2 mm.
APEX/nFLASH230 Observations. 0 is the primary beam size at v, the center frequency of the band. The average PWV was 5, 4.5, and 1.5 mm, and the solar phase
angle (Sun—comet-Earth) was 8°7, 876, and 8°2 on 2021 October 6 and 7 and 2022 April 3, respectively.

efficiently sample a suite of molecular abundances: Lpl
samples CH,, C,Hg, H,CO, and CH;OH transitions near
3.3-3.5 pm, and M2 samples CO, OCS, and H,O near 4.5 um.
We oriented the slit along the projected Sun—comet line (259°).

Observations were performed with a 6 Pixel (0775) wide slit
with resolving power (A/AM) ~ 4.5 x 10". We used a standard
ABBA nod pattern in which the telescope is nodded along the
slit between successive exposures, thereby placing the comet at
two distinct positions along the slit (“A” and “B”) in order to
facilitate sky subtraction. The A and B beams were
symmetrically placed about the midpoint along the 15” long
slit and separated by half its length. SW1 was bright and easily
acquired with IRTF/iSHELL’s near-infrared active guiding
system using the J-band filter. Combining spectra of the
nodded beams as A-B-B + A canceled emissions from thermal
background, instrumental biases, and sky emission (lines and
continuum) to second order in air mass. Flux calibration was
performed using an appropriately placed bright infrared flux
standard star (BS-1641) using a wide (4”0) slit.

2.2. APEX/nFLASH230 Observations

We conducted single-dish, position-switched observations of
SW1 using APEX (Giisten et al. 2006) on 2021 October 6 and
7 and 2022 April 3 using the nFLASH230 receiver with the
Fast Fourier Transform Spectrometer (FFTS) backends, cover-
ing frequencies between 210.77 and 247.57 GHz (A= 1.21-
1.42 mm) at a frequency resolution of 61 kHz (~0.08 kms ).
Offset spectra were taken at a distance of 180" from the
position of SW1. The APEX/nFLASH230 beam full width at
half maximum (FWHM) at these frequencies ranges from
2473286, corresponding to nucleocentric distances of
95,000-112,000 km and 113,000-133,000 km, respectively,
at the geocentric distance of SW1 in October (5.4 au) and in
April (6.4 au). SW1’s position was tracked using JPL
HORIZONS ephemerides (JPL #K192/71). The weather
(average precipitable water vapor at zenith, PWV) was fair
(5, 4.5, and 1.5 mm, on October 6, 7, and April 3, respectively).
Pointing and focus scans were obtained with the Mira variable
o Ceti. Flux calibration scans were carried out regularly

throughout the night using o Ceti and the evolved star CRL
618. We reduced the data using the GILDAS/CLASS software
package.'> We subtracted first-order polynomial fits to line-free
spectral regions near each targeted transition to remove the
continuum, converted the spectra to velocity space in the
cometocentric rest frame, and placed the fluxes onto the main
beam scale using main beam efficiencies cataloged on the
APEX website!? near our observation dates: nve = 0.78 and
0.81 in October and April, respectively.

3. APEX/nFLASH230 Data Reduction and Results

We securely detected molecular emission from CO (J =2-1)
and calculated stringent upper limits for CS, CH;OH, and H,CO
(Section 5.2). Figure 1 shows our detections of CO on 2021
October 6 and 7 and 2022 April 3. We modeled molecular line
emission using the SUBLIMED  three-dimensional radiative
transfer code for cometary atmospheres (Cordiner et al. 2022),
including a full non-LTE treatment of coma gases, collisions
with CO and electrons, and pumping by solar radiation. We used
the escape probability formalism (Bockelee-Morvan 1987) to
address optical depth effects for the ultra-cold CO emission,
along with a time-dependent integration of the energy level
population equations. We used explicitly calculated CO-CO
collisional rates (Cordiner et al. 2022) when modeling CO
outgassing. We are unaware of any CH;0H-CO, CS-CO, or
H,CO-CO collisional rates available in the literature, so we
assumed that they were the same as CH3;0H-H, (Rabli &
Flower 2010), CS-H, (Denis-Alpizar et al. 2018), and
H,CO-H, (Wiesenfeld & Faure 2013), respectively, taken from
the LAMDA database (Schaier et al. 2005) when calculating 30
upper limits for each molecule. These X—H, collisional rates are
the only approximation to collisions of CH;0H, CS, and H,CO
with coma neutrals available, and detailed quantum mechanical
calculations of X-CO collisional rates for these species is beyond
the scope of this study. Photodissociation rates for all molecules
were adopted from Huebner & Mukherjee (2015) with the

"2 hitp:/ /www.iram.fr/IRAMFR /GILDAS
13 https: //www.apex-telescope.org/telescope/efficiency /
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CO (J=2-1) in 29P/Schwassmann-Wachmann-1
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Figure 1. Detection of CO (J = 2-1) in SW1 on 2021 October 6 and 7 and 2022 April 3 with APEX/nFLASH230. The 61 kHz frequency resolution corresponds to a
velocity resolution of 0.08 km s~'. The best-fit radiative transfer model on each date is overlaid in red.

Table 2
Evolution of CO (J = 2-1) in 29P/SW1 as Measured by APEX/nFLASH230
Date leTMB dv 0, Vi fR2TMB dv (@ V2 Y Qrotal 01/0,»
(K kms™h 10%® s7h (kms ) (K kms™h 10% s7h (kms™") ©) 10%®s7h
2021 Oct 6  0.1206 +0.0054 380 £0.38 049 +0.01  0.0456 +0.0045 220+£023 034+00l 55+2 600+£0.61 1.73+0.25
2021 Oct 7 0.1316 +£0.0089  3.44+035 049 £0.01  0.0475+0.0075 2.15+023 030+0.02 4743 5594057 1.60+0.24
2022 Apr3  0.0671 +0.0054 2734028  0.53+001 0.0334+0.0046 1.78+0.19 0304002 50+3 4514+046 1.53+022

Notes. O, and Q, are the molecular production rates, and v, and v, are the gas expansion velocities in regions R; and R,, respectively. leTMB dv and fRzTMB dv are
the integrated intensities of the CO jet (R;) and the ambient CO coma (R»), integrating the line from —0.6 to —0.1 km s~ and from —0.1 to 0.4 km s~ for R, and R»,
respectively, and accounting for the line velocity shift. Qo is the global molecular production rate. Q/Q; is the ratio of production rates in regions R; and R,. An
absolute flux calibration uncertainty of 10% is applied to the molecular production rates.

exception of CS (Boissier et al. 2007), using quiet Sun rates for
October and active Sun rates for April.

The CO line profiles are strongly asymmetric with a dominant
blue component, ruling out an interpretation of spherically
symmetric, isotropic outgassing. We follow the methods of
Cordiner et al. (2022) applied to CO-rich comet C/2016 R2
(PanSTARRS), dividing the coma into two outgassing regions,
R, and R,, corresponding to solid angle regions €2; and €),, each
with independent molecular production rates (Q;, Q) and gas
expansion velocities (v;, v,). This is consistent with prior
interpretation (e.g., Bockelée-Morvan et al. 2022) that the
outgassing consists of (1) a narrow, enhanced, sunward-facing
jet (the blueward component, R;) and (2) ambient outgassing
from the remainder of the nucleus (R,). The narrow width of the
jet and the velocity shift of the line are consistent with CO
outflow at or near the subsolar point (Gunnarsson et al. 2008) as
opposed to uniform outflow. This is the simplest reasonable
model capable of fitting the asymmetric line profiles in SW1.

Region R; is then defined as the conical region about the
subsolar point of the nucleus with half-opening angle v and R, the
remainder of the coma. We assumed a gas kinetic temperature
Tiin=235 K as a middle value between previous work indicating

T~4-6 K (Gunnarsson et al. 2008; Paganini et al. 2013). We
performed least-squares fits of our radiative transfer models to
molecular line profiles, allowing (Qy, @, vi, v», and 7) to vary as
free parameters. We determined the distribution of each species in
each coma region (R, or R,) using a Haser formalism (Haser 1957):

Vi

na(ry = -2 exp(ﬂ)exp -~ o
dmvir : -L, Vi L,

]

where Q; and v; are the molecular production rate (s~') and gas
expansion velocity (kms™') in each coma region, (4 is the
molecular photodissociation rate (s_l), and L, is the molecular
parent scale length (km). We assumed direct nucleus release
(L, =0 km) for CO based on previous measurements of SW1
(Bockelée-Morvan et al. 2022). Figure 1 shows our extracted CO
(J=12-1) spectra on each date along with our best-fit radiative
transfer models. We calculated integrated intensities of the CO
(J=2-1) line and production rates Q; and Q, in the jet and
ambient coma regions, R; and R,, respectively. Qo is the global
production rate. Table 2 gives our best-fit model parameters.
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2135.4
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Figure 2. Processed IRTF/iSHELL spectra showing detection of the CO P2 line in SW1 on 2021 October 6 from echelle order 110 (covering 2140-2130 cm ™). The
positions of the A-beam, B-beam, and combined beam are indicated, individual CO rovibrational transitions are labeled, and the positions of several telluric
absorptions are shown. An example nucleus-centered extraction aperture (6 spectral pixels x 15 spatial pixels, 0”75 x 2”5) is shown for the P2 line in red.

4. IRTFASHELL Data Reduction and Results

We employed data reduction procedures that have been
rigorously tested and are described extensively in the literature
(Bonev 2005; DiSanti et al. 2006; Villanueva et al. 2009;
Radeva et al. 2010; Villanueva et al. 2011a, 2012b, 2013b;
DiSanti et al. 2014), including their application to unique
aspects of IRTF/iSHELL spectra (DiSanti et al. 2017; Faggi
et al. 2018; Roth et al. 2020). Each echelle order within an
IRTF/iSHELL setting was processed individually as pre-
viously described, such that each row corresponded to a unique
position along the slit, and each column to a unique
wavelength. Spectra were extracted from the processed frames
by summing the signal over 15 rows (approximately 2”5), with
seven rows to each side of the nucleus (Figure 2). We now
detail pertinent aspects of the IRTF/iSHELL data reduction
unique to our analysis of SW1.

4.1. Spatial Registration along the Slit and Extracted Spectra

Although we detected strong molecular emission from CO in
SWI1, we detected only weak continuum emission, requiring
special care in defining the nucleus position along the slit. We
accomplished spatial registration using a combination of CO
molecular emission and parameters from our bright IR flux
standard calibration measurements. We carefully coordinated
our flux calibration measurements such that there was no
grating change between SW1 exposures and flux standard
exposures within an instrumental setting (Table 1).

CO emission was present in IRTF/iSHELL M2 setting order
110 (containing the PI1, P2, and P3 lines) and order 111
(containing RO and R1; Table 3). We defined the nucleus
position as the position of peak CO emission in each order,
finding A and B beams separated by 45 rows. For the flux
standard spectra in the same orders (110 and 111), we found
that the rows containing peak stellar continuum emission in
each beam were five rows lower than the row containing the
peak CO emission in SW1. Thus, for spatial registration in
other orders with no detected molecular emission (i.e., M2
order 106 for OCS) and in the Lpl setting (sampling C,Hg,
CH;0H, H,CO, and CH,) we defined the nucleus position by
adding five rows to the row containing peak flux standard
continuum emission in a given order.

We determined contributions from near-infrared continuum
emission, telluric extinction, and gaseous emissions in comet
spectra as previously described (e.g., DiSanti et al. 2016, 2017)
and illustrate the procedure in Figures 2 and 3, showing fully
calibrated spectral extracts for CO emission in SW1. Although

Table 3
IRTF/iSHELL CO Line Fluxes and g-factors

ID v Flux gmina gthickb

(em™h 107 wm™? s sH
P3 2131.63 115+1.5 3.55 x 107° 1.13 x 1073
P2 2135.54 334+ 1.6 8.42 x 107> 1.44 x 107°
P1 2139.42 103+1.9 3.06 x 107° 1.59 x 1073
RO 2147.08 9.68 + 0.68 428 x 107° 7.31 x 107
R1 2150.86 5.09 + 0.89 244 x 107° 7.78 x 107°
Notes.

 Optically thin g-factor.
b Optically thick g-factor at the nucleus position corrected using the formalism
described in the Appendix.

our spectral setup sampled emissions from H,O, OCS, CHy,
C,Hg, CH30H, and H,CO, none of these were detected.
Stringent upper limits were derived for OCS, CH,, C,Hg, and
CH;0H. H,0 and H,CO production rates were not mean-
ingfully constrained by our IRTF/iSHELL measurements. We
convolved the fully resolved transmittance function to the
resolving power of the data (~4.5 x 10%) and scaled it to the
level of the comet continuum. We then subtracted the modeled
continuum to isolate cometary emission lines and compared
synthetic models of fluorescent emission for each targeted
species to the observed line intensities.

4.2. Molecular Fluorescence Analysis and Rotational
Temperature

Synthetic models of fluorescent emission for each targeted
species were compared to observed line intensities, after
correcting each modeled g-factor (line intensity) for the
monochromatic atmospheric transmittance at its Doppler-
shifted wavelength (according to the geocentric velocity of
the comet at the time of the observations). The g-factors used in
synthetic fluorescent emission models in this study were
generated with quantum mechanical models developed for CO,
OCS, CH,, C,Hg, and CH;0H using the NASA Planetary
Spectrum Generator (PSG; Villanueva et al. 2018).'* We
applied a special treatment to the CO fluorescence models to
account for opacity (Section 4.3).

A Levenburg—Marquardt nonlinear minimization technique
(Villanueva et al. 2008) was used to fit fluorescent emission
from all species simultaneously in each echelle order, allowing

14 https:/ /psg.gsfc.nasa.gov
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Figure 3. (A)-(B). Extracted IRTF/iSHELL spectra showing detections of CO in SWl on 2021 October 6 from two separate echelle orders from the M2 setting, (A)

order 110 covering 2140-2130 cm ' and (B) order 111 covering 21532145 cm™

!. The uppermost spectrum in each panel is the observed spectrum, with the gold

trace showing the telluric absorption model (convolved to the instrumental resolution and scaled to the observed continuum level). Telluric features are only weakly
visible, given the weak continuum emission in SW1. The lower spectrum in each panel is the residual emission spectrum (after subtracting the telluric absorption
model), with fluorescence models overlain for CO (red) and the 1o uncertainty envelope shaded in bronze. Individual CO rovibrational transitions are labeled.

for high-precision results, even in spectrally crowded regions
containing many spectral lines within a single instrumental
resolution element. Production rates for each sampled species
were determined from the appropriate fluorescence model at the
rotational temperature of each molecule as
2
o- 4m&h @
g (hev)f ()
where Q is the molecular production rate (sfl), A is the
geocentric distance (m), F; is the flux of line i incident on the
terrestrial ~ atmosphere (W m?), g is the g-factor
(photon gt molecule_l), 7 is the molecular lifetime (s;
Huebner & Mukherjee 2015), hcv is the energy (J) of a photon
with wavenumber v (cm™ '), and f(x) is the fraction of the
molecules contained within the beam assuming uniform
outflow and constant gas expansion velocity. An accurate
measure of the gas expansion velocity is critical, in particular in
the optically thick case, as f(x) (and therefore Q) is sensitive to
the gas expansion velocity. Our APEX/nFLASH230 observa-
tions enabled a direct measure of the CO expansion velocity,
and we adopted the mean value 0.41 kms™' between the jet
and ambient coma regions (Table 2) for all of our IR analysis. It
is worth noting that the IR formalism assumes spherically
symmetric release, as the IR lines are unresolved in velocity
space, and the resulting Q is an approximate treatment of the
highly asymmetric outgassing and Q. measured with APEX/
nFLASH230. However, the Q-curve formalism (Sections 4.3.1
and 4.3.2) provides at least a first-order treatment to
asymmetric outgassing by averaging emission intensity on
both sides of the nucleus when deriving a growth factor.
Rotational temperatures (7,,) were determined using correla-
tion and excitation analyses as described in Bonev (2005),

DiSanti et al. (2006), Bonev et al. (2008), and Villanueva et al.
(2008). In the case of SW1, determination of the CO rotational
temperature was hampered by optical depth effects: as detailed
in Section 4.3, correcting for the opacity requires either spectral
extracts taken far from the nucleus or from small apertures,
resulting in a lower signal-to-noise ratio than the usual case of a
15 pixel (25) nucleus-centered extract used for comets with
optically thin comae. Within the limitations of our data, we find
that T, = 3-5 K is consistent with the relative intensities of the
CO lines, consistent with previous near-infrared observations
(Paganini et al. 2013), and we assume 7, = 4 K in all instances
and for all molecules in analysis of our IRTF/iSHELL spectra.

4.3. Treatment of Optical Depth

The ultra-cold CO emission in SW1 was likely optically
thick along lines of sight passing close to the nucleus, similar to
that observed in other CO-rich comets (e.g., C/2016 R2
(PanSTARRS), C/1995 O1 (Hale-Bopp); DiSanti et al. 2001;
McKay et al. 2019), which can affect the derived molecular
production rates. Bockelée-Morvan et al. (2010) and DiSanti
et al. (2001) demonstrated the importance of treating opacity
effects for CO emission in these comets.

We corrected for optical depth using three complementary
approaches, including two developed for similarly distant, CO-
rich comets: (1) the Q-curve formalism described in Bonev
et al. (2017) to analyze optically thick CO in comet C/2003
W6 (Christensen); (2) correction for opacity in the solar pump,
developed to analyze CO emission in C/1995 O1 (Hale-Bopp)
and C/1996 B2 (Hyakutake) (DiSanti et al. 2001, 2003); and
(3) implementation of a new treatment for optical depth
correction in the NASA PSG (Villanueva et al. 2018, 2022)
applied to extracted column densities along the slit. Both
approaches (1) and (2) have subsequently been applied to the
case of optically thick CO emission in peculiar, ultra CO-rich
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Figure 4. (A) Q-curve constructed using the curve-of-growth approach and showing retrieved symmetric Qco vs. nucleocentric distance in SW1. Nucleus-centered
(Onc) and terminal (Qe;m) values are indicated in the figure with 1o uncertainties. (B) Extracts of CO column density (Vo) in 1 pixel (0” 167) increments along the
slit along with 1o uncertainties. Also shown are models for optically thick N, (including after convolution with the seeing) and optically thin N,,. The optically thick
models were generated with opacity corrections using the NASA PSG (see the Appendix). An acceptable fit is found for Oco = 4.8 x 10 s7! and T,o, =4 K,
assuming an expansion velocity v = 0.41 km s~ ' and 171 seeing. It should be noted that the off-nucleus regions in which optically thin and optically thick models are
in agreement are consistent with the terminal region in the Q-curves from the curve of growth and in Figure 5.

comet C/2016 R2 (PanSTARRS; McKay et al. 2019) and used
CO models generated by the PSG with optically thin g-factors,
whereas approach (3) used CO models generated by the PSG
with g-factors corrected for opacity. In all instances, the CO
models were adjusted for the heliocentric velocity of the comet
at the time of our observations (0.49 kms ™) to correct for the
Swings effect. We demonstrate consistency among all
approaches and the robustness of our results.

4.3.1. Q-curve Analysis

The Q-curve formalism described in Bonev et al. (2017)
obtains Q not based on the nucleus-centered extracts (where
line fluxes are affected by optical depth), but from spectra
offset sufficiently from the nucleus that optically thin
conditions are reached. The common application of the Q-
curve formalism involves summing the fluxes of all emission
lines to increase the signal-to-noise ratio, and assuming a
constant g-factor along the slit. This approach provides an
excellent approximation in the optically thin case. However,
here we construct a “true” Q-curve by first extracting spectra at
successive field-of-view intervals along the slit. The Q-curve is
then symmetrized by averaging extracts taken on each side of
the nucleus. Importantly, production rates are obtained through
line-by-line analysis (i.e., without summing the fluxes). The
resulting Q-curve is shown in Figure 4.

The symmetric Q-values increase with nucleocentric dis-
tance, owing primarily to atmospheric seeing and opacity,
which suppress signal along lines of sight passing close to the
nucleus due to the use of a narrow slit, until reaching a terminal
value. The ratio between emission intensity at the terminal
position to that at the nucleus-centered position is taken to be

the multiplicative growth factor (e.g., Villanueva et al. 2011a;
DiSanti et al. 2016). This multiplicative growth factor is
applied to nucleus-centered spectral extracts when calculating
global production rates for each molecule.

We calculated Q¢ for 5 pixel (0783) extracts to either side of
and equidistant from the nucleus in successive increments using
CO models generated by the PSG with optically thin g-factors.
Our nucleus-centered region is then defined as Qp, and our
“terminal” region is defined as the weighted average of Q;, O,
and Q5 (Figure 4). Oco in the nucleus-centered region (affected by
optical depth and slit losses) is (1.52 4 0.24) x 10*®* 57!, Ocoin
the terminal, optically thin region is (4.02 £ 0.26) x 10®* s~ and
the growth factor GF = Qerminal/Onc 18 2.64 £ 0.46.

4.3.2. Correction for Opacity in the Solar Pump

In our second case, we adopted the methodology in the
Appendix of DiSanti et al. (2001), calculating the “critical
distance” from the nucleus for which each CO transition
reaches unit opacity and correcting the solar pump assuming
uniform gas outflow at constant speed. These corrections were
applied to spatial profiles of emission intensity for each CO
transition separately, enabling the calculation of a “corrected”
Q-curve and multiplicative GF from the summed profiles
(Figure 5). Our corrected GF, 2.68 +0.23, is consistent with
GFs measured in observations of optically thin emission in
other comets with IRTF/iSHELL (e.g., Roth et al. 2021) and
with that derived in the previous section. Applying the
corrected GF to a classical 15 pixel nucleus-centered extract
using CO models with optically thin g-factors, we derive
Oco = (5.18 £ 0.69) x 10°° s .
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Figure 5. Left: Spatial profiles of emission for CO (summed over the P1, P2, and P3 lines) in SW1 measured with IRTF/iSHELL. The observed spatial profile (black)
and spatial profile corrected for opacity in the solar pump (red) are shown. The slit was oriented along the projected Sun—comet line (PA 259°). The solar phase angle
of 8.7° is indicated. Right: Q-curve calculated using the opacity corrected spatial profile. The terminal (Q;—Q3) and nucleus-centered (Q,) values are indicated.

4.3.3. Correction for Opacity in the NASA Planetary Spectrum
Generator

As a further validation of the production rates obtained in
Sections 4.3.1 and 4.3.2, we developed and implemented an
approximate treatment for optical depth in the NASA PSG. Our
formalism is described in the Appendix. The corrections must
be applied over a relatively small field of view, to prevent beam
dilution of the column density. We calculated the CO column
density in sliding 1 pixel (0”167) extracts along the slit. We
then varied Qcountil the modeled optically thick column
density (convolved with the seeing, which we approximate to
be ~171) provided a reasonable fit to the observed column
density profiles. Figure 4 shows our results, with an acceptable
fit for Qco = 4.8 x 10?® s!, where we estimate an uncertainty
on the order of 10%. Table 3 provides our measured CO line
fluxes in a nucleus-centered, 15 pixel extract along with our
optically thin and corrected g-factors at the nucleus position.

5. Discussion

Our multiwavelength observations of SW1 during its
exceptional 2021 September—October outburst, combined with
follow-up observations in 2022 April, enabled a comparison
between outburst and quiescent activity in SW1 itself as well as
a comparison of its relatively primitive Kuiper disk material
against that contained in JFCs and OCCs. We discuss the
outburst in the context of longstanding observing programs
targeting SW1 and place our compositional measurements into
context with the comet population.

5.1. Optical Context and Comparison with Previous Radio
Observations of SWI

Bockelée-Morvan et al. (2022) derived a relationship
between mg(1, ry, 0) (SW1’s apparent R magnitude corrected
to A =1 au and ¢ = 0°), its expected total Qco, and the portion
of Qco attributable to an outburst. Miles & BAA Comet
Section 29P (2022) reported apparent R magnitudes mz(1, 1, 0)
within a 10” diameter aperture corrected to ry = A=1 au and
¢ =0° daily throughout September, October, and April. We
converted these to mg(1, ry, 0) as

mg(1, ry, 0) = mg(1, 1, 0) + Slogry 3)

and used the formalism in Bockelée-Morvan et al. (2022) to
predict total Qcoand the outburst portion during our
observations.

In order to compare our results to those of Bockelée-Morvan
et al. (2022), we performed radiative transfer calculations using
the same kinematical parameters, namely fixing v, =
0.50 km sfl, v, =0.30 km sfl, and v =45°, and assuming that
O, (the CO jet) accounts for 60% of the total Qco. Table 4
provides a comparison of our nominal best-fit radiative transfer
models against the results when assuming the kinematics in
Bockelée-Morvan et al. (2022). Notably, our total Qcois
considerably lower when adopting these kinematics on October
6 and April 3 when our + is larger than 45°, whereas values for
both formalisms are in good agreement for October 7, when our
~y is consistent with 45°. This demonstrates that the differences
in our calculated Qcoarise from our treatment of the
kinematics.
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Table 4
Comparison of Radiative Transfer Models for CO (J = 2-1) in 29P/SW1
Date Y 0, Ootal Y 0, Ootal
© (10% 571y (102 51y (107 571y 102 71y
2021 Oct 6 55+2 3.80 +0.38 6.00 + 0.61 45 2.78 +0.28 4.64 +047
2021 Oct 7 47+ 3 344 +0.35 5.59 +0.58 45 329 +0.33 5.48 +0.56
2022 Apr 3 50+3 2.73 +0.28 4.51 £ 046 45 1.93 +0.20 3.22 +0.33

Notes. Left: 0; and Qo for the nominal best-fit radiative transfer model with indicated jet half-opening angle -y and vy, v», and Q;/Q> as in Table 2. Right: Q; and
Orotal, fixing v = 45° v; = 0.50 km s, and v, = 0.30 km s~ ', and assuming that Q; represents 60% of Qo as in Bockelée-Morvan et al. (2022).

For consistency in comparison against the literature, we adopt
Qco calculated following Bockelée-Morvan et al. (2022) for all
further discussion. Figure 6 compares our APEX/nFLASH230
total Qco, along with Qcofrom our IRTF/iSHELL results,
against the values predicted using the relationship between
Oco and mg(1, ry, 0). Our total Qco from IRTF/iSHELL and
APEX/nFLASH230 are in formal agreement with the predic-
tions for October 6 and April 3, but our APEX/nFLASH230
value on October 7 is still higher than the predicted value. This
higher-than-expected Qcomay be owed to the exceptional
nature of the outburst. Bockelée-Morvan et al. (2022) measured
QOcoranging from (3.0-3.3) x 10*® s™! on 2021 November
13-15, which is consistent with our Q¢ in April and suggests
that SW1 had returned to quiescent activity by November.

5.2. Comparison of Trace Species Abundances and Comets
Measured

The high activity during SW1’s outburst coupled with the
sensitivity of APEX/nFLASH230 and IRTF/iSHELL enabled
us to obtain sensitive 30 upper limits on the production of
OCS, CS, CH;0H, H,CO, CHy, and C,Hg relative to CO. Our
upper limits for CS/CO (<0.8%—4%) and OCS/CO (<4.8%)
are the first reported in the literature for SW1. Our upper limits
for CH;0H/CO (<1.8%-11%), C,Hgs/CO (<1.96%), and
CH,/CO (<0.98%) are significantly more stringent than in
previous work (Paganini et al. 2013).

Bockelée-Morvan et al. (2022) reported H,O and HCN
production in SW1 consistent with spherically symmetric sublima-
tion from icy grains at T4, =100 K and L,=10,000 km.
We calculated 30 upper limits for CH3OH, H,CO, and CS
production in two cases: (1) assuming direct nucleus release with
the same temperature as CO, and (2) assuming production from icy
grains with the same L, and 7, reported for H,O and HCN and
assuming the average expansion velocity derived for CO on each
date. Upper limits for CH, and C,Hg constrained by IRTF/
iSHELL were calculated assuming spherically symmetric, direct
nucleus release at 7,, =4 K (Table 5). Table 6 details our full
compositional results for APEX/nFLASH230.

Our stringent upper limits on the hypervolatile (CO, CHy,
and C,Hg) and oxygen-bearing species (CH;0H and H,CO)
composition in SW1 enable us to place the composition of
primitive Kuiper disk material into context with measured
comets from the major dynamical classes, i.e., JFCs and OCCs.
A significant caveat is the difference in ry: the majority of
measured comets are studied at smaller ry in H,O-dominated
comae. Nevertheless, the comparison is worthwhile.

Figure 7 demonstrates the considerable differences in SW1’s
coma composition compared to comets measured in the inner
Solar System. All measurements are from ground-based, high-
resolution near-infrared spectroscopy (Dello Russo et al. 2016;
McKay et al. 2019) with the exception of radio wavelength

measurements of C/2016 R2 (PanSTARRS; Biver et al. 2018;
Cordiner et al. 2022) and in situ Rosetta measurements of 67P/
Churyumov-Gerasimenko (Le Roy et al. 2015). Differences in
observing and data analysis techniques must be kept in mind
when comparing these data sets. Of particular interest is how
C,Hg and CH,4 abundances in SW1 compare to those observed
in OCCs versus JFCs. CO, CHy, and C,Hg have the highest
volatility among molecules routinely measured in comets and
may be the most sensitive to thermal evolutionary processing.
Thus, testing for compositional differences in the hypervola-
tiles between JFCs and OCCs can help to disentangle
primordial from evolutionary effects in present-day measured
coma composition (Dello Russo et al. 2016; DiSanti et al.
2017; Roth et al. 2018, 2020). Comparing the primitive Kuiper
disk material preserved in Centaurs against that measured in
JFCs may provide additional insights into potential evolu-
tionary processing suffered by JFCs relative to OCCs.

Figure 7 demonstrates that C,Hg and CH,4 abundances in
JFCs span the same range of values measured in OCCs,
although comet 45P/Honda-Mrkos-Pajdusdkova (point #3)
may be an outlier among the population. Notwithstanding the
small number statistics for JFC hypervolatile abundances
compared to OCCs, our sensitive 3¢ upper limits on C,Hg and
CH,4 in SW1 are more consistent with some OCCs than with
JFCs in general, with ultra CO-rich C/2016 R2 (PanSTARRS;
Biver et al. 2018; McKay et al. 2019; Cordiner et al. 2022)
being the closest match to SW1, followed by C/1995 Ol
(Hale-Bopp). Our upper limits on both C,Hg/CO and CH,/CO
are lower than those reported for any measured JFC. On the
other hand, 30 upper limits on SW1’s H,CO and CH;O0H
content are similar to values in C/2016 R2 (PanSTARRS) and
in 67P/Churyumov—Gerasimenko measured by Rosetta (Le
Roy et al. 2015). The similarities between SW1 and C/2016
R2 continue, with HCN/CO = (0.12 + 0.03)% in SW1 (Bock-
elée-Morvan et al. 2022) and (0.004 £ 0.001)% for C/2016 R2
(Biver et al. 2018) among the lowest values measured in
comets.

5.3. Compositional Similarities of SWI and C/2016 R2 and
Opportunities for Future Studies

The remarkable similarity in volatile composition between
SWI1 and C/2016 R2, two comets with dramatically different
dynamical histories, may be indicative of the form in which the
ices are preserved in the comet nucleus. Given the very low
CH,/CO and H,O/CO ratios in C/2016 R2, Cordiner et al.
(2022) hypothesized that CH, is more associated with the polar
(H,0) ices in the nucleus. At the ultra-low temperatures in
SWI, it is possible that the CH, may remain trapped in the
frozen, polar ice phase, whereas the apolar (CO-rich) phase
experiences more outgassing.
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Figure 6. (A) Left: Scaled R total magnitudes (black; Miles & BAA Comet Section 29P 2022), empirically predicted total Qco(red, Section 5.1; Bockelée-Morvan
et al. 2022), and Qco (red) measured by APEX/nFLASH230 and IRTF/iSHELL (this work, Tables 4 and 5) during SW1’s September—October outburst. Right:
Portion of the R magnitudes (black), predicted Qco (red), and measured Qco(red, this work) attributable to outburst (above quiescent activity, defined as
QOco =29 x 10?® s, Wierzchos & Womack 2020) following Bockelée-Morvan et al. (2022). (B) Same as upper panel for the April observations.

As small bodies migrating from the scattered Kuiper disk
onto Jupiter-family comet orbits, understanding the composi-
tion of Centaurs may provide a key avenue to disentangling
potential compositional differences between OCCs and JFCs
and revealing whether they are natal or acquired. That SW1 is
perhaps more compositionally similar to C/2016 R2, the most
anomalous OCC discovered to date, than to JFCs or the general
OCC population is intriguing and puzzling. C/2016 R2
displayed a consistently anomalous composition in all detected

10

volatiles (by at least a factor of 3) compared to average OCCs,
and its high CO and N, abundances compared to more complex
species may suggest that it formed in a region of the
protoplanetary disk that was chemically inactive and shielded
from photodissociation (McKay et al. 2019). Alternately, its
high hypervolatile content may be explained if it was the
fragment of a differentiated Kuiper Belt body (Biver et al.
2018). Although C/2016 R2 was measured at relatively large
ru (~3 au) compared to most measured comets, it was still



THE PLANETARY SCIENCE JOURNAL, 4:172 (14pp), 2023 September

Roth et al.

Table 5
Molecular Composition of SW1 as Measured by IRTF/iSHELL

Setting Species Trot GF® Orotal 0./ 0co® Range in Comets®
(K) (10°°s7 (%) (%)°
2021 October 6, ry = 5.91 au, A=5.41 au
M2 CcO 4) 2.64 +0.34 466 + 30 100 s
OCS 4 (2.64) <22 (30) <4.81 3o) 1.5-14
Lpl CH,4 (@] (2.64) <4.6 30) <0.98 (30) 4.6-164
C,Hg 4 (2.64) <9.1 (30) <1.96 3o) 2.3-98
CH;0H 4) (2.64) <21 (30) <4.4 (30) 10-500
Notes.

 Rotational temperature.
® Growth factor assumed from Section 4.3.1.

¢ Production rate. We calculated an average Qco based on each of the three methods used to address optical depth (Section 4.3).

d Mixing ratio with respect to CO (CO = 100). Assumed values are in parentheses.

¢ The range of abundances with respect to CO in measured comets is provided (Dello Russo et al. 2016, Bockelée-Morvan & Biver 2017).

Table 6
Molecular Composition in 29P/SW1 as Measured by APEX/nFLASH230
Transition E, v STy dv Qi,ﬂrent Q110,000 km 0./0co Range in Comets
(K) (GHz) (K kms™h 10%°s7h 10%°s71h (%) (%)

2021 October 6, ryy = 5.91 au, A=5.41 au, Qco = 4.64 x 102 57!
CH;0H (Jg=50-40 A™) 34.8 241.791 <0.046 (30) <121 (30) <4.8 (30) <4.8-26 (30) 10-500
H,CO (Jgaxe=303-202) 21.0 218.222 <0.032 (30) <6.80 (30) <742 (30) <1.4-1.6 (30) 1-81
CS (J=5-4) 353 244.935 <0.048 (30) <83 (30) <9.7 (30) <2.1-18 (30) 0.02-5.5

2021 October 7, rg = 5.91 au, A=5.39 au, Qco = 5.48 x 10% 57!
CH;0H (Jg=50-40 A™) 34.8 241.791 <0.026 (30) <59 (30) <10 (30) <1.8-10.8 (30) 10-500
H,CO (Jkake=312-21.1) 33.4 225.697 <0.028 (30) <11 3o) <8.8 (30) <1.6-2.0 (30) 1-81
CS (J=5-4) 353 244.935 <0.022 (30) <22 (30) <41 (30) <0.7-4.0 (30) <0.02-5.5

2022 April 3, rg = 5.97 au, A=6.43 au, Oco = 3.22 x 10% 7!

CH;0H (Jg=50-40 A™) 34.8 241.791 <0.017 30) <50 (30) <9.6 (30) <3-15 (30) 10-500
H,CO (Jkake=312-21.1) 33.4 225.697 <0.016 (30) <15 (30) <9.9 (30) <3.1-3.3 (30) 1-81
CS (J=5-4) 353 244.935 <0.014 30) <49 (30) <5.8 (30) <1.8-11 (30) <0.02-5.5

Notes. E,, v, and fTMB dv are the upper state energy, frequency, and integrated intensity (from —0.6 to 0.4 km s~ of each molecular transition. Oparent and
Q110,000 km are production rates calculated assuming direct nucleus release and icy grain release at L, = 10,000 km, respectively. Q./Qco is the abundance with
respect to CO given as a range between the direct release and icy grain values, with Qo taken as the value calculated using kinematics from Bockelée-Morvan et al.
(2022) (Table 4). The range of abundances with respect to CO in measured comets is provided (Dello Russo et al. 2016; Bockelée-Morvan & Biver 2017).

considerably closer to the Sun than SW1, and the effects of ry
must be considered. Finally, it is worth remembering that SW1
itself is highly unusual even among the enigmatic Centaur class
(or comets in general) owing to its remarkable cycle of
outbursts and activity, whose mechanisms are still not fully
understood.

Definitively detecting the full hypervolatile suite (CO, CHy,
C,Hg, and CO,) in SW1 and comparing the material preserved
in Centaurs versus JFCs will likely require the unprecedented
sensitivity of the most advanced facilities, such as JWST and
ALMA. JWST and the upcoming ALMA Wideband Sensitivity
Upgrade will also enable the characterization of molecular
chemistry in ever more distant OCCs, removing the bias of
comet studies toward smaller ry and testing how Centaur
composition compares to OCC coma chemistry at large ry.
Centaurs are also under consideration for spaceflight missions
as recommended by the recent Planetary Science & Astro-
biology Decadal Survey (National Academies of Sciences,
Engineering, & Medicine 2022). A Centaur orbiter and lander
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would provide paradigm-challenging insights for Centaurs
analogous to those delivered for comets by the Rosetta
rendezvous mission to comet 67P/Churyumov-Gerasimenko.
We strongly advocate for such missions and for observing
programs that leverage state-of-the-art facilities for small-body
studies.

6. Conclusion

The 2021 October outburst of SW1 presented an extra-
ordinary opportunity to characterize the relative abundances of
its volatiles across multiple wavelengths. Our nearly simulta-
neous IRTF and APEX/nFLASH230 observations provided
highly consistent measures of CO production during the
outburst, enabled sensitive upper limits on the abundances of
trace species, gave measurements of gas expansion velocity
crucial to accurate calculations of molecular production rates,
and facilitated long-term monitoring to place the outburst into
context with quiescent activity in SW1. Our results highlight
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Figure 7. (A) Relative abundances of hypervolatiles in comets (Le Roy et al. 2015; Dello Russo et al. 2016; Biver et al. 2018; McKay et al. 2019). (B) Relative
abundances of CH3;0H and H,CO in comets (Le Roy et al. 2015; Dello Russo et al. 2016; Biver et al. 2018; McKay et al. 2019; Cordiner et al. 2022). Arrows indicate
3¢ upper limits. Measurements for 67P/Churyumov—Gerasimenko in its summer and winter hemispheres (Le Roy et al. 2015) are indicated. For both figures, the right
panel is zoomed in on the region highlighted by the black box in the left panel.

the dramatic differences in coma composition between SW1 in some OCCs than in JFCs. Our nearly simultaneous near-
and comets measured in the inner Solar System, and suggest infrared and radio measurements demonstrate the superb
that Centaurs may preserve material more similar to that found synergy that multiwavelength measurements harness, with
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each component providing highly complementary science that
cannot be achieved with either wavelength alone.

Unlocking the nature of primitive Kuiper disk material
preserved within Centaurs will require characterizing the coma
chemistry in a statistically significant number of these
enigmatic objects. Our results, combined with the inherently
faint nature of Centaurs, highlight the role that the most
sensitive current and planned facilities, such as ALMA, JWST,
and upcoming Extremely Large Telescopes (ELTs) will play in
these efforts.
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Appendix
Correction for Optical Depth in the PSG

Specific fluorescence emissions originate from a myriad of
pump and cascade processes. Considering the high energy of
the solar pumping flux, comprehensive high-energy pump line
lists including billions of transitions are required. Treatment of
opacity and full radiative transfer employing such large
databases, in particular for nonresonant fluorescence, can
therefore be extremely challenging.

In the PSG correction for optical depth, we kept track of the
associated line intensities that led to the specific emission for
every g-factor. We then computed a weighted “representative”
line intensity S, [em™! /(molecule cm 2)] and documented for
each g-factor its weighted pump intensity. The weight is
defined based on the Jpump intensity (g,,) divided by the pump
line frequency (cm™'). The inclusion of the frequency in the
weight originates from the fact that the calculation of the
opacity employs the emission frequency, not the pump
frequency.
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In the case of a nonresonant emission for v=1—0
originating from a pump of v=0—2 (later cascading to
v=1), the 11new1dth at the pump is twice as great in
wavenumbers (cm ') and the opacity lower by a factor of two
for the same line intensity. For instance, for the rovibrational P2
transition (/=1 to J=2) of CO, the pumps to J =1 originate
from the lines RO (J=0toJ=1)and P2 (/=2 to J=1), while
the effective line intensity is calculated as

S — (glu,ROSlu,Ro/ﬁu,RO + glLl,PZSlL‘»Pz/ﬁu,PZ)
(2 fl:il,PZ s
(ko T 8u,p2)

(AL)

where g, is the pump g-factor (s ™), f;, is the frequency of the
line (cm™") at the pump, £, is the emission frequency (cm™),
and S;, is the line intensity [cm ™! /(molecule cmfz)] at the
specific rotational temperature, population state, and heliocentric
velocity. This was generalized in the fluorescence model to allow
for complex nonresonant cascades by computing S, following
branching ratios and weights as done for the emission g-factor
(see Villanueva et al. 2022, for further details).

For low Sun—Comet—Observer phase angles, the integrated
column density as measured by the observer also describes the
column density of the 1n01dent solar flux. The average linewidth
of the pump (wp, cm™ 1) can be computed as wy, = (2vpfu,)/c
where v, is the expans1on velocity (ms™"), f,; is the emission
frequency (cm™ "), and c is the speed of light. The 1ntegrated
opacity across the pump can be calculated as 7, = NS /Vg
where N, is the integrated column density (moleculescm™ )
along the line of sight. The transmittance at the end of the
column is e~ at the frequency of the pump. For low opacities,
there are few molecules attenuating the solar flux at the pump
frequency and the pumps are optically thin. As the opacity
increases across the column for the solar pump, the observer only
receives radiation for the molecules up to 7, < 1, and therefore
the expected fluorescence efficiency can be approximated as

Ty
Sthick = L-e Sthin* (A2)
p

This is a first-order correction to a complex problem and is
only valid for low solar phases. Nevertheless, by documenting
the opacity at the pump, the PSG can provide guidance to the
user on the level of opacity in the synthetic spectra. Applying
the correction, the optically thin column density (before
convolution with the seeing PSF) is related to the optically
thin column density (N;) and optically thin g-factors (g;) as

Zi(l%fﬂ)gi N (A3)
= ———=  {Vthin-
Z,‘gi
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