Universiteit

4 Leiden
The Netherlands

CoCCoA: Complex Chemistry in hot Cores with ALMA: the chemical

evolution of acetone from ice to gas
Chen, Y.; Garrod, R.T.; Rachid, M.; Dishoeck, E.F. van; Brogan, C.L.; Loomis, R.; ... ;
McGuire, B.A.

Citation

Chen, Y., Garrod, R. T., Rachid, M., Dishoeck, E. F. van, Brogan, C. L., Loomis, R., ...
McGuire, B. A. (2025). CoCCoA: Complex Chemistry in hot Cores with ALMA: the chemical
evolution of acetone from ice to gas. Astronomy And Astrophysics, 696, A198.
doi:10.1051/0004-6361/202453389

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4288127

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4288127

A&A, 696, A198 (2025)
https://doi.org/10.1051/0004-6361/202453389
© The Authors 2025

tronomy
Astrophysics

CoCCoA: Complex Chemistry in hot Cores with ALMA

The chemical evolution of acetone from ice to gas

Y. Chen (]33?\2%)1’* , R. T. Garrod*®, M. Rachid*®, E. F. van Dishoeck!*®, C. L. Brogans,
R. Loomis’, A. Lipnicky>®, and B. A. McGuire®-

! Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands

2 Departments of Chemistry & Astronomy, University of Virginia, Charlottesville, VA 22904, USA

3 Netherlands Organization for Applied Scientific Research (TNO), 2628 CK Delft, The Netherlands

4 Max Planck Institut fiir Extraterrestrische Physik (MPE), Giessenbachstrasse 1, 85748 Garching, Germany
5 National Radio Astronomy Observatory, Charlottesville, VA 22903, USA

¢ Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Received 11 December 2024 / Accepted 7 March 2025

ABSTRACT

Context. Acetone (CH;COCH;) is one of the most abundant three-carbon oxygen-bearing complex organic molecules (O-COMs) that
have been detected in space. The previous detections were made in the gas phase toward star-forming regions that are chemically rich,
mostly in protostellar systems. Recently, acetone ice has also been reported as (tentatively) detected toward two low-mass protostars,
allowing comparisons in acetone abundances between gas and ice. The detection of acetone ice warrants a more systematic study of its
gaseous abundances which is currently lacking.

Aims. We aim to measure the gas-phase abundances of acetone in a large sample obtained from the CoCCoA program, and investigate
the chemical evolution of acetone from ice to gas in protostellar systems.

Methods. We fit the ALMA spectra to determine the column density, excitation temperature, and line width of acetone in 12 high-
mass protostars as part of CoCCoA. We also constrained the physical properties of propanal (C,HsCHO), ketene (CH,CO), and
propyne (CH;CCH), which might be chemically linked with acetone. We discuss the possible formation pathways of acetone by
making comparisons in its abundances between gas and ice and between observations and simulations.

Results. We firmly detect acetone, ketene, and propyne in the 12 high-mass protostars. The observed gas-phase abundances of acetone
are surprisingly high compared to those of two-carbon O-COMs (especially aldehydes). Propanal is considered as tentatively detected
due to lack of unblended lines covered in our data. The derived physical properties suggest that acetone, propanal, and ketene have
the same origin from hot cores as other O-COMs, while propyne tends to trace the more extended outflows. The acetone-to-methanol
ratios are higher in the solid phase than in the gas phase by one order of magnitude, which suggests gas-phase reprocessing after
sublimation. There are several suggested formation pathways of acetone (in both ice and gas) from acetaldehyde, ketene, and propylene.
The observed ratios between acetone and these three species are rather constant across the sample, and can be well reproduced by
astrochemical simulations.

Conclusions. On the one hand, the observed high gas-phase abundances of acetone along with dimethyl ether (CH;OCH3;) and methyl
formate (CH;OCHO) may hint at specific chemical mechanisms that favor the production of ethers, esters, and ketones over alcohols
and aldehydes. On the other hand, the overall low gas-phase abundances of aldehydes may result from destruction pathways that
are overlooked or underestimated in previous studies. The discussed formation pathways of acetone from acetaldehyde, ketene, and
propylene seem plausible from observations and simulations, but more investigations are needed to draw more solid conclusions. We
emphasize the importance of studying acetone, which is an abundant COM that deserves more attention in the future.

Key words. instrumentation: interferometers — stars: massive — stars: protostars — ISM: abundances — ISM: molecules

1. Introduction

The formation of complex organic molecules (COMs), usually
considered as carbon-bearing molecules with at least six
atoms (Herbst & van Dishoeck 2009), has been a hot topic
in astrochemistry since their first detections in the gas phase
toward hot molecular cores (i.e., the compact, chemically rich
regions around protostars) in the last century (e.g., Cummins
et al. 1986; Blake et al. 1987). In the past decade or so, powerful
radio telescopes, including both single dishes and interferometer
arrays, have detected more than 100 gas-phase COMs in space
(Jorgensen et al. 2020; McGuire 2022), and both the number

* Corresponding author: ychen@strw.leidenuniv.nl

and complexity keep increasing!. In particular, the Atacama
Large Millimeter/submillimeter Array (ALMA), known for
its unprecedented sensitivity and resolution, has significantly
increased the number of the identified COM-rich sources.
Thanks to ALMA’s high efficiency of detecting weak lines
and resolving the compact hot core regions, observations on
gas-phase COMs are moving from case studies (e.g., toward
Sgr B2, IRAS 16293-2243, and G31.41+0.31; Belloche et al.
2016; Jgrgensen et al. 2016; Mininni et al. 2023) to large-sample
surveys (e.g., van Gelder et al. 2020; Yang et al. 2021; Hsu et al.
2022; Nazari et al. 2022; Chen et al. 2023), where the COM
abundances can be accurately measured and systematically
analyzed.

I https://cdms.astro.uni-koeln.de/classic/molecules
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Although gas-phase COMs have been intensively studied,
the exploration of their icy counterparts has just been enabled
by the James Webb Space Telescope (JWST), or specifically,
its Mid-Infrared Instrument (MIRI) and the Medium Resolution
Spectroscopy (MRS) mode, which cover the fingerprint range
of COM ices around 7-8 pum. Before the era of JWST, only
methanol (CH3OH), the simplest and most abundant COM, was
firmly detected in interstellar ice (Boogert et al. 2015), with
some tentative attribution of the absorption bands at 7.24 and
7.41 um to ethanol (C,HsOH) and acetaldehyde (CH3CHO) ices
(Schutte et al. 1999; Oberg et al. 2011). Recently, more quanti-
tative detections of COM ices, including ethanol, acetaldehyde,
dimethyl ether (CH3;OCH3), methyl formate (CH;OCHO), and
acetone (CH3;COCH3), have been claimed toward three proto-
stars using JWST/MIRI-MRS (Rocha et al. 2024; Chen et al.
2024). Methyl cyanide (CH3CN), the most abundant nitrogen-
bearing COM, has also been searched in ices and considered
as tentatively detected in several other protostars using the Near
Infrared Spectrograph (NIRSpec; Nazari et al. 2024). With the
new detections of COM ices, it is now feasible to make gas-to-ice
comparisons in their abundances, which can help us probe into
the chemical evolution of COMs from ice (on dust grains) to gas
(in hot cores). These comparisons have been conducted for four
0O-COMs (CH3CHO, C,HsOH, CH30CH3;, and CH30CHO)
toward two low-mass protostars B1-c and NGC 1333 IRAS 2A
(Chen et al. 2024), and two O-COMs (CH3;CHO and C,H5OH)
show signs of undergoing reprocessing in the gas phase. How-
ever, the conclusions remain to be strengthened by investigating
more species and sources.

Besides the aforementioned four O-COMs, acetone is also
considered as detected in ice in B1-c (Chen et al. 2024), but
is not included in the gas-to-ice comparisons, largely because
of lacking statistics on the gas-phase abundances of acetone.
In previous observational studies on gas-phase COMs, acetone
was either overlooked or served as a “byproduct” of those more
abundant COMs with one or two carbon atoms. However, previ-
ous measurements show that the relative abundances of acetone
with respect to methanol are 1073-1072 (Isokoski et al. 2013;
Fuente et al. 2014; Lykke et al. 2017; van Gelder et al. 2020;
Chahine et al. 2022; Baek et al. 2022; Mininni et al. 2023),
which is well above the detection limit of ALMA when cov-
ering the strong transitions. In Sgr B2 and IRAS 16293-2243
(hereafter IRAS 16293), acetone was found to be much more
abundant than its isomer, propanal (C,Hs;CHO), by around one
order of magnitude (Belloche et al. 2013; Lykke et al. 2017). This
raises an intriguing question why acetone is such abundant as a
three-carbon and ten-atom molecule.

To answer this question, we conduct a follow-up study of
Chen et al. (2023) (hereafter C23), where the physical properties
of six selected O-COMs (i.e., CH3;CHO, C,HsOH, CH30CHj;,
CH;0CHO, CH,OHCHO, and (CH,OH),) were measured
toward 14 high-mass protostellar sources in the Complex Chem-
istry in hot Cores with ALMA (CoCCoA) program. In this work,
we extend our attention from two-carbon O-COMs to acetone
and propanal, which will increase the sample size by more than
ten sources for the detection of three-carbon O-COMs. We also
check ketene (CH,CO) and propyne (CH3CCH) which may be
relevant to the formation of acetone (see discussion in Sect. 5 for
details; Sung & Tidwell 1998; Hudson et al. 2017). By making
comparisons in acetone abundances between gas and ice and
between observations and simulations, we can shed light on the
chemical evolution of acetone from ice to gas in protostellar
systems. This work is also helpful for future studies on the
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formation mechanisms of O-bearing COMs in general (see
Sect. 5.1).

2. Observations

The CoCCoA program (PI: B. McGuire) includes data
from four ALMA projects: 2019.1.00246.S, 2019.2.00112.5,
2022.1.00499.S, and 2023.1.00466.S. This paper makes use of
the original 2019.1.00246.S project, which observed 24 high-
mass star-forming regions that are known to be chemically rich.
The observations aimed to cover two spectral tunings per source
in Band 6, which are 238.0-241.7 GHz in the lower tuning,
and 258.0-261.7 GHz in the upper one. In the 2019.1.00246.S
project, both tunings were observed for 16 out of 24 sources at a
uniform angular resolution of ~0.3”, and one source (Orion KL)
was observed at a lower resolution of ~0.7”. The remaining
seven sources only have the lower tuning observed but at a higher
resolution of ~0.17”. In the follow-up project 2022.1.00499.5S,
the upper-tuning observations of these seven sources were exe-
cuted, and all the targeted sources except for Orion KL were
observed again in both tunings at a lower resolution of ~1.0”
to cover the molecular emission on a larger scale.

So far, only the upper-tuning data (258.0-261.7 GHz) of the
16 sources observed in project 2019.1.00246.S have been manu-
ally reduced, which already yield fruitful results on six selected
0O-COMs in C23. In this work, we switch our focus to a larger O-
COM that was not studied in C23, acetone, of which the emission
lines are mostly blended in the upper tuning. Therefore, we want
to make use of the lower tuning as well, in order to cover as wide
a frequency range as possible when fitting the spectra.

Although the lower-tuning data have not been manually
reduced, we found that the pipeline data provided in the ALMA
Science Archive are already of very good quality. In C23,
the upper-tuning spectra were extracted from the peak pixels
of the integrated intensity (moment 0) maps of a represen-
tative CH3OH line (19317-19,153 at 258.78 GHz). This line
is the strongest unblended CH3OH line in the upper tuning.
Since CH30H is the simplest and most abundant COM, its
emission is likely to share a similar morphology with other
O-COMs. We found that the pipeline-reduced datacubes can
produce similar spectra if extracted from the same positions
(i.e., the CH3OH emission peaks). The only difference is that
the manually reduced data have a larger beam (0.33”) than
the pipeline data (0.24"’-0.27"), which introduces 10-20% dif-
ference in the line intensities. To unify the beam size, we
implemented the imsmooth task in CASA and adjusted the beam
size of the pipeline data to 0.33”. In this way, the difference
becomes very small ($5%) between the manually reduced and
the pipeline data, which is smaller than the calibration uncertain-
ties in ALMA Band 6 (~10%) according to our quality assurance
stage 2 (QA2) report.

By concatenating the pipeline spectra in the lower tun-
ing and the manually reduced spectra in the upper tuning
extracted from the same coordinates, we now obtain “com-
plete” spectra covering both tunings (7.5 GHz in total) for 12
sources: G19.01-0.01, G19.88-0.53, G22.04+0.22, G23.21-0.37,
G34.30+0.20, G34.41+0.24, G345.5+1.5, G35.03+0.35, G35.20-
0.74N, IRAS 16547-4247 (hereafter IRAS 16547), IRAS 18151-
1208 (hereafter IRAS 18151), and NGC 6334-38. The source
luminosities are listed in Table 1, and we refer to C23 for other
information on coordinates and distances. Reusing the manu-
ally reduced data in the upper tuning also means that the fitting
results of the six selected O-COMs in C23 are still valid.
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Table 1. Luminosities of the 12 CoCCoA sources and the best-fit parameters of acetone.

L Nenycoch, T (K) FWHM (kms™") e (km s71)
Source (10* Ly) 5
© (em™) CH;COCH; O-COMs CHsCOCH; O-COMs CH;COCH;  O-COMs
G19.01-0.03 1 2620 % 10" 16074 120~180 35 3.0~4.0 62.3 61.8~63.0
44713510 200425 35 32~3.5 575 57.8~58.5
G19.88.0.53 047 72728 % 1013 11015 100~220 3.0 2.5~4.0 46.7 46.0~46.7
o ’ 4.5418 % 10 95+15 - 3.0 - 43.7 -
G22.04+0.22 0497  (1.5+0.2)x10" 14510 130~170 6.5 45~55 52.5 52.0~53.0
G23.21-0.37 1.3 42108 % 10'6 105+13 120~200 35 3.0~3.8 772 76.8~77.2
G34.30+0.20 4.6 28704 % 10" 12010 130~180 3.0 32~3.5 56.2 55.5~56.5
(3.7+0.5) x10'6 138+8 - 3.3 2.5~3.0 59.8 60.0
G34.41+0.24 0.48 9.5:30 % 105 93+15 130~180 35 3.0~3.3 56.8 56.3~57.0
G345.5+1.5 4.8 7.9738 % 1016 160+30 120~140 35 2.0~2.2 ~14.5 ~16.3~-15.0
G35.03+0.35 0.63 55723 % 10" 110+20 110~220 4.4 2.5~4.0 445 43.5~45.3
G35.20-0.74N 3 3.8%03x 10'6 118+ 100~180 4.2 3.0~4.0 315 30.6~31.2
(6.5+2.1)x10'° 180+20 140~200 35 22~33 355 _35.7~-352
IRAS 16547-4247 63 (¢ 012.0)x10' 11020 _ 3.0 - 387 -
IRAS 18151-1208 22 15705 % 10" 110~180 110~180 2.0 1.7~2.0 35.0 35.0~35.3
NGC 6334-38 <20 2720 % 10" 170+%9 100~190 35 2.6~3.2 54 52~-5.0
’ 31117 ?(J]Z {15 '?UIZ 154‘?'11()]; 673 '?UE 1765 'ﬁ;]; y'? 90]5 sﬂg'iﬁ 88(? }(J]Z'
i Aj ;U j/\m/\ W\A - hj AJ
2 - L
ob AP, sl MWMW Waphah, MAALMJ 1 %m
VAL A 1 ES L PR ' 11 LI A Tl LY.l L Wi I
238.045 239.993 238.871 241.288 258.474 259.620 261.359 261.604
30 - L j
Q 20r G34.41+0.24 T /\/ r 1
] ) WL LA
0 J/\ﬁ"'\ —
238.041 239.990 238.868 241.285 258.470 259.617 261.355 261.601
60
10 Gazoa+022 | wvj\y \/\/\/\ \(
20 1 - .
NS & \ /\/[/

238.042 239.990 238.868 241.285

258.471 259.617 261.356 261.601

Frequency (GHz)

Fig. 1. Best-fit LTE models of acetone spectra (red) at eight strong transiti

ons overlaid on the ALMA spectrum of three example sources in CoCCoA

(black). The upper energy levels and Einstein A coefficients are annotated in red text in the upper right. On the x-axis, only the central frequency
of each line is labeled, but the velocity span of each panel is fixed at [-15, +15] km s,

3. Methods

We performed local thermodynamic equilibrium (LTE) fitting
to the ALMA spectra using the spectral analysis software
CASSIS? (Vastel et al. 2015). We derived the column densi-
ties (N), excitation temperatures (7¢), line widths (FWHM),
and velocities (vj5;) of gas-phase acetone in 12 CoCCoA sources.
Here LTE means assuming the populations of all levels can be
characterized by a single temperature, that is, assuming one tem-
perature component in the fitting, whereas this temperature does
not need to be the same as the kinetic temperature. This assump-
tion has been shown to work well in C23 and other observational
studies (e.g., Jorgensen et al. 2016).

2 http://cassis.irap.omp.eu/

In addition to acetone, we also checked ketene, propyne, and
propanal, which may be chemically relevant to acetone according
to astrochemical simulations and experiments. For this section,
we only introduce how we handled the spectral fitting, and we
reserve the discussion about their relations to acetone in Sect. 5.

3.1. Acetone (CH3COCH3)

The concatenated spectra cover tens of acetone lines above
the detection limit, but only a small portion is unblended or
marginally blended in the fitting (i.e., unblended within the
FWHM) due to the large amount of emission lines emerging
from the hot cores. The line blending issue is more severe for
bright sources in which the lines are stronger and wider. Figure 1
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shows the LTE-modeled spectra of acetone in comparison with
the observed spectra, taking three sources with different line
widths as examples. The key transitions are the triplets around
239.99 GHz and the one at 261.36 GHz (i.e., the second and
the second to last panels in Fig. 1). The multiple lines within
238.03-238.35 GHz are useful in constraining the T, since
they have high upper energy levels (E,,) of ~300 K, whereas
the Ey, of other strong transitions fall in 77-171 K. These high-
Eyp lines are weak (optically thin) and unblended, thus are also
helpful for monitoring overestimation in the fitting. More infor-
mation on the transitions and the LTE-modeled spectra can be
found in Appendices C and D (available on Zenodo, see Data
availability).

Similar to C23, we tried both manual fitting (by visual
inspection) and grid fitting (by running script of y? mini-
mization). The manual fitting was used for sources that have
more than one velocity component (e.g., G19.01-0.03) or bright
sources (e.g., IRAS 16547) that suffer too much from line blend-
ing, and the grid fitting was more suitable for weak and inter-
mediate sources. In the latter case, a contour plot on the N—T
plane (as shown in Fig. 2) was plotted to determine the best-fit N
and Ty, and in the meantime, estimate the uncertainties on a 20
level.

For some sources such as IRAS 18151, there is a strong
degeneracy between N and T of acetone, that is, similar fitting
results can be produced by increasing N and T.x simultaneously
(see the bottom panel of Fig. 2). As a consequence, the possible
Tex ranges from 100 K to 300 K, and the corresponding best-fit
N varies across one order of magnitude, well above the nor-
mally estimated uncertainty of 30%. Interestingly, this problem
was also encountered by Lykke et al. (2017), whose data are in a
different band and cover a much wider frequency range (329.15—
362.90 GHz, literally half of the ALMA Band 7). They chose to
assign a fixed Tex and determine the best-fit N. In our sample,
most sources have a contour plot between the cases of G23.21-
0.37 and IRAS 18151. For sources that suffer from degeneracy
between N and Tex like IRAS 18151, the range of Tex set by all
the other O-COMs derived in C23 were used as a constraint on
the T,y of acetone (see the fifth column in Table 1).

3.2. Ketene (CH-CO)

For CH,CO, two strong lines, one in each tuning, are covered
in our data. Unfortunately, these two lines are partially blended
with strong lines of CH,DOH and NH,CHO, respectively. In
our sample, the NH,CHO line is optically thick and overfits
the emission feature in most sources, and the CH,DOH is opti-
cally thick in about half of the sources. In the cases that both
CH;DOH and NH,CHO are optically thick, we could only esti-
mate an upper limit of N(CH,CO) at a fixed T of 100 K. If
only NH,CHO is optically thick, a column density was fit also at
T=100 K, given that the E,;, of the two CH,CO lines are around
88 K and 100 K, respectively. In the cases that both CH,DOH
and NH,CHO are optically thin, the T.x was constrained to be
50-120 K. Although T could not be constrained very well by
only two lines with similar E\p, changing T, between 50 K and
150 K would only make a small difference (<20%) in the best-fit
N(CH,CO). A higher Tx of 200-300 K would increase the best-
fit N(CH,CO) by 50-100%, but is also less plausible given that
the Tex of O-COMs are generally lower than 200 K (as given by
the fifth column in Table 1).

The Einstein A coefficients (Aj;) of the two CH,CO lines
are (1.5-2.0)x10~* s~!, which corresponds to a modeled optical
depth of 7 ~ 0.1-1.1 under the best-fit conditions (specifically,
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G23.21-0.37
130 — .

FWHM: 3.5 km/s
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Fig. 2. x* contour plots on the log,,(N) — Tex plane for two example
sources, G23.21-0.37 (top) and IRAS 18515-1208 (bottom). The con-
tours in yellow, blue, and purple correspond to the 1, 2, and 30~ around
the minimum of y2. The best-fit log,((N) and T are labeled with a red
dot, and the best-fit FWHM is annotated in the top left corner.

six sources have 7 ~ 0.1-0.25, two 7 ~ 0.5, two 7 ~0.7, and
two T ~1.1), which does not fully meet the criterion of optically
thin lines (t < 1). To avoid underestimation of N(CH,CO), we
checked the minor isotopologs of CH,CO, and only CH;CO has
two lines covered in our data. Since the CH,*CO lines are next
to the strong lines of the main isotopolog, only upper limits were
estimated. We compared these upper limits (Nuplim(CH?CO))
with the supposed column densities of CH?CO, which is the
measured N(CH,CO) divided by the '>C/!3C ratio. The '2C/'3C
ratio empirically scales with the distance to the Galactic Center
(Dgc; Milam et al. 2005):

R(PC) = 2C/1C = (6.21 £ 1.00)Dge + (18.71 £7.37). (1)

According to the Dgc provided in C23, the '2C/!3C ratios of the
considered sources range from 45 to 60, which are smaller than
the value of local ISM (~70). If

N(CH,CO)

13
Nuyplim(CH,"CO) > W,

2
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1.5 2.0 3 3 4
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Fig. 3. Best-fit LTE models of s-propanal spectra (red) overlaid on the ALMA spectrum of the 12 CoCCoA sources (black). All panels are centered

-1

on the strongest s-propanal line at 261.290 GHz. The velocity span of each panel is [-15, +15] km s™".

then CH,CO is likely to be optically thick and its column densi-
ties were underestimated; otherwise, CH,CO is likely to be opti-
cally thin, or optically thick to a small degree (as N(CH}*CO)
were not well constrained). For all of our sources, Eq. (2) is not
satisfied, so we consider the measured N(CH,CO) to be reliable.

3.3. Propyne (CHsCCH)

Propyne lines are only present in the lower tuning, and most
of them are strong and unblended, enabling good constraints
on the physical properties (N, Tex, Uisr, and FWHM). The line
at 239.234 GHz is blended with a strong line of a-(CH,OH),;
to crosscheck, we plugged in the fitting results of a-(CH,OH);
reported by C23, and the overall fitting looks decent when
(CH,OH), is not optically thick. We also checked the '3C iso-
topolog of CH3;CCH as we did for CH,CO: only CH?CCH is
covered in our data, and its upper limits suggest that CH;CCH is
likely to be optically thin.

We noticed that some sources (e.g., G19.01-0.03, see
Table B.1 for details) clearly show more than one velocity
components in the propyne lines. In some sources such as
G345.5+1.5 (Fig. D.7) and G35.20-0.74N (Fig. D.9), the veloc-
ity separation between different components is larger than the
FWHM of propyne lines, so that each velocity component can
be fit individually by running the y? minimization script. For
G19.01-0.03, G35.03+0.35, and IRAS 16547, the two velocity
components are not separated enough, and we fit them by
visual inspection with the relative uncertainty on N estimated to
be 25%.

3.4. Propanal (CoHsCHQO) and other three-carbon O-COMs

Propanal drew attention as an isomer of acetone. The syn con-
former (s-C,HsCHO) is the lowest energy conformer and has
many transitions with Ey, of 140-200 K and A;; > 107* s™! cov-
ered in our data, while the gauche conformer only has weak
transitions (i.e., Ey, > 600 K and A;; < 107 s7!). Although the
s-propanal lines look “strong” in terms of E\, and Aj;, they are
mostly clusters of hyperfine transitions and correspond to weak
or (partially) blended emission features in the spectra. Therefore,
we only estimated upper limits of N(s-C;HsCHO), mainly based
on the strongest line at 261.29 GHz, along with other unblended
weaker lines (see Fig. 3 for the fitting and Table C.1 for the infor-
mation of transitions and references). The v, of s-propanal was
also determined by the strongest line. However, we noticed that

the modeled spectra have slight offset from the observed spectra
in the central frequencies of several lines, which was also spotted
in the fitting of Lykke et al. (2017) (see Fig. A.2 therein). This
may result from the inaccuracy of laboratory measurements, and
may lead to some difference in the vy between s-propanal and
other O-COMs in our case, where too few strong and unblended
lines are detected.

We used a fixed Tex of 150 K for all sources, considering
that this is a typical temperature of hot cores and also agrees
well with the T range set by other O-COMs (Table 1). Using a
different T.x between 80 and 220 K (i.e., 150+70 K) would only
change the best-fit N by ~20%, since the strong lines used in the
fitting have similar E;, of 140-200 K (mostly around 180 K).

Other C3HgO isomers were also searched for, but no valid fit-
ting could be performed. Propylene oxide (c-C3HgO) has no tran-
sition covered in our data. Propenol (CH;CHCHOH) and iso-
propenol (CH3COHCH,) are not included in the databases. Oxe-
tane (CH,CH,CH,0) and methyl vinyl ether (CH;OCHCH,) are
too rare in the astrochemical context and therefore not considered
in this work.

We also tried fitting other three-carbon O-COMs such as
propanol (C3;H;OH) that do have transitions covered in our data,
but their lines are either too weak or blended with others, making
the constraints on column densities highly uncertain. We there-
fore did not report the results of these fitting attempts in this

paper.

3.5. Methanol (CHsOH)

In C23, the column densities of methanol were estimated from
the minor isotopolog, CH{*OH, by multiplying its column densi-
ties with the '°0/'30 ratios, which also scale with Dgc as follows
(Wilson & Rood 1994):

R(**0) = '°0/'80 = (58.8 + 11.8)Dgc + (37.1 + 82.6). 3)
This indirect determination of N(CH3;OH) was applied because
almost all (except one) detected methanol lines in the upper
tuning are optically thick and cannot be used in the fitting.
However, in some weak sources such as IRAS 18501-1208, the
CH;SOH lines are not clearly detected, which may lead to inaccu-
rate estimation of N(CH3OH). Fortunately, there are many more
methanol lines covered in the lower tuning, and several of them
are likely to be optically thin given their high E, (2800-1000 K)
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Fig. 4. Moment 0 maps of the methanol, acetone, propanal, ketene, and propyne emission in G19.88-0.53 and G34.30+0.20. In each panel, the rest
frequency and the upper energy level of the corresponding line is annotated in the bottom right corner, and the beam size is indicated in the bottom
left corner. Contours in gray denote the 3, 5, 10, and 200 levels of the continuum emission at 258.465 GHz (~1.16 mm), where o = 0.03 Jy beam™!.
The continuum maps are displayed in Fig. 1 of C23. The location where the ALMA spectrum was extracted is indicated by a blue cross in each

panel.

and small A (< 3 x 107 s7!). We therefore revisited the fit-
ting of methanol lines by only taking those optically thin lines
into account. The newly derived N(CH30H) do not differ too
much from the values given in C23; the difference is within a
factor of two for all sources but G34.41+0.24. The O-COM ratios
with respect to methanol involved in this paper were recalculated
using the new values of N(CH3;0H).

4. Results

We claim firm detections of acetone, ketene, and propyne in
all the 12 CoCCoA sources. The transitions with £, < 800 K
and Aj > 5% 107 s7! covered in the dataset are listed in
Table C.1.Figure 1 shows the best-fit spectra of acetone at key
lines in three example sources; the fitting of more lines and all
sources are provided by Figs. D.1-D.12 in Appendix D (available
on Zenodo, see Data availability). Overall, the LTE models fit
the observations well, except that in some bright sources, some
strong lines are optically thick and overestimated by the models
(mostly methanol lines, and one or two acetone lines composed
of hyperfine transitions with high Aj)).

4.1. Emission morphology

Figure 4 shows the integrated intensity maps of representa-
tive emission lines of methanol, acetone, propanal, ketene, and
propyne. The selection criteria of these emission lines are:
they should be unblended within their FWHM, and also bright
enough to depict the emitting regions of the molecules. For
methanol, we chose the same line as used in C23, which has
Eyp =490.59 K and A;; = 9.01 x 107> s™!. Even though this line
has an E;, that is considerably higher than the typical T, of hot
cores (100-200 K), and many more methanol lines were included
after adding the lower tuning, it is still the brightest among all the
unblended methanol lines (largely because our data only cover
methanol lines with £, < 90 K and >320 K).
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Two sources are taken as examples: G19.88-0.53 with
compact (i.e., not spatially resolved) methanol emission, and
G34.30+0.20 with the most extended (i.e., spatially resolved)
methanol emission in the CoCCoA sample. Most sources in the
CoCCoA sample are more similar to G19.88-0.53 in that the
methanol emission is not or only partially resolved by the beam
of 0.33”.

In G19.88-0.53, the emission maps of acetone, propanal, and
ketene show a similar compact morphology to methanol and
other O-COMs around the continuum peak, indicating that they
all come from the hot core region (see Fig. A.1 in C23 for the
integrated intensity maps of other O-COMs). As for propyne,
the emission peak is slightly offset from the continuum peak,
and the morphology shows an east-west elongation in G19.88-
0.53. It seems that propyne is not tracing the hot core but some
outflow-like structures. This is consistent with previous obser-
vational studies that this source has a bipolar outflow in the
east-west direction revealed by H, and CO (isotopolog) emission
(Varricatt et al. 2010; Issac et al. 2020). The emission morphol-
ogy of propyne is also similar to that of C,H shown in Saha et al.
(2022), suggesting that they are probably tracing the outflow cav-
ity walls where the UV intensity is higher (Tychoniec et al. 2021)
and the abundances of hydrocarbons are enhanced. Propyne is
also possibly present in the warm envelope, which is colder
(<100 K) and more extended than the hot core. The supposed
origins of propyne emission are also supported by its physical
properties (Tex, FWHM, and vj; see discussion in Sect. 4.2).

In G34.30+0.20, there are four continuum peaks and the
ALMA spectrum was extracted toward the brightest one on the
upper right (the other three are much weaker on the left side).
The hot core region is also around the continuum peak, but much
more extended than that of G19.88-0.53. The molecular emission
is attenuated by dust at the brightest continuum peak and shows
an annular feature, which is particularly evident in the emission
map of ketene. The emission of acetone, however, is asymmetric
and brighter on the south side of the annulus. We noticed that
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Fig. 5. Column density ratios of six two-carbon and two three-carbon O-COMs with respect to methanol in low-mass (blue) and high-mass (red)
protostars. The hatched regions indicate the standard deviation weighted by the uncertainties on log scales. The sample size (i.e., the number of
sources) is labeled at the bottom of each bar in green. The column density of s-propanal was only measured in one low-mass source (IRAS 16293-
2243 B), and its methanol column density was not measured at the same location as s-propanal but closer to the continuum peak, which generally
has higher column densities; therefore the calculated ratio between propanal and methanol of this source is considered as lower limit.

the emission peak of methanol (also where the ALMA spectrum
was extracted in C23) is actually different from that of acetone
emission. This may cause underestimation of the column den-
sity of acetone and its ratios with respect to other species, (e.g.,
methanol), which will be discussed in Sect. 5. However, this is
not the case in other sources where the hot regions are not well
spatially resolved and the emission of O-COMs all comes from
a similar compact region. We think G34.30+0.20 is an inter-
esting source for investigating the spatial distribution of COM
emission, which we decided to leave for future studies.

Similar to the case of G19.88-0.53, the propyne emission
in G34.30+0.20 again does not follow the morphology of other
species and shows a bipolar feature instead of an annulus shape.
According to the emission maps of these two sources, we con-
sider ketene to be co-distributed with O-COMs in the hot core
regions, while propyne tends to trace different physical com-
ponents (e.g., outflow cavity walls) in the protostellar systems.

4.2. Physical properties

Table 1 lists the derived N, Tox, FWHM, and v, of acetone
along with the ranges of these parameters obtained from other
0O-COMs in C23. The same results for propanal, ketene, and
propyne are provided in Table B.1. In most sources, acetone
has comparable Ty, FWHM, and vy to other six O-COMs,
suggesting similar origins from hot cores.

For ketene, as described in Sect. 3.2, the only two covered
lines are blended with strong CH,DOH and NH,CHO lines.
As a result, we could only fit N at a fixed Tex. The FWHM and
v Were estimated normally, but less accurately than for other
species (the determination of FWHM also affects the best-fit N).
The vjs; of ketene agrees well with O-COMs, and the FWHM is
comparable to or slightly larger, suggesting an origin from hot
cores.

For s-propanal, we constrained the upper limits of its col-
umn densities at a fixed Tex of 150 K by fitting the strongest
line at 261.29 GHz, as shown in Fig. 3 (T could not be con-
strained due to very limited detected lines). For some sources
such as G345.5+1.5, G19.88-0.53, NGC 6334-38, G34.30+0.20,

and G23.21-0.37, the profile of this line can still be recognized,
but for others it cannot, and the constraints had to depend on
other weaker lines (see figures in Appendix D). Although a full
constraint of N and T, cannot be well achieved with the fre-
quency coverage of our data, the upper limits are reliable at the
order-of-magnitude level, or even better than a factor of two for
those sources with a distinguishable line profile at 261.29 GHz.
For propyne, the physical properties were generally well con-
strained. The T of propyne is overall consistent with those of O-
COMs (~100-200 K), except in some sources (e.g., IRAS 18151
and NGC 6334-38) lower than 100 K. The FWHM of propyne is
generally comparable to that of O-COMs (except for propanal),
with some exceptions where the propyne lines are wider or
narrower, but this may due to the merge or split of different
velocity components. For instance, in G345.5+1.5, G35.05+0.35,
and G35.20-0.74N, only propyne shows more than one velocity
component, and each of them has smaller FWHM. The match
and mismatch in FWHM can correspond to origins from warm
envelopes and outflow cavity walls, respectively. The v of
propyne lines in the main velocity component tend to slightly
deviate from the O-COM range; in most cases the difference
is small (~0.5 km s~'), but sometimes can be as large as 1.5—
2.0 km s7!, and even larger in the secondary or third velocity
components if there is one. The offset in v, may suggest a
different emitting region of propyne from O-COMs, which is
displayed more straightforwardly in the moment O maps.

5. Discussion
5.1. Acetone and other O-COMs

With the column densities of two three-carbon O-COMs (i.e.,
acetone and propanal) measured for the CoCCoA sample, we can
now compare their relative abundances with other two-carbon
O-COMs that have been studied in C23. Figure 5 summarizes
the column density ratios of these eight O-COMs with respect
to methanol. The column densities of the six two-carbon O-
COMs in the CoCCoA sample were originally taken from C23,
but their ratios with respect to methanol were recalculated using
the updated methanol column densities (see Sect. 3.5). Here the
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high-mass sample size is reduced from 14 in C23 to 12, since
the new measurements of methanol were only applied to the 12
sources with concatenated spectra (Sect. 2). We also do not add
other literature values in Fig. 5 to ensure that the column densi-
ties are uniformly measured from the same high-quality dataset.
The low-mass sample remains the same as in C23, including
Bl-c, B1-bS, S68N, IRAS 16293 A and B (van Gelder et al.
2020; Manigand et al. 2020; Jgrgensen et al. 2018). For acetone,
there is no measurement toward IRAS 16293 A, and propanal
was only quantified in IRAS 16293 B, so the low-mass sample
size is smaller for these two species.

For the first time, we show the column density ratios of eight
O-COMs (or seven if excluding the less constrained propanal)
with respect to methanol in a uniform sample of a dozen sources.
On the one hand, as a three-carbon O-COM, acetone is not much
less abundant than the two-carbon ones (within one order of
magnitude), and even tends to be more abundant than CH;CHO
and CH,OHCHO. On the other hand, propanal, as an isomer
of acetone, is significantly less abundant than other O-COMs.
Actually, not only propanal, all the three species with aldehyde
groups (i.e., CH;CHO, CH,OHCHO, and C,HsCHO) are the
least abundant among COMs with the same amount of carbon
atoms. There are two possible explanations: aldehydes are easily
destroyed or converted into other species, or aldehydes are less
produced than O-COMs of other types. However, it is not practi-
cal to prove these two cases only by observations; insights from
theoretical and experimental studies are needed.

Besides the low abundances of aldehydes, it is also
noticeable that alcohols are not the most abundant species
among two-carbon O-COMs. Instead, those with CH30O radicals
(CH30CH3 and CH30CHO) are even more abundant than alco-
hols (C,HsOH and (CH,OH);). A similar trend may also hold
for three-carbon O-COMs, where acetone can be more abun-
dant than propanol (C3H;OH), or at least comparably abundant.
Propanol has only been detected toward two high-mass star-
forming regions G+0.693-0.027 and Sgr B2(N) (Jiménez-Serra
et al. 2022; Belloche et al. 2022), and its column densities cannot
be reliably constrained using our data. In Sgr B2(N), the column
density ratio of propanol with respect to methanol is 1073-1072,
which is comparable to the acetone ratios in our sample. While
acetone (CH3COCH;3) is not a CH30-bearing species, it has a
similar structure to CH3OCHj3 in that there is a CH3 group on
each side and an oxygen atom in between. According to the avail-
able measurements, it seems that O-COMs with CH3O or similar
components are systematically more abundant in the gas phase.

However, the high abundances of CH;OCH; and CH;0OCHO
are difficult to reproduce in simulations and experiments.
Instead, they were often underpredicted in simulations before the
introduction of the barrierless reaction

C +H, - CH, “)

and the nondiffusive grain-surface and ice-mantle chemistry in
Garrod et al. (2022), although there are different opinions on
whether reaction 4 is barrierless or not (Krasnokutski et al. 2016;
Henning & Krasnokutski 2019; Lamberts et al. 2022; Potapov &
Garrod 2024). In many experimental studies on solid-phase for-
mation of O-COMs under non-energetic (e.g., Fedoseev et al.
2015, 2022; Chuang et al. 2020) or energetic (Chuang et al.
2017, 2021) conditions, CH3OCH3; is the only two-carbon O-
COM that was not reported in the products, and CH;0OCHO
is often less produced than its isomer CH,OHCHO. Although
CH;3;0CHj3; has a viable gas-phase production route through the
reaction of methanol with protonated methanol, its constant ratio
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of ~1 with respect to CH3OCHO across a large number of
star-forming regions suggest non-negligible formation in ices
(Coletta et al. 2020). The production of CH30CH3 was only seen
in the experiment of UV-irradiated CH3OH:CH4/CO ice mix-
tures by Oberg et al. (2009). In comparison, all the experiments
with non-detection of CH3;0CHj5 did not include CHy in their
initial ingredients; instead, they used C atoms, CO, C,H,, and
CH;OH. It seems that irradiating CHy is necessary to produce
CHj; radicals and boost the formation of CH3;0OCHj3 in exper-
iments. A question then comes up why CHj; radicals are hard
to generate experimentally, but the relevant molecules, repre-
sented by CH30CH3, are observed to be considerably abundant
in space. This question is well-known among experimentalists,
and becomes more evident after the systematic high-abundance
of acetone being revealed in this work.

5.2. Acetone: Ice versus gas

The recent detection of COM ices with JWST observations in
two low-mass protostars (IRAS 2A and B1-c) enables the gas-
to-ice comparisons for O-COM:s including CH3CHO, C,HsOH,
CH3;0CH;3;, and CH3;0CHO (Rocha et al. 2024; Chen et al.
2024). By conducting gas-to-ice comparisons in their abun-
dances, we can probe into their chemical evolution during the
phase transition from ice in cold envelopes to gas in hot cores.

In addition to these two-carbon O-COMs, acetone ice is
also considered as detected in B1-c and tentatively detected in
IRAS 2A as the only known candidate for the observed absorp-
tion feature at 7.3 um (detailed discussion on this point can be
found in Sect. 4.2.3 of Chen et al. 2024). This conclusion may
be modified in the future if new candidates are found to fit the
observations better, but the currently measured ice abundances
of acetone can at least serve as upper limits.

Since the quantification of acetone ice has only been avail-
able in two sources, direct gas-to-ice comparisons in the same
sources are still limited. However, with gas-phase acetone quan-
tified in a larger sample of hot cores, we now have better
constraints on its gas-phase abundances, making the gas-to-
ice comparisons more reliable. The observed column density
ratios between acetone and methanol in gas and ice are sum-
marized in Fig. 6. For the gas-phase ratios, in addition to the
12 high-mass CoCCoA sources, we added literature data of four
low-mass (B1-c, B1-bS, S68N, and IRAS 16293 B; van Gelder
et al. 2020; Jgrgensen et al. 2018; Nazari et al. 2024), one
intermediate (HOPS-108; Chahine et al. 2022), and two addi-
tional high-mass sources (G31.41+0.31 and Sgr B2(N); Mininni
et al. 2023; Belloche et al. 2013). We also considered the work
of Baek et al. (2022) (hereafter B22) who report acetone col-
umn densities in 13 cores from eight high-mass protostellar
sources. However, their methanol column densities N(CH3;OH)
were likely measured from optically thick lines, and the reported
N(CH3OH) values are obviously underestimated, given that the
ratios between the main and the minor isotopologs are sig-
nificantly off from the isotope ratios. Since they also provide
N(CH}*OH) and the source distance, more reliable values of

N(CH30H) can be calculated by multiplying N(CH;*OH) and
R('®0) given in Eq. 3. Nevertheless, the reported N(CH%SOH)

in B22 are higher than N(*CH3;OH), which is not normal
since R('3C) is higher than R('80), and N('*CH30H) should
be higher than N(CH?OH). A possible explanation is that their
N (CH;SOH) were overestimated for some reasons, for instance,
the line blending issue was not correctly handled. As a result,
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Fig. 6. Column density ratios between acetone and methanol. The
gas-phase ratios of low-, intermediate-, and high-mass sources are
shown in blue, purple, and red points, respectively. The upward- and
leftward-pointing triangles correspond to G34.30+0.20 (lower limit of
the acetone-to-methanol ratio, see the last paragraph of Sect. 5.2) and
NGC 6334-38 (upper limit of luminosity, see Table 1), respectively. The
ice ratios two low-mass sources, B1-c and IRAS 2A, are indicated by
dashed lines in green and orange, respectively. Since acetone ice is only
considered as tentatively detected in IRAS 2A, the uncertainty is indi-
cated by a green-shaded region only for B1-c. For the high-mass sample
of Baek et al. (2022), only a range is displayed since no luminosity infor-
mation is provided. The dashed line and hatched region in gray indicate
the modeling results of the MAGICKAL astrochemical simulations in
Belloche et al. (2022); the model is originally introduced in Garrod et al.
(2022), hence abbreviated as G22 in the legend.

our re-calculated N(CH30OH) from N (CH;SOH) may be overes-
timated, and the acetone-to-methanol ratios plotted in Fig. 6 may
be underestimated for the B22 sample.

Figure 6 shows that the gas-phase abundances of acetone
with respect to methanol are scattered between 10~ and 1072
In the high-mass sample, the CoCCoA sources are consis-
tent with the three additional sources HOPS-108, G31.41+0.31,
and Sgr B2(N). The one lower limit in the CoCCoA sample
is G34.30+0.20, where the spectrum was not extracted from
an acetone-rich position, so that the acetone-to-methanol ratio
could be underestimated. The B22 sources show generally lower
ratios, but is likely because their methanol column densities were
overestimated. The low-mass samples show slightly lower ace-
tone abundance than the high-mass one, which is different from
other O-COMs that show no trend with luminosity (see Fig. 4
in C23). The ice abundance is about one order of magnitude
higher than the mean gas abundance, following the same trend
as CH3;CHO and C,H50H (see Fig. 10 in Chen et al. 2024).
However, it should be taken into account that the sample size of
ice ratios is very small (only two), and the quantification of ice
abundances is much more uncertain than that of gaseous ones,
as the current fitting results of COM ices may be changed in the
future by possibly new identifications in the fingerprint range of
6.8-8.8 um. Assuming that the ice abundances of acetone were
reliably constrained, the higher ice ratios hint at gas-phase repro-
cessing after sublimation, which reduces the amount of acetone
relative to methanol, but the detailed mechanisms still need to be
investigated.
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Fig. 7. Schematics of the formation pathways of acetone, proposed by
previous theoretical calculations (Sung & Tidwell 1998), astrochemical
simulations (MAGICKAL; Garrod et al. 2022), and experiments (Hudson
et al. 2017). Except the first study that assumes normal temperature and
pressure, the remaining two are intended for astrochemical conditions
(i.e., low temperature and pressure). Legends are provided in the figure.

5.3. Chemical evolution of acetone

To gain more insights into the formation and/or destruction
mechanisms of acetone, we compared our observational results
with the simulation results of the state-of-the-art astrochemical
model MAGICKAL (Garrod 2013; Garrod et al. 2022). We also
searched for other theoretical and experimental studies that are
relevant to acetone, and a summary chemical network is shown
in Fig. 7.

5.3.1. Insights from astrochemical simulations

The MAGICKAL model simulates the chemistry of interstellar
molecules in three phases (gas phase, ice surface, and bulk ice
mantle) during two stages (cold collapse stage and warm-up
stage) of the formation of protostellar systems. Three timescales
are considered for the warm-up stage: fast (5 x 10* yr), medium
(2 % 10° yr), and slow (1 x 10° yr).

Here we used an updated version of MAGICKAL that was used
in Belloche et al. (2022) to compare with the observational stud-
ies of propanol in Sgr B2(N). The chemical network of this
model involves new gas-phase and grain-surface chemistry for
propanol and related species. Although Belloche et al. (2022)
only detail the changes related specifically to propanol, addi-
tional reactions are also included for acetone and propanal. As
illustrated by the blue routes in Fig. 7, acetone is formed via
two solid-phase and one gas-phase pathways. One solid-phase
pathway is bottom-up from simpler species:

c 2% cn, 2 cyco 2 cHycHO &5 cHycOCH;, (5)

and the other is via H abstraction of two is0-C3H7O radicals,
CH;CH(O)CH3 and CH3C(OH)CHj3:

H + CH;CH(O)CH; — CH;COCH; + H, and (6)
H + CH;C(OH)CH; — CH;COCH; + H,, @)
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where the iso-C3H;O radicals are produced from iso-propanol
(i-C3H7;0H) and 2-C3H7 radicals:

2-C3H7; + O — CH3CH(O)CH;  or ®)
i-C3H;0H + hv — CH3CH(O)CH; + H and )
i-C3H;0H + H — CH3;C(OH)CHj3 + H,. (10)
The gas-phase pathway is:

2-C3H7 + O — CH3COCH; + H, (]1)

with rates based on Tsang (1988). The same mechanism is
available to form propanal via the 1-C3H; radical. Similar grain-
surface reaction to reaction (8) is also involved in the production
of propanal in the solid phase, which has origins in break-down
of normal-propanol (n-propanol).

Figure A.1 shows the rate of change of acetone abundances
(summed over all phases) in the MAGICKAL simulations. Both the
cold collapse and the warm-up stages have considerable amount
of acetone formed, and the contribution from the gas-phase pro-
duction via reaction (11) increases with the warm-up timescale
(i.e., the longer the warm-up stage, the more acetone is formed
in the gas phase). In the version of MAGICKAL models introduced
in Garrod et al. (2022), only one solid-phase pathway (reaction
5) is included, and more than 90% of acetone is formed in the
solid phase during the cold collapse stage. Without the other
pathways (reactions 6-11), the peak acetone abundance would
decrease by more than one order of magnitude. This difference
results from the mediated energy barriers of H abstraction reac-
tions (e.g., reaction 6, 7, and 10), of which the energy barriers are
poorly constrained by theoretical calculations and experiments,
and many of them are set as zero.

The acetone-to-methanol ratios predicted by MAGICKAL sim-
ulations are plotted along with the observational results in Fig. 6.
The gas ratios are higher than the ice ones due to the gas-phase
production in the warm-up stage (reaction 11). The model-
predicted ratios are comparable to the observed ice ratios, but
are higher than the observed gas ratios by about half order of
magnitude. The overestimation by simulations hint at gas-phase
destruction of acetone that is not fully considered in the cur-
rent chemical models, which is also suggested by the gas-to-ice
comparisons discussed in Sect. 5.2.

In the bottom-up formation pathway of acetone (reaction 5),
acetaldehyde is the direct precursor of acetone. We therefore
checked the column density ratios between acetone and acetalde-
hyde, as shown in Fig. 8a. The observed gas-phase ratios,
especially in high-mass sources, are in general higher than the
ice ratios, which means that acetaldehyde is less abundant than
acetone in the gas phase. This echos the possibility of aldehydes
being destroyed or converted into other species in the gas phase
(Sect. 5.1). Interestingly, the B22 sample shows high consistency
with our CoCCoA sample in the acetone-to-acetaldehyde ratios,
implying that the lower acetone-to-methanol ratios are likely due
to the overestimated methanol column densities (as proposed in
Sect. 5.2).

The MAGICKAL simulations predict the gas-phase acetone-to-
acetaldehyde ratios very well, while the ice ratios are overesti-
mated significantly. This may due to the conflicting evolution
histories of acetaldehyde suggested by simulations and observa-
tions. In the MAGICKAL simulations, acetaldehyde is abundantly
formed in the gas phase, which can be seen in Fig. A.2 that
its abundance keeps increasing after sublimation. The main
formation mechanism for gas-phase acetaldehyde is given by

O + C,Hs — CH3;CHO + H (12)
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(Tsang & Hampson 1986). The production of C,Hs, and of the
C3H7 radicals that form acetone in the gas phase, is depen-
dent on the destruction of stable hydrocarbons such as propane
(C3Hy), via cosmic-ray induced photodissociation. The rates of
this process are poorly defined so far. The predicted abundances
of gas-phase acetaldehyde in the MAGICKAL simulations are gen-
erally higher than in observations, in which the gas-phase ratios
of acetaldehyde (with respect to methanol) are lower than those
of other O-COMs (Fig. 5) and also the ice ratios of itself (Chen
et al. 2024); that is, our observations suggest the opposite case
to the simulations that acetaldehyde is mainly formed in ices and
then depleted in the gas phase. Taking the two discrepant evo-
lution histories into account, it is possible that the overestimated
ice ratios between acetone and acetaldehyde are due to the under-
production of acetaldehyde ice in the simulations, and the good
match in the gas ratios could be just a coincidence. Although
there is direct chemical link between acetone and acetaldehyde
(i.e., the last step of pathway 5), this link is only considered in
the solid phase, and both species are likely to undergo gas-phase
reprocessing that seems not well simulated so far. However, we
note that in high-mass protostellar systems, there might not be
enough time for the gas-phase chemistry to significantly alter the
abundances of these COMs if the reactions are not very efficient.

Other formation pathways (i.e., reactions (6)—(11)) are
difficult to examine from observations, since the relevant
species are either radicals or large molecules that can hardly be
quantified. We mentioned in Sect. 3.4 that the column densities
of iso-propanol, even in the form of upper limits, cannot be
well constrained using the CoCCoA dataset. The efficiency of
reactions (6)—(11), especially the energy barriers, are also lack
of constraints. However, the comparison between observations
and simulations conveys an important message: the acetone
abundances, along with its ratios with respect to other species,
will be substantially underestimated if these reactions (6)—(11)
are not included. This suggests that there must be more routes to
form acetone than reaction (5), and we have not fully understood
them yet.

5.3.2. Insights from computational chemistry

Besides the aforementioned pathways considered in the
MAGICKAL simulations, an early theoretical study on ketene
(Sung & Tidwell 1998) suggested that acetone may form directly
via ketene adding CHj; radicals (the orange routes in Fig. 7).
Since their calculations were performed assuming normal tem-
perature and pressure (i.e., in the gas phase), their conclusions
may not fully applicable to astrochemical situations. However,
some parameters in the results are irrelevant to physical condi-
tions, and the suggested pathways can still be inspiring to future
theoretical and experimental studies.

According to their calculations, reactions between ketene and
CHj; radicals can produce acetone and propanal with similar
branching ratios; propenol is also one of the possible products
but is less favored:

CH,CO + CH; 25 CH;COCH5 /C,HsCHO/CH,CHCH,OH.
(13)

We therefore checked the column density ratios between acetone
and ketene in the gas phase, which are shown in Fig. 8b. The
observed ratios are moderately scattered within 1-10, and are
comparable between the low-mass and the high-mass sources,
except the outlier IRAS 16293 where acetone is less abundant
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Fig. 8. Column density ratios of acetone with respect to acetaldehyde (a), ketene (b), propanal (c), and propyne (d). In panel (b), the data points in
lighter red refer to sources with less constrained column densities of ketene, of which the lines are blended with optically thick lines of CH,DOH

and NH,CHO (see Sect. 3.2). Other denotations are the same as in Fig. 6.

than ketene. One possibility would be that the emission of ace-
tone and ketene is inhomogenous in IRAS 16293 as what we
see in G34.30+0.20, and the ALMA spectrum of IRAS 16293
was extracted from a biased location where ketene emission is
very bright. Otherwise, there should be something interesting
happening to the chemistry in this source.

The observed gas-phase ratios between acetone and ketene
are well reproduced by MAGICKAL, even though the only link
between acetone and ketene in the model (i.e., pathway 5) is in
the solid phase. According to the calculation results of Sung &
Tidwell (1998), the energy barrier of reaction (13) is not low
(~4000 K). If this is the case, the contribution of this forma-
tion pathway would be very limited even if it is included in
the chemical network of MAGICKAL. Nevertheless, more reliable
constraints on the efficiency as well as the branching ratios of
reaction (13) should be set by experiments.

The simulated ice ratios between acetone and ketene are
higher than the observed gas ratios by a few factors. Unfortu-
nately, we are unable to measure the ice abundances of ketene
by observations since no IR spectrum of ketene ice is avail-
able. Ketene is a very active species under normal conditions and

therefore not commercially available for experiments. This also
explains why ketene has not been used as an initial ingredient to
form O-COMs in the laboratories.

Since it has been suggested that propanal has a similar
branching ratio to acetone in reaction (13), we also checked the
column density ratios between acetone and propanal, which are
shown in Fig. 8c. These ratios are considered as lower limits, as
only upper limits of N(s-C,HsCHO) were constrained. Propanal
was only quantified in one low-mass source IRAS 16293 B. The
observations show that acetone is more abundant than propanal
in the gas phase by at least one order of magnitude. If acetone
is mainly formed via reaction (13), the ratio should be around
one. The observed high ratios between acetone and propanal are
also significantly underestimated by MAGICKAL. The MAGICKAL
simulations tend to predict comparable or slightly higher amount
of propanal than acetone, since many aforementioned formation
pathways of acetone also work for propanal (e.g., if replacing 2-
C;H; with 1-C3H7 in reactions 8 and 11). The 1- and 2-Cs;Hjy
radicals are mainly produced from the break-down of normal-
and iso-propanol, and the efficiency of relevant reactions is likely
to affect the relative abundances between propanal and acetone.
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So far, all versions of MAGICKAL simulations (Garrod 2013;
Garrod et al. 2022; Belloche et al. 2022) have not been able to
reproduce the high acetone-to-propanal ratios in observations.
This discrepancy implies that there may be some gas-phase
destruction mechanisms for propanal (or more broadly speaking,
aldehydes) that we are either unaware of or not paying ade-
quate attention to. The destruction of aldehydes should be much
more efficient than that of other O-COMs. However, it is hard
to pinpoint the exact mechanisms only from observations; more
investigation are needed by theorists and experimentalists.

5.3.3. Insights from experiments

Similar to astrochemical simulations, there is a lack of experi-
mental studies that directly focus on acetone formation, though
there are ones on large COMs such as propanol and glycine
(Qasim et al. 2019; Ioppolo et al. 2021). In this case, we resort
to two experimental studies on propylene oxide, an isomer of
acetone, in which the discussion involves possible formation
pathways of acetone (Hudson et al. 2017; Bergantini et al. 2018).
They propose that propylene oxide ice can be formed through
epoxidation of propylene (C3Hg) by oxygen atoms yielded from
photodissociation of CO,:

C3Hg + O —» C53HgO. (14)

When the oxygen atom breaks the double bond in propylene
molecules, it is possible to form four C3HgO isomers: propy-
lene oxide, acetone, propanal, and iso-propenol (green routes
in Fig. 7). The branching ratios of this reaction were not mea-
sured in Hudson et al. (2017), but were provided by Bergantini
et al. (2018), which conducted similar experiments (i.e., irra-
diating ice mixtures of C3Hg and CO, under low temperature,
but with different irradiating conditions), and also performed
quantum chemical calculations. In Bergantini et al. (2018), iso-
propenol was not observed in the products, and the branching
ratios between propylene oxide, acetone, and propanal derived
from experiments are (92+4):(23+7):1.

The relation between acetone and propanal is shown in
Fig. 8c and has been discussed in Sect. 5.3.1. It is worth
noting that the branching ratio between acetone and propanal
derived in Bergantini et al. (2018) is in good agreement with
the observed ratios in the high-mass CoCCoA sample. Unfor-
tunately, propylene oxide is not covered in our data, preventing
further validation of reaction (14) by observations. Also, our data
do not cover propylene lines, but do include propyne lines. We
therefore checked the relation between acetone and propyne, a
hydrogenation precursor of propylene. Figure 8d shows the col-
umn density ratios between acetone and propyne. There is only
one low-mass source (IRAS 16293 B) that has column density
measurements of both acetone and propyne (Calcutt et al. 2019),
and no ice detection has been reported. The observed gas-phase
ratios are moderately scattered by about one order of magnitude,
and seem to have no trend with luminosity. The acetone-to-
propyne ratios predicted by MAGICKAL simulations in both gas
and ice match the observations very well.

Although we cannot rule out the possible chemical links
between acetone and propyne, the evidence is very limited. In
the chemical network of MAGICKAL, acetone and propyne are
distantly related, and the possible closer relation, reaction (14), is
not included. We still need more observations on the key species,
propylene and propylene oxide, as well as modeling results from
an updated chemical network.
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5.4. Correlations among O-COMs and acetone relevant
species

To summarize the discussion on the abundance statistics of
O-COMs and the possible formation pathways of acetone in
Sects. 5.1-5.3, we calculated the Pearson correlation coefficients
(r) of the column densities of two species groups: (1) all the nine
O-COMs that have been quantified in the 12 CoCCoA sources
in C23 and this work, including CH;OH, CH3;CHO, C,H50H,
CH3;0CH3, CH3;0OCHO, CH,OHCHO, (CH,0H),, CH3;COCHj3,
and C,H5CHO; (2) the five acetone-related species discussed
in Sect. 5.3, which are CH3;COCH3;, C,Hs;CHO, CH;CHO,
CH,CO, and CH;CCH. The correlation matrices for the two
groups are displayed in Fig. 9.

Among the nine O-COMs, the highest correlations belong
to aldehyde pairs (i.e., between CH;CHO, CH,OHCHO,
C,HsCHO). Methanol (CH3OH) also have several highly cor-
related species, which are C;HsOH, CH3;0CH3, and CH3CHO.
Ethanol (C,HsOH) belongs to the same group as methanol (alco-
hol), and the other two species are observed to have very constant
ratios over methanol in both gas and ice (Chen et al. 2023, 2024).
The mean correlation coefficient is 0.85.

The five acetone-related species are in general highly corre-
lated (r > 0.8) with each other. The highest correlated species
with acetone are ketene and propanal. Ketene is also strongly
correlated with acetaldehyde and propanal, which supports the
chemical network suggested by Sung & Tidwell (1998). Propyne
is less correlated with other species, but still more correlated
than about half of the O-COM pairs shown in the right panel
of Fig. 9. From an observational point of view, the discussed
formation pathways of acetone in this section are possible to
exist. However, more evidence is needed, in particular from the
theoretical or experimental studies with the following focuses:

— destruction mechanisms and rates of O-COMs in the gas-
phase, especially for aldehydes;

— theories or chemical networks that can properly reproduce
the observed high gas-phase abundances of CH3;OCHs,
CH;OCHO, and CH3COCH3;

— the verification or exploration of the formation pathways of
acetone and other three-carbon (or even larger) O-COMs that
have been detected in space.

6. Conclusions

In this work, we continue the observational studies by C23 on
six two-carbon O-COMs in the CoCCoA sample. We derived the
physical parameters (N, Tex, FWHM, and vy;) of four additional
species in the gas phase, which are acetone, propanal, ketene,
and propyne. Methanol was revisited by directly fitting its opti-
cally thin lines instead of inferring from its minor isotopolog. We
compared our gas-phase results with those of ice observations by
JWST and astrochemical simulations, which triggered a series of
discussion about the formation mechanisms of O-COMs (with a
special focus on acetone) and some lingering questions in this
field. The conclusions are summarized below:

— Acetone, ketene, and propyne are firmly detected in a dozen
high-mass protostars as part of the CoCCoA program. Upper
limits of propanal abundances were constrained.

— There are similarities in T, Ui, and the emission mor-
phology of acetone, ketene, and propanal to other O-COMs
(represented by methanol), suggesting the same origin from
hot cores. Unlike O-COMs, propyne has a slightly different
visr and tends to trace the more extended outflow cavity walls
as inferred from the emission maps.
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Fig. 9. Correlation matrices of nine O-COMs (left) and five acetone-related species (right) in the 12 CoCCoA sources.

— The gas-phase column density ratios of O-COMs with
respect to methanol in a combined sample of 12 high-mass
CoCCoA sources and five low-mass sources from litera-
ture show systematically lower abundances of aldehydes
(CH3CHO, CH,OHCHO, and C,HsCHO) than other O-
COMs with the same amount of carbon atoms. In contrast,
CH;0-bearing molecules (CH;OCH3 and CH;OCHO) show
higher abundances than alcohols (C;HsOH and (CH,OH),).
These observational trends hint at more efficient destruction
of aldehydes (likely in the gas phase) and more efficient for-
mation of CH30-bearing O-COMs (preferably in the solid
phase).

The column density ratios between acetone and methanol are
higher in the solid phase than in the gas phase by about one
order of magnitude, which is in the same case as CH;CHO
and C,HsOH (Chen et al. 2024). This suggests that acetone
may go through some destruction that is more severe than
methanol in the gas phase. However, more detection and
quantification of acetone ice is need in a larger sample.

The state-of-the-art astrochemical model MAGICKAL
includes two solid-phase and one gas-phase formation
pathways of acetone. The contribution of gas-phase produc-
tion increases with the warm-up timescale. The MAGICKAL
simulations slightly overproduce the ratios between acetone
and methanol, which may due to the mediated energy
barriers of some relevant reactions.

Previous theoretical and experimental studies suggest that
acetone along with other C3HgO isomers can be formed
via ketene (CH,CO + CHj3) and propylene (C3Hg + O). These
pathways are plausible given that the observed gas-phase
ratios between acetone and ketene or propyne (a precur-
sor of propylene) are not very scattered and can be well
reproduced by simulations. However, these studies did not
specifically focus on acetone or assume astrochemical con-
ditions, and more direct evidence is still lacking to draw solid
conclusions.

— It is urged for future COM studies, whether they are obser-
vations, simulations, or experiments, that acetone should
receive adequate attention as an abundant three-carbon
COM. Studying large COMs, especially those that have been
detected in space, are very helpful for us to understand the
broader picture of COM formation.

Observational results obtained for a variety of molecules and
from a large sample of sources can bring us not only verifica-
tion of existing theories, but also inspirations and guidance for
future research. This observational study on acetone reveals the
lack of consideration on this large but abundant molecule, and
emphasizes the importance of resolving why simulations and
experiments have so for not succeeded in reproducing the high
abundance of CH30-bearing COMs. We look forward to more
relevant investigation in the community, and hopefully those
results will deepen our understanding of the chemical evolution
of COMs in general.

Data availability

Appendices C and D are available on Zenodo
https://doi.org/10.5281/zenodo.15042350.
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Appendix A: Supplementary figures for Section 5

Figures A.1-A.2 provide more details about the MAGICKAL simulation results of acetone and other relevant species discussed in
this paper. Figure A.1 shows the net rate of change of acetone abundance as a function of time, from which we can learn at which
stage acetone is efficiently produced or destroyed. Figure A.2 shows the abundances of five molecules involved in the discussion
(methanol, ketene, acetaldehyde, acetone, and propanal) in both ice and gas as a function of time. This can be seen as an integration
results of Fig. A.1.
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Fig. A.1: Net rate of change (arbitrary units) of acetone abundance as a function of time simulated by MAGICKAL. Here an updated version of

MAGICKAL used in (Belloche et al. 2022) is applied . The three rows from top to bottom correspond to the simulations with a fast (5 x 10* yr),
medium (2 x 10° yr), and slow (1 x 10° yr) warm-up stage, respectively. In each of the left panels, the vertical dotted line indicate the start of the
warm-up stage. The panels on the right side show the net rates of change that are normalized and integrated over each temperature range.
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Fig. A.2: Abundances of CH;OH (blue), CH,CO (black), CH;CHO (red), CH;COCH; (yellow), and C,HsCHO (orange) with respect to total H
abundance during the collapse stage (a) and subsequent warm-up stage with fast (b), medium (c), and slow (d) timescales. The corresponding
temperatures are indicated by the upper x-axis in each panel. The abundances in the gas phase and the solid phase are plotted in solid and dashed
lines, respectively. The intersection of the solid and dashed lines in the same color (i.e., ice and gas abundances of the same species) corresponds
to the sublimation of this species from ice to gas.

Appendix B: Best-fit physical parameters of four molecules additional to acetone

Table B.1 is an extension of Table 1, listing the best-fit physical parameters of three acetone-related species (s-propanal, ketene, and
propyne) along with methanol, which was revisited in this work.
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