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ABSTRACT

Complex organic molecules (COMs) are prevalent in cold and dense molecular cloud environments and are formed by a combination
of gas phase and grain surface chemical reactions. However, open questions remain about the exact formation pathways of many COMs
and the desorption mechanisms of molecular ices at low temperatures. The aim of this study was to investigate the distribution of COMs
in the area of the so-called methanol hotspot in the Barnard 5 dark cloud (B5-Hotspot) to better characterize the efficient desorption of
COMs in that region, and to set observational constraints on the low-temperature formation of COMs. The IRAM 30 m and OSO 20 m
telescopes were used to make pointed observations toward two positions close to B5-Hotspot, i.e., B5-Edge and B5-East 189, targeting
transitions of CH3OH, CH3CHO, CH3OCHO, and CH3OCH3, as well as the five-atom COMs HCOOH and CH2CO. Emission from all
the targeted COMs is detected toward both B5-Edge and B5-East 189. Non-LTE (local thermodynamic equilibrium) radiative transfer
models for methanol do not suggest significant differences in the physical conditions of B5-Edge, B5-Hotspot, and B5-East 189, as
probed by gas kinetic temperature Tk and H2 volume density n(H2). However, the derived values of Tk and n(H2) for B5-Hotspot using
a new set of collisional rate coefficients differ significantly from previous estimates. Our results indicate that the efficient formation
and desorption of COMs is not confined to B5-Hotspot, but is also active at the nearby positions B5-Edge and B5-East 189. When
compared to COM data from the literature, our data supports a correlation between CH3OCHO and CH3OCH3, as well as the surface
formation of CH3CHO by hydrogenation of CH2CO.
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1. Introduction

Observations since the 1980s have shown that complex organic
molecules (COMs), i.e., carbon-bearing molecules composed
of at least six atoms, can reach significant gas phase abun-
dances in cold (∼10 K) and dense (>105 cm−3) molecular cloud
environments. Early detections include acetaldehyde (CH3CHO;
Matthews et al. 1985) and methanol (CH3OH; Friberg et al.
1988) toward TMC-1 and L134N. More recently, there have
been additional detections of methyl formate (CH3OCHO)
and dimethyl ether (CH3OCH3) in cold gas toward L1689B
(Bacmann et al. 2012), L1544 (Vastel et al. 2014; Jiménez-
Serra et al. 2016), and Barnard 5 (Taquet et al. 2017). In
addition, survey studies of starless and prestellar cores in the
Taurus and Perseus molecular clouds have shown that CH3CHO,
CH3OCHO, and CH3OCH3 can be found in many cold cores
(Scibelli & Shirley 2020; Scibelli et al. 2024).

Experiments (e.g., Hiraoka et al. 1994; Bernstein et al. 2002;
Fuchs et al. 2009; Nuevo et al. 2018; Ioppolo et al. 2021) and
modeling efforts (e.g., Vasyunin et al. 2017; Jin & Garrod 2020;
Garrod et al. 2022; Priestley et al. 2025; Borshcheva et al. 2025)
strongly suggest that interstellar COMs are formed by interac-
tions of gas phase atoms and molecules with microscopic dust
grains, leading to the buildup of icy mantles around the refrac-
tory grains. Furthermore, the detection of gas phase COMs in
cold and dense environments, not necessarily related to any
ongoing or future star formation, indicates that (i) the process
of COM formation starts before the onset of star formation,
⋆ Corresponding author: tadeus.carl@chalmers.se

and (ii) that ices are efficiently released into the gas phase by
non-energetic desorption processes. In the current state-of-the-
art astrochemical models, reactive desorption, i.e., the release of
an ice species by its own energy of formation, is assumed to be
the main driver of desorption in low-temperature environments.

In the case of CH3OH, i.e., the simplest and best studied
COM, experiments, models, and observations indicate that its
widespread distribution in the gas of molecular clouds down
to visual extinctions of ∼3 mag can be well explained by the
subsequent hydrogenation of CO at the surface of interstellar
ices, followed by reactive desorption (e.g., Fuchs et al. 2009;
Chuang et al. 2018; Scibelli & Shirley 2020; Punanova et al.
2022; Scibelli et al. 2024). However, the major formation routes
of larger COMs, such as CH3OCHO and CH3OCH3 , at low tem-
peratures are generally not as well constrained as for CH3OH. In
addition, and in contrast to CH3OH, there are potentially efficient
gas phase reaction routes that can lead to the formation of larger
COMs (Vasyunin & Herbst 2013; Balucani et al. 2015; Vasyunin
et al. 2017; Skouteris et al. 2018).

The aim of this study is to investigate the distribution of
COMs in the area around the methanol hotspot in the Barnard
5 (B5) dark cloud (d ≈ 302 pc; Zucker et al. 2018). This sets
constraints on the desorption mechanism efficiently releasing
COMs and water in that region, while setting additional con-
straints on low-temperature COM formation pathways. The B5
methanol hotspot (hereafter B5-Hotspot) is a cold and dense
source (Tkin ≈ 7.5 K, n(H2) ≈ 2 × 105 cm−3; Taquet et al. 2017),
located approximately 0.55 pc northwest of the prominent Class
I protostar IRS-1, in a region that is not related to ongoing star
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Fig. 1. H2 column density map created from HGBS (Herschel Gould
Belt Survey; André et al. 2010; Roy et al. 2014) dust data for the
region around the B5 methanol hotspot. The contours are N(H2) =
[0.6, 0.8, 1.0, 1.1, 1.2]× 1022 cm−2. The targeted positions B5-Edge, B5-
Hotspot, and B5-East 189 are marked with black crosses. The white,
grey, and black circles in the top left show the approximate beam sizes
of the OSO 20 m telescope at 96.7 GHz and the IRAM 30 m telescope
at 85 GHz and 101 GHz, respectively.

formation (Wirström et al. 2014). It is located close to the center
of an elongated ridge between two dense gravitationally unbound
cores (Sadavoy 2013, Fig. 1). B5-Hotspot is the position of max-
imum gas phase methanol emission in the B5 dark cloud (see
maps in Wirström et al. 2014; Taquet et al. 2017). Larger COMs,
i.e., CH3CHO, CH3OCHO, and CH3OCH3, are identified at that
position with gas phase abundances of ∼10−10 (Taquet et al.
2017; Carl et al. 2023). Gas phase water is detected as well with
a very high abundance of ∼8 × 10−9 (Wirström et al. 2014; Carl
et al. 2023), which is about 50 times higher than the water abun-
dance observed toward L1544 (∼1.4× 10−10; Caselli et al. 2012),
the only other dark cloud source with a detection of cold gas
phase water. Especially the high water abundance at B5-Hotspot
indicates a very efficient release of ice species, as the gas phase
water likely originates from deeper ice mantle layers, usually
covered by CO- and CH3OH-rich layers at the physical condi-
tions established for the methanol hotspot (Tielens et al. 1991;
Boogert et al. 2008, 2015). However, the nature of the efficient
desorption remains elusive.

In general, thermal desorption, UV desorption, and cosmic
ray desorption can be mostly ruled out as the main drivers, due to
the low temperature and high density of the environment and to
the localized peak emission of methanol at B5-Hotspot. Further-
more, explaining the efficient release of ice material via reactive
desorption would require a process that is (locally) increasing
surface reaction rates, and it is not clear what this process would
be. One possible desorption mechanism might be collisional
desorption driven by enhanced collisions between ice-covered
grains, potentially due to a large-scale collision between cloud
fragments or low-velocity shock waves propagating through the
area. Kalvāns & Silsbee (2022) included collisional desorption
in a simple astrochemical model and found that collisions are

potentially able to efficiently remove ice species from deeper
mantle layers.

To better characterize the efficient desorption at B5-Hotspot,
we made pointed observations with the IRAM 30 m and
OSO 20 m telescopes toward two nearby positions, targeting
the same set of gas phase COMs observed at B5-Hotspot,
i.e., HCOOH, CH2CO, CH3CHO, CH3OCHO, and CH3OCH3.
Note that we loosely include the five-atom species formic acid
(HCOOH) and ketene (CH2CO) in the group of COMs. Study-
ing the distribution of COMs in the area around B5-Hotspot, and
whether or not the emission of other COMs peaks together with
the methanol emission at that position, allows conclusions to be
drawn about the spatial extent of the desorption. Furthermore,
potential differences in gas phase COM abundances among the
studied positions can reveal information about the molecular
complexity of the releasing ices and the formation pathways of
the COMs. To cover a range of physical conditions (as indicated
by different N(H2)), we chose to study one position close to the
edge of the B5 ridge, i.e., B5-Edge, while the other position is the
dense core B5-East 189 (Fig. 1). The choice of the B5-East 189
position was based on the HGBS 250µm dust emission map
(19′′ resolution) presented in Taquet et al. (2017), indicating
an N(H2) peak at our target position. However, as can be seen
from Fig. 1, which is based on the HGBS N(H2) map combin-
ing the dust emission maps at 160, 250, 350, and 500µm (Roy
et al. 2014), the N(H2) peak associated with the dense core B5-
East 189 is slightly offset from our actually targeted position.
However, considering the small differences in N(H2) in this map
as well as beam averaging effects and the high uncertainties
related to the N(H2) determination from dust emission, poten-
tial issues introduced by the offset of our B5-East 189 position
relative to its N(H2) peak are negligible.

The remaining paper is structured as follows. Sect. 2 covers
the observational details of our study. Sect. 3 introduces the data
analysis methods and presents the basic results. The results are
then discussed in Sect. 4, and our main conclusions are drawn in
Sect. 5.

2. Observations and data reduction

Using the IRAM 30 m telescope, we made pointed obser-
vations toward two positions, i.e., B5-Edge (03:47:32.5 RA,
32:57:05.0 Dec, J2000) and B5-East 189 (03:47:29.5 RA
32:56:55.0 Dec, J2000), close to B5-Hotspot (03:47:32.1 RA,
32:56:43.0 Dec, J2000; Fig. 1). We targeted transitions of HCO∗,
HCOOH, CH2CO, CH3CHO, CH3OCHO, and CH3OCH3 in
the 3 mm band, including the CH3OH(5−1–40) transition at
84.521 GHz. Throughout this work, radicals such as HCO∗ are
marked with an asterisk. The CH3OH(5−1–40) transition turned
out to be weakly masing at the physical conditions of B5-Edge
and B5-East 189 (as also found for B5-Hotspot in Taquet et al.
2017). We therefore made additional pointed observations with
the OSO 20 m telescope toward B5-Edge, B5-East 189, and
B5-Hotspot, targeting further transitions of CH3OH in the 3 mm
band. In these observations we were furthermore covering the
C18O(1–0) transition at 109.782 GHz. A summary of all targeted
transitions and their spectroscopic parameters can be found in
Table D.1.

The target sources B5-Edge and B5-East 189 were observed
with the IRAM 30 m telescope on 31 Dec 2022, 01 Jan 2023, and
02 Jan 2023 using the EMIR 090 heterodyne receiver in dual-
polarization mode covering a total bandwidth of ∼7.2 GHz. The
FTS50 backend was used with 50 kHz resolution and the four
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sidebands covering frequency ranges of approx. 82.7–84.5 GHz,
86.3–88.1 GHz, 98.7–100.5 GHz, and 102.3–104.1 GHz. Point-
ing and focus was checked regularly on Mars or 0316+413.
Position switching was used for the main observations with
offset positions −10′ RA from our target positions, splitting
the observation time equally between on-source and off-source.
Additional observations were made in frequency switching mode
to confirm the offset positions are free of methanol emission. To
increase the data sensitivity toward B5-Edge, additional obser-
vations were performed with the IRAM 30 m telescope on ten
different occasions from October to December 2024 in the same
setups as just described. In these observations, Uranus and
2251+158 were used as additional pointing and focus sources.
In the 2022/2023 and 2024 observations, the system temperature
ranged between ∼70 K and ∼160 K with an average of ∼90 K.

All three target positions B5-Edge, B5-Hotspot, and B5-
East 189 were observed with the OSO 20 m telescope on 16,
17, and 18 May 2023 using a 4 mm dual-polarization sideband-
separating SIS receiver covering a total bandwidth of ∼4.8 GHz
(Walker et al. 2016). The backend was a FFT spectrometer with
four sidebands and each sideband covering ∼2.4 GHz at ∼95.8–
98.2 GHz and ∼107.8–110.2 GHz with a spectral resolution of
76.3 kHz. Pointing and focus was checked regularly on strong
SiO masers. Position switching was used for the main obser-
vations with offset position at 03:47:50.00 RA, 32:58:00.0 Dec
(J2000), splitting the observation time equally between on-
source and off-source. Additional observations were made in
frequency switching mode to confirm the offset position is free
of methanol emission. The system temperature ranged between
∼140 K and ∼780 K with an average of ∼285 K.

The IRAM 30 m data was reduced with the
CLASS/GILDAS 1 software and the OSO 20 m data was
reduced with the 20 m data reduction software XS. We first
removed spectra with artificial spikes (30 m data) and spectra
with system temperature >500 K (20 m data), created aver-
age total spectra for the individual sidebands, corrected for
frequency-dependent main beam efficiency2,3 (30 m data:
0.79–0.81; 20 m data: 0.4–0.5), and subtracted suitable baseline
fits. With the IRAM 30 m telescope, we reached an average
on-source integration time of ∼17 h for B5-Edge and ∼3.4 h
for B5-East 189. With the OSO 20 m telescope, we ended up
with on source integration times of ∼4.0 h, ∼3.6 h, and ∼3.8 h
for B5-Edge, B5-Hotspot, and B5-East 189, respectively. Using
Python, and without smoothing the data, we then created
12 km s−1 wide spectral cutouts around the source LSR velocity
(9.6 km s−1) for each individual transition and calculated RMS
noise levels over line-free channels. In our IRAM 30 m data,
noise levels range between 1.4 mK and 2.5 mK for B5-Edge
and 2.9 mK and 6.2 mK for B5-East 189, with mean values of
2.0 mK and 4.4 mK, respectively. In our OSO 20 m data, noise
levels range between 12.1 mK and 26.0 mK with a mean of
17.8 mK.

3. Results and analysis

3.1. Detected molecules and integrated intensities

Spectral lines are detected for all targeted molecules toward
both B5-Edge and B5-East 189. Fig. D.1 shows a selection of
1 http://www.iram.fr/IRAMFR/GILDAS
2 https://publicwiki.iram.es/Iram30~mEfficiencies
3 https://www.chalmers.se/api/media/?url=https://cms.
www.chalmers.se/Media/0agbppnl/oso_20~m_telescope_
handbook_31aug2016.pdf?

lines from our IRAM 30 m data for these two positions, and
Fig. D.2 shows the detected lines of CH3OH and C18O from
our OSO 20 m data for B5-Edge, B5-Hotspot, and B5-East 189.
Table D.2 summarizes the measured line parameters, i.e., full
width half maximum (FWHM), integrated intensity

∫
Tmb dv,

and root mean square (RMS) noise level, for the three positions.
Note that only transitions of CH3OH and C18O were targeted
toward B5-Hotspot in this study. The FWHM are derived from
Gaussian fits and RMS noise levels are calculated over line-free
channels in 12 km s−1 wide spectral windows around the source
LSR velocity. Integrated intensities are derived by summation
over channels in 2.0 km s−1 wide windows around the LSR veloc-
ity for all COMs except CH3OH, for which we utilized 2.6 km s−1

windows. For HCO∗ transitions, we use 2.3 km s−1 wide win-
dows. For C18O(1–0), and because of the detected peak shoulders
on the high-velocity side (see Fig. D.2), we calculate integrated
intensities from the Gaussian fitting parameters rather than by
summation over line channels. Upper limit integrated intensities
are calculated for transitions without a securely detected spectral
line, i.e., lines with Tmb < 3σ. The measured integrated intensi-
ties are used to calculate column densities N(X) for all detected
molecules “X”, as described in Sects. 3.2 and 3.3.

3.2. Non-LTE methanol analysis

Methanol population diagrams for the three target positions show
significant divergence from a straight-line fit, indicating that the
LTE (local thermal/thermodynamic equilibrium) approximation
does not hold for this molecule. We therefore use the non-LTE,
spherical radiative transfer code ALI (accelerated lambda iter-
ation; Rybicki & Hummer 1991). The code was first used by
Justtanont et al. (2005) and later bench-marked by Maercker
et al. (2008) and we use it to derive values for methanol column
density (Eq. (A.1)), H2 density, n(H2), and kinetic temperature,
Tk. To account for the collisional excitation of methanol by p-
H2 we use the collisional rate coefficients calculated by Rabli &
Flower (2010) (hereafter RF2010), and, for comparison, the rate
coefficients recently published by Dagdigian (2024) (hereafter
D2024). We present model results below for both these sets of
collisional rate coefficients, since many rates differ substantially
between the sets, especially for the E-type symmetry as can be
seen in Fig. 4 of D2024. Our detected transitions are mainly of
the E-type (see Table D.2).

3.2.1. Models with RF2010 coefficients

For our models with the RF2010 rate coefficients, we mainly sep-
arate between two positions, i.e., B5-Hotspot and B5-East 189,
while B5-Edge is considered as an off-center position toward
the spherical B5-Hotspot model cloud. For both B5-Hotspot and
B5-East 189, we assume a cloud radius of 2 × 1017 cm, corre-
sponding to approximately half the width of the elongated ridge
(i.e., ∼0.14 pc; Fig. 1) in which both positions are located. We
assume constant values of n(H2), Tk, and methanol abundance
X(CH3OH) inside the clouds and make model runs for Tk =
[6.0, 10.0] K with a step size of 0.5 K, considering methanol
energy levels up to 100 K. For each temperature, we sample
log[n(H2)/cm−3] = [4.9, 5.8] and log[N(E-CH3OH)/cm−2] =
[13.3, 13.9], using a step size of 0.02 for both parameters. We
assume an A:E ratio of 1:1 and calculate N(CH3OH) as 2 ×
N(E-CH3OH). We perform χ2 analyses based on the integrated
intensities of seven out of eight targeted methanol transitions,
giving n = (7–2) degrees of freedom. In the RF2010 coefficient
set, the rate coefficient for transitions between the E-levels 00 and

A233, page 3 of 21

http://www.iram.fr/IRAMFR/GILDAS
https://publicwiki.iram.es/Iram30~mEfficiencies
https://www.chalmers.se/api/media/?url=https://cms.www.chalmers.se/Media/0agbppnl/oso_20~m_telescope_handbook_31aug2016.pdf?
https://www.chalmers.se/api/media/?url=https://cms.www.chalmers.se/Media/0agbppnl/oso_20~m_telescope_handbook_31aug2016.pdf?
https://www.chalmers.se/api/media/?url=https://cms.www.chalmers.se/Media/0agbppnl/oso_20~m_telescope_handbook_31aug2016.pdf?


Carl, T., et al.: A&A, 710, A233 (2026)

Table 1. Non-LTE methanol modeling results, CO depletion, and visual extinction.

Source min
(
χ2

red

)
Tex Tk n(H2) N(H2)(a) X(CH3OH) N(CH3OH)(a) fD(b) AV

(c)

(K) (K) (×104 cm−3) (×1021 cm−2) (×10−8) (×1013 cm−2) (mag)

RF2010 collision coefficients, excluding the E-CH3OH(00–1−1) line at 108.894 GHz

B5-Edge 2.5 2.8–7.9 8.0+1.5
−1.0 20.0+13.2

−8.7 43.7+28.8
−19.1 0.2+0.1

−0.1 7.5+1.3
−1.3 4.4 46

B5-Hotspot 0.7 2.8–7.9 8.0+1.5
−1.0 20.0+13.2

−8.7 67.0+44.2
−29.3 0.2+0.1

−0.1 11.5+2.0
−1.9 5.2 71

B5-East 189 1.0 2.9–7.4 7.5+1.0
−1.0 27.5+13.2

−11.7 92.2+44.2
−39.1 0.1+0.1

−0.0 10.2+1.8
−1.7 7.9 97

D2024 collision coefficients (reference models)

B5-Edge 2.7 4.0–11.0 21+19
−7 1.6+0.8

−0.7 3.8+1.8
−1.6 1.6+1.4

−0.6 6.0+1.4
−1.0 0.5 4

B5-Hotspot 2.3 4.0–11.0 21+19
−7 1.6+0.8

−0.7 5.4+2.6
−2.3 1.6+1.4

−0.6 8.6+2.0
−1.4 0.6 6

B5-East 189 2.6 3.8–10.5 24+19
−7 1.3+0.8

−0.7 4.4+2.3
−2.0 1.7+1.8

−0.7 7.4+1.3
−1.5 0.6 5

Notes. (a) beam average column density, assuming a Gaussian 38′′ beam (see Appendix B). (b) CO depletion factor, assuming 16O/18O = 557 (Wilson
1999) and Xref(C16O) = 2.7 × 10−4 (Lacy et al. 1994). (c) Visual extinction, assuming all H is in H2 and using AV = N(H2)

[
0.95 × 1021

]−1
mag cm2

(Whittet et al. 2007).

1−1 (corresponding to the 108.894 GHz line) is zero and no col-
lisional excitations or de-excitations occur between these levels.
This is likely the cause why we had to exclude the 108.894 GHz
line from the fitting. For the detected methanol lines, we assume
calibration uncertainties of 10%, and for non-detected lines, we
calculate 1σ upper limit integrated intensities as input values
for the integrated intensities and their uncertainties. For B5-
Hotspot and B5-East 189, we find minimum χ2

red values of 0.7
and 1.0, respectively. In case of B5-Edge, we find a minimum
of 2.5 for an offset of 0.65 R from the center of the B5-Hotspot
model cloud. The best-fit excitation temperatures of the modeled
methanol transitions confirm the case of sub-thermal excita-
tion for B5-Hotspot and B5-East 189, with the CH3OH(5−1–40)
line at 84.521 GHz having negative Tex around −4.5 K, which
is in accordance with the results from Taquet et al. (2017) for
B5-Hotspot and justifying the use of a non-LTE model.

3.2.2. Models with D2024 coefficients

For our models with the D2024 rate coefficients, we use
the same modeling setup as with the RF2010 collision rates,
only with adjusted ranges of log[n(H2)/cm−3] = [3.4, 5.0],
log[N(CH3OH)/cm−2] = [13.3, 13.8], and Tk = [8, 85] K. We
keep a step size of 0.02 for log[n(H2)] and log[N(E-CH3OH)],
while for Tk, we use step sizes of 2 – 5 K with larger steps
at higher temperatures. We consider methanol energy levels
up to 100 K for Tk < 40 K and all energy levels, i.e., up to
170 K, for Tk ≥ 40 K. The rate coefficient corresponding to the
CH3OH(00–1−1) line at 108.894 GHz is accounted for in the
D2024 set, so we include it in the fitting, giving n = (8–2)
degrees of freedom. For B5-Hotspot and B5-East 189, we find
minimum χ2

red values of 2.3 and 2.6, respectively, while for B5-
Edge, we find a minimum of 2.7 for an offset of 0.6 R from the
center of the B5-Hotspot model cloud. The modeled excitation
temperatures of the considered methanol transitions are close to
the ones obtained in the models using the RF2010 coefficient
set, ranging between ∼4 K and ∼11 K, with the 84.521 GHz line
having Tex around −5 K.

3.2.3. Model results and comparison

The results of our models are summarized in Table 1, and the
uncertainty estimation is described in Appendix A. Beam aver-
age column densities for H2 and CH3OH are derived from the
best-fit values of n(H2) and X(CH3OH) assuming a half power
beam width of 38′′, i.e., the approximate beam size of the
OSO 20 m telescope at the strong ∼96.7 GHz CH3OH(2–1) lines.
For B5-Edge, it is assumed that the telescope is pointed at an
off-center position at 0.65 R and 0.6 R toward the B5-Hotspot
model cloud for the models with the RF2010 and D2024 coeffi-
cient sets, respectively. See Appendix B for details on the used
beam convolution method.

Using the RF2010 rate coefficients and within the uncer-
tainties, our non-LTE modeling results for B5-Hotspot agree
well with the results from the non-LTE analysis with RADEX
reported in Taquet et al. (2017), i.e., Tk = 7.5 ± 1.5 K, n(H2) =
(2.3±1.5)×105 cm−3, and N(CH3OH) = (1.5±0.4)×1014 cm−2.
Our derived methanol column density for B5-Hotspot also
agrees with N(CH3OH) found in Wirström et al. (2014), i.e.,
∼1.3 × 1014 cm−2, using the ALI code. However, we find that
utilizing the new set of collisional rate coefficients presented in
D2024 significantly changes the derived best-fit values of n(H2)
and Tk. The D2024 rate coefficients tend to be larger than those
calculated by RF2010, so it is expected to find a lower best-fit
n(H2), which may also affect the best-fit Tk. Using the D2024
rate coefficients, we find 10–20 times lower n(H2) and 2–3 times
higher Tk compared to the case of using the RF2010 coefficients.
A similar result regarding Tk is reported in Huang et al. (2025).
Note that N(CH3OH) is rather insensitive to the choice of the rate
coefficients as it is strongly constrained by the measured inte-
grated intensities of the methanol lines. Therefore, within the
uncertainties, the modeled N(CH3OH) for B5-Hotspot agrees
with the modeled value from Taquet et al. (2017). We note that
several of the downward collision rate coefficients involving the
E-level 00 are not included in the set by RF2010 (see, e.g.,
the BASECOL4 database; Dubernet et al. 2024), which strongly

4 https://basecol.vamdc.eu/
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affects the 108.894 GHz transition. Furthermore, the D2024 rate
coefficients have been calculated (and tabulated) more densely
at lower kinetic temperatures and are therefore more appropri-
ate for the modeling of low-temperature environments. For these
reasons, we adopt our models based on the newer set of rate
coefficients as our reference models. The differing results of our
non-LTE methanol models are further discussed in Section 4.2.

3.3. LTE column densities and abundances

Beam average column densities of C18O, HCO∗, HCOOH,
CH2CO, CH3CHO, CH3OCHO, and CH3OCH3 are calculated
assuming LTE conditions and optically thin emission (equations
are given in Appendix C). It is further assumed that the emis-
sion fills the beam. The spectroscopic properties used for the
LTE column density calculation are summarized in Table D.1
for all targeted molecular transitions. The spectroscopic data
is mainly taken from the CDMS (Müller et al. 2005) and JPL
(Pickett et al. 1998) catalogs. Derived molecular column den-
sities are presented in Table D.3. Some specifications of the
column density calculation are discussed in the following para-
graphs.

In our reference non-LTE methanol models, the gas kinetic
temperature is significantly higher than the excitation temper-
atures of the methanol lines, implying sub-thermal excitation.
We therefore assume local thermal equilibrium conditions for
all molecules listed above (excluding C18O) utilizing the aver-
age values of methanol Tex for B5-Hotspot/B5-Edge and B5-
East 189, i.e., ∼6.5 K and ∼7 K, respectively (excluding the
negative Tex of the weakly masing 84.521 GHz line). For C18O,
we assume emission to be thermalized at the source kinetic
temperatures, i.e., Tex = Tk, and therefore, Tex = 21 K for B5-
Hotspot/B5-Edge and Tex = 24 K for B5-East 189. All utilized
values of Tex are summarized in Table D.3.

We create rotation diagrams for CH3CHO for B5-Edge
and B5-East 189 based on four detected transitions, and for
CH3OCHO for B5-East 189 based on six detected transitions
(see Fig. D.3). The CH3CHO rotation diagrams imply that LTE
conditions are a good approximation for this molecule for both
positions. The same was found for B5-Hotspot in Taquet et al.
(2017) and Carl et al. (2023). Because of the goodness of the
fits, we adopt the derived column densities for both positions.
The narrow spread of Eu values for the considered transitions
in the CH3OCHO rotation diagram leads to a poor line fit, so
for CH3OCHO, we keep our assumption that Tex = 7 K for B5-
East 189, and calculate its column density as described further
below.

The rotational partition functions Qrot(Tex) of the molecules
are calculated as

Qrot(Tex) = Qrot(9.375 K)
(

Tex

9.375 K

)α
, (1)

with α = 1 for linear rotors and α = 3/2 for asymmetric rotors.
For CH3CHO, CH3OCHO, and CH3OCH3, Einstein coefficients
Aul are calculated according to the JPL documentation5.

We assume the C18O(1–0) line to be out of the optically thin
limit, so we calculate its optical depth τν iteratively for all three
positions using

τν = N(X)
[

8πν3

c3Aul

Qrot

gu

Eu/Tex

e(hν/kBTex) − 1
∆v

]−1

, (2)

5 https://spec.jpl.nasa.gov/ftp/pub/catalog/doc/
catdoc.pdf

where it is assumed that the optical depth does not vary signif-
icantly over the width ∆v (FWHM) of the line. We calculate an
initial estimate of τν based on the column density derived from
the optically thin approximation (N(X) = Nthin(X); Eq. (C.1)), as
well as an initial estimate of the optical depth correction factor

fcorr =
τν

1 − exp(−τν)
. (3)

We then calculate the (corrected) C18O column density as

Ncorr(C18O) = fcorr Nthin(C18O). (4)

The values of τν, fcorr, and Ncorr(C18O) are updated iteratively
until the value of τν converges (we use a tolerance of 1 × 10−6).
The resulting (beam average) optical depth is ∼0.4 for all three
target positions.

For the sake of comparison, we use ALI to calculate the peak
optical depth of the C18O(1–0) line through the center of the B5-
Hotspot and B5-East 189 model clouds (R = 2 × 1017 cm), using
the best fit values of Tk and n(H2) obtained from our reference
non-LTE methanol models for both sources (see Sect. 3.2 and
Table 1). Using this method, we find peak optical depths of ∼0.3
and ∼0.2 for B5-Hotspot and B5-East 189, respectively. Even
though the effective (beam average) optical depth is approx-
imately 2/3 the peak optical depth, the ALI-derived optical
depths are generally in good agreement with the optical depths
from the iterative method outlined above. In addition, the ALI
models give best fit C18O abundances of ∼6×10−7 and ∼7×10−7

for B5-Hotspot and B5-East 189, respectively, which agree rea-
sonably well with the corrected C18O abundances we obtain from
the iterative method, i.e., ∼9 × 10−7 and ∼1 × 10−6, respectively.
We therefore adopt the C18O abundances derived from the iter-
ative method for all three positions (see Table D.3). We also
note that the ALI-derived excitation temperatures of the C18O(1–
0) line are ∼24 K and ∼29 K for B5-Hotspot and B5-East 189,
respectively, supporting the assumption that C18O emission is
approximately thermalized at the gas kinetic temperature.

The column density of HCOOH is calculated as the sum of
N(t-HCOOH) and N(c-HCOOH). We find cis/trans (c/t) ratios
of (7.2 ± 0.8)% and (3.2 ± 1.8)% for B5-Edge and B5-East 189,
respectively.

N(CH2CO) is calculated from the detected o-CH2CO(5–4)
line at 100.095 GHz assuming a statistical ortho/para (o/p) ratio
of 3. Taquet et al. (2017) find an o/p ratio of 3.3± 1.2 toward B5-
Hotspot, while Bacmann et al. (2012) and Ohishi et al. (1991)
report values of 3.3 and 3.5 for L1689B and TMC1, respectively.

For HCO∗, CH3OCHO, and CH3OCH3, we calculate total
column densities by taking the average of the column densities
determined for the individual detected lines. For the four HCO∗
lines, the average differences from the column density means are
12% and 6% for B5-East 189 and B5-Edge, respectively. In case
of CH3OCHO for B5-East 189 (six lines), the average difference
from the mean is 34%. Only two CH3OCHO lines are detected
for B5-Edge, and the corresponding column densities differ by
58%. In addition, only two CH3OCH3 lines are detected for B5-
East 189, with column densities differing by 78%. For B5-Edge,
only one CH3OCH3 line is detected and the total column den-
sity is calculated from that line. The spread in column densities
calculated from the individual transitions could indicate non-
LTE effects, adding to the uncertainties of the column density
estimates.

For B5-Hotspot, we calculate the column density of HCO∗
from unpublished data that was obtained with the OSO 20 m
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telescope in May 2015. Without access to the raw data, we use
tabulated Gaussian fitting parameters for the three strongest lines
of HCO∗ to calculate its average total column density.

We use N(H2) and N(CH3OH) from our reference non-LTE
methanol models to calculate molecular abundances relative to
both H2 and CH3OH. The abundances are summarized together
with the column densities in Table D.3 and shown for all COMs
and HCO∗ in Fig. 2.

3.4. CO depletion factor

The CO depletion factor gives a quantitative estimate of the gas
phase CO freeze-out onto interstellar dust grains. It compares
a measured gas phase CO abundance X(CO) toward a region of
interest with a reference CO abundance Xref(CO), supposed to be
the gas phase abundance of interstellar CO in molecular cloud
regions not characterized by CO freeze-out. The CO depletion
factor fD is generally calculated as

fD =
Xref(CO)
X(CO)

. (5)

It follows that fD will be always larger than one in regions that
are characterized by CO freeze-out.

We calculate values of fD from the abundances of C18O
toward B5-Edge, B5-East 189, and B5-Hotspot. We assume an
oxygen isotope ratio of 16O/18O = 557 (Wilson 1999) to cal-
culate X(C16O), and use the C16O reference abundance (with
respect to H2) Xref(C16O) = 2.7 × 10−4 (Lacy et al. 1994;
Punanova et al. 2022) to calculate the CO depletion factor via
Eq. (5). We find fD ≈ 0.5 for all three positions based on our
reference non-LTE methanol models (see Table 1).

4. Discussion

4.1. Beam size effects

Because of the relatively small on-sky angular distances between
the target positions (∼23′′ between B5-Hotspot and B5-Edge;
∼35′′ between B5-Hotspot and B5-East 189), it is important to
consider the effect of overlapping beams on the observed molec-
ular emission. From the beam sizes listed in Table D.1, the largest
effect is expected for CH3OH, and the most intense CH3OH lines
are observed at ∼96 GHz, corresponding to a beam size of ∼38′′.
The distribution of CH3OH in the B5-Hotspot region is already
known from gas phase maps presented in Wirström et al. (2014)
and Taquet et al. (2017), and our non-LTE reference models for
CH3OH are in line with the overall results from these maps, indi-
cating a decreasing N(CH3OH) from B5-Hotspot to B5-East 189
to B5-Edge.

In contrast to CH3OH, there is no previous knowledge of
the distribution of the other COMs targeted in this study, and it
therefore becomes particularly important to consider the poten-
tial effect of overlapping beams when drawing conclusions about
the overall distribution of those COMs in the B5-Hotspot region.
CH3CHO has the largest beam of all COMs other than CH3OH,
i.e., ∼27′′ on average, and therefore, the largest effect when dis-
cussing overlapping beams for the COMs. Assuming that the
COM emission at B5-Hotspot is point-like and that a 27” Gaus-
sian beam is pointed toward B5-Edge, the picked up emission
from B5-Hotspot would be ∼13%. Equivalently, for B5-East 189,
the picked up emission from B5-Hotspot would be ∼1%. Those
estimates can be considered as lower limits, as we do not expect
COM emission to be point-like around B5-Hotspot. To obtain

upper limits for the overlapping beam effect, we assume a spher-
ical model cloud of the same extent as for the non-LTE CH3OH
model (R = 44′′), centered at B5-Hotspot and with a constant
CH3CHO abundance of 3.6 × 10−10 (B5-Hotspot value; D.3).
Using the same method as described in Appendix B, we then
convolve this cloud with a 27′′ Gaussian beam pointed at B5-
Edge and B5-East 189 and calculate the column density N that
would be measured at both positions. Comparing N to the
maximum column density N0 when the beam is centered at
B5-Hotspot gives N/N0 of ∼0.8 and ∼0.5 for B5-Edge and B5-
East 189, respectively. Implications for the distribution of COMs
in the B5-Hotspot area are discussed in Section 4.3.

4.2. Source physical conditions

Estimates of gas kinetic temperature Tk and H2 density n(H2)
for B5-Edge, B5-Hotspot, and B5-East 189 are derived from
non-LTE radiative transfer models for CH3OH. In our models,
the B5-Edge position is considered as part of the B5-Hotspot
model cloud, and since we assume a chemically and physi-
cally homogeneous medium, our estimates of Tk and n(H2) are
identical for B5-Hotspot and B5-Edge. When it comes to the
B5-East 189 position, we find very similar values of Tk and
n(H2) (and also N(CH3OH)) compared to B5-Hotspot. Mini-
mizing the effect of overlapping beams (see previous section)
by using higher resolution observations would result in more
sensitive estimates of the source physical parameters. However,
considering the large uncertainties related to both Tk and n(H2),
it is unlikely that higher resolution observations would result in
significant differences in Tk and n(H2) between B5-Hotspot and
B5-East 189.

We obtain significantly different results for Tk and n(H2)
depending on the used collisional rate coefficients. Using the
new set of rate coefficients recently reported in D2024 gives
2–3 times higher Tk and 10–20 times lower n(H2) compared to
the case of using the rate coefficients from RF2010. Our model
results indicate that kinetic temperature estimates for sources in
the literature, which are based on non-LTE methanol models uti-
lizing the RF2010 rate coefficients, might be underestimated.
To make a more direct comparison to the models with the
RF2010 coefficients, we created another set of models using the
D2024 coefficients and excluded the E-CH3OH(00–1−1) line at
108.894 GHz from the fitting. For B5-Hotspot, we find best-fit
values of Tk = 19(+66,−11) K and n(H2) = 1.8(+2.9,−1.4) ×
104 cm−3. At a comparable χ2

red minimum of 2.8, those values are
very close to the best fit values obtained when the 108.894 GHz
line is included (Table 1), but the uncertainties increase signif-
icantly. The same is observed for the B5-East 189 models. We
checked molecular line data bases for lines that would poten-
tially overlap with the 108.894 GHz methanol line, but were not
able to identify any candidates that might affect our measured
integrated intensity in this source region. Further investigations
into the details of methanol excitation are beyond the scope of
this paper, but it would be worthwhile to conduct in-depth obser-
vational studies on this subject utilizing more CH3OH lines from
a wider range of upper state energies.

The HGBS N(H2) map presented in Fig. 1 suggests a beam
average N(H2) between ∼0.8 × 1022 cm−2 for B5-Edge and ∼1 ×
1022 cm−2 for B5-Hotspot and B5-East 189. Our derived values
of N(H2) are in much better agreement with those estimates
when using the D2024 rate coefficients. Based on the modeled
N(H2) values and assuming that all gas phase hydrogen is bound
in H2, we calculate the corresponding visual extinction as

AV = N(H2)
[
0.95 × 1021

]−1
mag cm2 (6)
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(Whittet et al. 2007). In general, values of AV ∼ 5 result-
ing from our models with the D2024 rate coefficients appear
more reasonable for this source region than AV ∼ 50 – 100 (see
Table 1).

Taquet et al. (2017) discussed that the efficient release of
ice material at the position of B5-Hotspot might be induced by
enhanced grain-grain collisions, potentially caused by a cloud-
cloud collision or low-velocity shock waves. The HGBS dust
temperature map for the B5-Hotspot region implies Tdust ≈ 13 K.
Our modeled values of Tk ≈ 20 K might be a relic of such a large
scale collision event or a shock wave propagating through the
area as the dust is expected to cool more efficiently than the gas
by means of evaporative cooling due to the release of ice mate-
rial. However, the lower bounds of our modeled Tk uncertainty
are close to 15 K, which would imply an approximate temper-
ature equilibrium between gas and dust. To better assess our
modeled Tk, we took a CO(1–0) spectrum toward B5-Hotspot
with the OSO 20 m telescope in October 2025 (see Fig. D.3).
The peak Tmb of this optically thick emission line gives a lower
bound to the source Tk and is measured as 22 ± 2 K, which is
similar to the modeled Tk when utilizing the D2024 rate coef-
ficients, and indicates that the gas kinetic temperature is indeed
higher than the dust temperature.

The CO depletion toward our target positions is <1, which is
considered as a non-physical result in regions where we expect
CO to be (at least partly) frozen out onto dust grains. Even
though we do expect that, for example, a past grain heating event
has released a large amount of ice species into the gas phase
in the B5-Hotspot area, we also expect a significant amount
of freeze-out back onto grains. Evidence for this comes from
the measured gas phase CH3OH/H2O ratio for B5-Hotspot of
∼1.3 (assuming N(H2O) ≈ 6.6 × 1013 cm−2; Taquet et al. 2017),
which is much higher than what can be expected for the ice
CH3OH/H2O ratio, usually measured to be around 0.01–0.14
in cold and dense molecular cloud sources (Boogert et al. 2011;
Chiar et al. 2011; Chu et al. 2020; Goto et al. 2021; McClure
et al. 2023). It should be noted, however, that the uncertainty
related to the utilized CO reference abundance is high (Lacy
et al. 1994; Punanova et al. 2022), and considering a higher
Xref(CO) close to its upper bound of 9.1 × 10−4 yields fD > 1
for all three considered positions. In general, the very similar
values of fD (∼0.5 for all three sources) are likely effected by
overlapping beams (see Sect. 4.1), especially considering the
relatively large C18O beam of ∼34′′.

An interesting consequence of a potential past heating event
is the creation of an unusual ice mantle structure in the B5-
Hotspot area due to the subsequent freeze-out of gas phase
species. It is often assumed that ice mantles in dense molec-
ular clouds show at least a two-phase layering with a bottom
layer dominated by H2O and a top layer dominated by CO and
CH3OH (Cuppen et al. 2011; Boogert et al. 2015; Penteado et al.
2015; Müller et al. 2021). If these layers are (partly) removed
during a heating event, freeze-out during cooling would create a
top ice layer in which CH3OH, H2O, and CO, for example, are
well mixed. This could have important consequences for the effi-
ciency of certain grain-surface reactions as we discuss in the next
section. The assumption of layered ices was also recently chal-
lenged by dark cloud observations toward background stars with
the JWST by McClure et al. (2023), indicating that the upper ice
layers in their target sources contain both H2O and CH3OH.

4.3. COM distribution

Considering the effects from overlapping beams, our three target
positions are not fully independent, but the measured emission

is shared to some degree between B5-Edge and B5-Hotspot as
well as between B5-East 189 and B5-Hotspot. In Section 4.1,
we estimated that the measured COM column densities at B5-
Edge would be ∼0.8 of the respective peak column densities at
B5-Hotspot, if the COMs were homogeneously distributed in
a spherical model cloud centered at B5-Hotspot and extending
over the width of the B5 ridge (0.14 pc). At B5-East 189, they
would be up to ∼0.5 of the peak column densities at B5-Hotspot.
Ratios of measured column densities at B5-Edge and B5-Hotspot
are all close to, or considerably higher than, 0.8, which would be
expected from our ridge-wide model cloud (see Table D.3). This
confirms that the emission of COMs is extended toward the B5-
Edge position. For CH2CO, N(X)/N(X)hotspot = 2.0± 0.3, clearly
indicating that most CH2CO emission must originate closer to
the B5-Edge position rather than from B5-Hotspot. Making the
same direct comparison of measured column densities for B5-
East 189 (see Table D.3), ratios are significantly larger than 0.5
for all COMs except HCOOH, showing that the COM emission
in the B5-Hotspot region is indeed higher toward the B5-East 189
position than toward B5-Hotspot itself. Here CH2CO also has an
exceptionally high N(X)/N(X)hotspot of 3.3 ± 0.6. The high ratios
for CH2CO indicate that most CH2CO emission measured at
B5-Hotspot could be picked up from B5-Edge and B5-East 189.

Overall, our observations toward B5-Edge and B5-
East 189 demonstrate that gas phase COMs (HCOOH, CH2CO,
CH3CHO, CH3OCHO, CH3OCH3) are extended in the region
around B5-Hotspot, and especially toward B5-East 189 in the
northeast, where we observe the highest COM column densities
and abundances. This justifies our assumption that the observed
molecular emission is filling the beam. Furthermore, our data
shows that COM emission does not follow the emission distri-
bution of CH3OH, which peaks at B5-Hotspot. This indicates
that the efficient desorption of ices at B5-Hotspot is (or was)
also active at B5-Edge and B5-East 189. The offset between the
CH3OH peak at B5-Hotspot and the COM peak at B5-East 189
could be explained by a more complex ice composition at B5-
East 189 compared to B5-Hotspot, with higher abundances of
COMs relative to CH3OH. That is, if it is assumed that CH3OH is
partly consumed in the formation of larger COMs at the surface
of ice-covered grains. Alternatively, one could assume a similar
ice composition at B5-Hotspot and B5-East 189, and then par-
tial consumption of CH3OH to form larger COMs in the gas
phase with higher efficiencies at B5-East 189. However, it is
not possible to distinguish between these two scenarios based
on the limited physical data for B5-Hotspot and B5-East 189.
Ice observations toward the region around B5-Hotspot would
be highly valuable to better characterize the desorption and
chemical evolution of this interesting source.

Fig. 2 shows the molecular abundances of HCO∗ and COMs
with respect to H2 (left) and with respect to CH3OH (right).
The measured abundances show barely significant differences
between the three considered positions, especially in the case
of the abundances with respect to H2 and likely affected by
overlapping beams. More significant differences can be noted
for the abundances with respect to CH3OH due to the smaller
uncertainty related to N(CH3OH). The relative abundances of
the larger COMs CH3CHO, CH3OCHO, and CH3OCH3 are very
similar among the three positions, which might be indicative of
a shared physical and chemical evolution. Contrary to that, we
observe clear differences in the relative abundances of the five-
atom COMs HCOOH and CH2CO, with CH2CO being 3–4 times
more abundant than HCOOH at B5-Edge and B5-East 189, while
both molecules are similarly abundant at B5-Hotspot. Such dif-
ferences could in principle be due to a higher atomic C/O ratio at
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Fig. 2. Abundances of COMs formic acid (HCOOH), ketene (CH2CO), acetaldehyde (CH3CHO), methyl formate (CH3OCHO), and dimethyl ether
(CH3OCH3) with respect to H2 (left panel) and CH3OH (right panel) for B5-Edge, B5-Hotspot, and B5-East 189. Abundances of the important
COM precursor radical HCO∗ are also shown. For B5-Hotspot, column densities of HCOOH, CH2CO, CH3OCHO, and CH3OCH3 are from Taquet
et al. (2017), and the column density of CH3CHO is from Carl et al. (2023). The column density of HCO∗ for B5-Hotspot was calculated from
unpublished data obtained with the OSO 20 m telescope (see Section 3.3).

B5-Edge and B5-East 189 compared to B5-Hotspot, considering
that CH2CO and HCOOH have efficient surface formation routes
via reactions of HCO∗ with C and O, respectively, followed by
hydrogenation, i.e.,

HCO∗
+C
−−−→ HCCO∗

+H
−−−→ CH2CO, (7)

HCO∗
+O
−−−→ HCOO∗

+H
−−−→ HCOOH. (8)

An alternative explanation might be that, relative to B5-Edge
and B5-East 189, CH2CO is more efficiently hydrogenated to
CH3CHO at B5-Hotspot. However, we do not observe an ele-
vated abundance of CH3CHO at B5-Hotspot relative to B5-Edge
and B5-East 189, as would be expected in such a scenario. A
possible source of error could arise from using the statistical
o/p ratio of 3 in the calculation of N(CH2CO) for B5-Edge and
B5-East 189. The o/p-CH2CO ratio is not constrained at these
positions because we only have one o-CH2CO line detected.
However, Taquet et al. (2017) report a measured o/p ratio of
3.3 ± 1.2 for B5-Hotspot.

We observe systematically higher CH3OCHO abundances
than CH3OCH3 abundances. This might support the formation
pathway suggested in Balucani et al. (2015) in which CH3OCHO
is indirectly formed from CH3OCH3 via the gas phase reactions

CH3OCH3 + OH∗ −−−→ CH3OCH2
∗ + H2O, (9)

CH3OCH2
∗ +O
−−−→ CH3OCHO + H. (10)

In general, a more complex gas phase chemistry could be
expected for the B5-Hotspot region, comparing to cold sources
with less efficient desorption (see also Sect. 4.4).

Taquet et al. (2017) report a highly non-equilibrium c/t-
HCOOH ratio of ∼6% toward B5-Hotspot. We also observe

elevated c/t ratios of ∼7% and ∼3% toward B5-Edge and
B5-East 189, respectively. Quantum chemical calculations con-
ducted by García de la Concepción et al. (2022) demonstrate
that, at ISM conditions, almost all HCOOH should be in its lower
energy trans-configuration. This study also presents measured
non-equilibrium c/t ratios for several ISM sources and predicts a
c/t ratio of <10−50 for B5-Hotspot (!). Taquet et al. (2017) suggest
that the elevated c/t ratio in the B5-Hotspot area and other ISM
sources might be due to the formation of significant amounts
of c-HCOOH from the low-energy trans-isomer of the HOCO∗
radical via surface reaction

t−HOCO∗
+H
−−−→ c−HCOOH . (11)

The formyl radical (HCO∗) is observed in the gas phase
toward all three positions. While HCO∗ can be formed in the
gas through electron dissociative recombination of protonated
formaldehyde (Hamberg et al. 2007), it can also be produced
on grain surfaces (from CO) where it is an important COM pre-
cursor. Here we assume the latter formation scenario and hence
that HCO∗ is involved to some degree in the formation of all the
COMs considered in this study. HCO∗ has been detected toward
several cold molecular cloud sources such as TMC-1, TMC-2,
and B1-b (Cernicharo et al. 2012; Agúndez et al. 2015; Bacmann
& Faure 2016). Column densities of HCO∗ in these sources
are on the order of 1011 – 1013 cm−2, and the column densities
toward our target sources fall in this range. Bacmann & Faure
(2016) studied typical ratios of HCO∗:H2CO:CH3O∗:CH3OH for
a set of eight prestellar cores in Taurus (5), Ophiuchus (2), and
Aquila (1) and find values of CH3OH:HCO∗ of ∼9–26 with a
mean of ∼15. The ratios of CH3OH:HCO∗ for B5-Edge, B5-
Hotspot, and B5-East 189 are approximately 80, 150, and 60,
respectively. These high values are largely due to a systematically
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higher N(CH3OH) as compared to the prestellar cores studied in
Bacmann & Faure (2016). The higher N(CH3OH) might be due
to differences in source structure and age, comparing our sources
with prestellar cores, as well as due to the very efficient release
of methanol at B5-Hotspot, most likely also affecting B5-Edge
and B5-East 189. However, comparing CH3OH column densi-
ties for a collection of starless and prestellar cores in Taurus (31
cores; Scibelli & Shirley 2020) and to a similar dataset in Perseus
(35 cores; Scibelli et al. 2024), it appears there are significant
differences between the two clouds with an average CH3OH col-
umn density about five times higher in Perseus. In addition, as
we discuss below, our CH3OH column densities are on a similar
level for the sampled cores in Perseus, so the high CH3OH:HCO∗
ratios when compared to the Bacmann & Faure (2016) set might
rather be due to chemical differences between the host molec-
ular clouds than due to differences in source structure and age.
However, at least the very high CH3OH:HCO∗ ratio of ∼150 at
B5-Hotspot might indeed be interpreted as an expression of the
very efficient desorption, clearly constrained at that position by
the high gas phase H2O abundance.

Experiments by Pirim & Krim (2011) showed that the pres-
ence of H2O has a catalytic effect on the surface formation of
H2CO and CH3OH from CO. As mentioned above, the efficient
release of ice species from the dust grains in the B5-Hotspot
region followed by a partial freeze-out back onto grains would
lead to an untypical ice composition in the top mantle layers,
where CH3OH would be mixed with both H2O and CO. There-
fore, according to the findings of Pirim & Krim (2011), the
surface formation of both H2CO and CH3OH might be enhanced
in the area around B5-Hotspot.

4.4. Comparison to other sources

Fig. 3 shows a comparison between our measured CH3OH col-
umn densities and abundances and the CH3OH data from a
survey by Scibelli et al. (2024), covering a sample of 35 star-
less and prestellar cores in Perseus. Green bars are marking
sources where only CH3OH is detected and blue bars are mark-
ing sources where at least CH3CHO is detected as well. The
dashed green and blue lines mark the mean of the two sample
sets, while the dashed black line marks the mean of the whole
Perseus sample (excluding our measured values in all cases).
Note that two cores in this sample, i.e., cores 799 and 800, are
located in the southern part of the B5 dark cloud. Note also that
Scibelli et al. (2024) use the HGBS N(H2) data to calculate abun-
dances. As mentioned before, our modeled N(H2) values are in
reasonable agreement with the HGBS data, especially consider-
ing the high uncertainties related to the determination of N(H2),
so our abundances with respect to H2 are generally comparable
to those in the Perseus sample. As already pointed out in Scibelli
et al. (2024), higher CH3OH column densities and abundances
seem to correlate with a higher chemical complexity of the cores,
as traced here by the additional detection of CH3CHO in 15/35
cores of the Perseus sample. We measure CH3OH abundances
that are significantly above the total average of the Perseus sam-
ple, and even above the average of the COM-rich cores. However,
our measured column densities are close to the total average,
but significantly below the average of the COM-rich cores. This
might be evidence for the very efficient release of CH3OH and
other ice species in the B5-Hotspot area.

In Fig. 4, we compare our measured column densities and
abundances of the larger COMs CH3CHO, CH3OCHO, and

CH3OCH3 to the data of those 15/35 cores in the Scibelli et al.
(2024) survey in which at least CH3CHO is detected along-
side CH3OH. Upper limits are indicated by transparent bars and
the dashed purple, red, and blue lines mark the average val-
ues obtained for the Perseus sample. Considering that only 3/35
cores in the sample show emission from all three large COMs, it
is remarkable that we observe emission from all of them across
the whole northern B5 ridge around B5-Hotspot, especially since
only CH3CHO is detected toward cores 799 and 800 in the south-
ern part. These observations support the model predictions of
Priestley et al. (2025) that COMs can be actively formed in
molecular clouds starting from densities of a few 103 cm−3, prior
to any core formation. Abundances of CH3OCHO with respect
to H2 toward the B5 ridge are significantly above the Perseus
average, while abundances of CH3CHO are close to average, or,
in case of B5-East 189, slightly above average. The very high
CH3OCH3 abundance of core 627 drastically elevates the mean
of the sample set, while the abundances of cores 264, 321, and
326 are more comparable to our measured abundances. The fact
that we do observe CH3OCHO abundances that are systemat-
ically higher than the Perseus average, as well as higher than
CH3OCH3 abundances, might indicate efficient gas phase con-
version of CH3OCH3 to CH3OCHO in the B5-Hotspot region,
according to reactions (9) and (10).

Assuming that COMs are mostly formed by surface reac-
tions and released with comparable efficiencies, gas phase COM
abundances with respect to CH3OH should give an idea of the
complexity of releasing ices. Measured abundances of larger
COMs with respect to CH3OH toward the B5 ridge are signif-
icantly below or, in case of CH3OCHO, comparable to the mean
of the Perseus sample, which might be an indication for a lower
ice chemical complexity in the B5-Hotspot region. This might
be explained by a physically and chemically less evolved stage
of the B5-Hotspot region relative to the more evolved starless
and prestellar cores of the Perseus sample. A lower ice chemical
complexity in the B5-Hotspot region might be further supported
by the significantly lower column densities of CH3OH and larger
COMs compared to the Perseus cores. The high abundances of
COMs with respect to H2 toward the B5 ridge might then be
interpreted as an indication of the overly efficient release of
generally less complex ices in the B5-Hotspot area.

Scibelli et al. (2024) note that the three cores that are show-
ing emission from all three large COMs, i.e., cores 264, 321, and
326, are located in the active and shocked region NGC1333, so
desorption might be partly caused by thermal processes induced
by shocks or outflow interactions, for example. They further note
that non-LTE RADEX models for CH3OCHO indicate that Tk ≈

20 K for cores 264 and 326, while their RADEX CH3OH models
indicate Tk ≈ 5–10 K. Based on the discussion of our non-LTE
CH3OH models utilizing the rate coefficients of both RF2010
and D2024, it is feasible that Tk of cores 264 and 326 is actually
closer to 20 K than to 5–10 K, making it more comparable to the
Tk that we derive for our target positions.

4.5. COM relations

Several observational studies of low-mass and high-mass proto-
stellar objects demonstrated that the abundances of CH3OCHO
and CH3OCH3 are highly correlated over an abundance range
that spans ∼6 orders of magnitude (e.g., Bisschop et al. 2007;
Jaber et al. 2014; Rivilla et al. 2017; Coletta et al. 2020; Yang
et al. 2021). This is often interpreted as an indication that
either the two molecules share a common precursor or that one
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Fig. 3. CH3OH column densities (top panel) and abundances with respect to H2 (bottom panel) for a set of starless and prestellar cores in Perseus
(Scibelli et al. 2024) compared to B5-Edge, B5-Hotspot, and B5-East 189. The green and blue bars indicate respectively sources without and with
an additional detection of CH3CHO. The horizontal dashed green and blue lines mark the mean values for the two source sets and the dashed black
line marks the total mean of all sources (excluding our target sources in all cases).

molecule is formed from the other (however, see also Belloche
et al. 2020). CH3OCHO and CH3OCH3 do share the common
precursor radical CH3O∗ through the proposed surface reactions

CH3O∗ + HCO∗ −−−→ CH3OCHO, (12)
CH3O∗ + CH3

∗ −−−→ CH3OCH3. (13)

It is furthermore speculated that CH3OCHO might form indi-
rectly from CH3OCH3 via gas phase reactions (9) and (10). Even
though there is convincing observational evidence of a relation
between CH3OCHO and CH3OCH3 for protostellar sources,
the relation for cold sources is less well established. In Fig. 5
we compare measured column densities and abundances of
CH3OCHO and CH3OCH3 (with respect to H2) for our B5 target
positions, the three cores from the Scibelli et al. (2024) Perseus
sample with simultaneous detections of both molecules, as well
as a couple of other cold molecular cloud sources. We obtain
Pearson r-values of 0.81 and 0.76 for the column density and
abundance relations, respectively, indicating a strong positive
linear trend. However, uncertainties are not considered in this
estimate and we note that the uncertainties get quite high,

especially for abundances with respect to H2. Furthermore, the
sample set and the abundance range are relatively small, and the
abundance correlation is generally weaker than for protostellar
sources where reported r-values are commonly ≥0.9 (Bisschop
et al. 2007; Jaber et al. 2014) and up to 0.99 (Coletta et al. 2020).

To test the possible relation between CH2CO and CH3CHO,
in which CH3CHO forms by hydrogenation of CH2CO, we
plot the N(CH3CHO)/N(CH2CO) ratio measured for our tar-
get positions, the cores in the Perseus sample, and a number
of other cold cores (see Fig. 6). We plot the ratio as a func-
tion of CH3OH column density and find an increase of the
ratio that seems to follow a step-like function. The logistic (sig-
moid) function that best describes the data points (excluding
L183 and neglecting uncertainties) is shown as a black dashed
line. The increase of the N(CH3CHO)/N(CH2CO) ratio as a
function of N(CH3OH) might be interpreted as an indication of
the higher chemical complexity of the sources, considering that
sources with higher N(CH3OH) tend to have higher abundances
of larger COMs. However, we note that only 4/24 plotted sources
with high N(CH3OH) actually show a N(CH3CHO)/N(CH2CO)
ratio >1. Two of those four sources belong to the three Perseus
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Fig. 4. Column densities (top panel), abundances with respect to H2 (middle panel), and abundances with respect to CH3OH (bottom panel) of
CH3CHO, CH3OCHO, and CH3OCH3 for a set of starless and prestellar cores in Perseus (Scibelli et al. 2024) compared to B5-Edge, B5-Hotspot,
and B5-East 189. Shown are only those 15 sources of the Perseus sample in which at least CH3CHO is detected along with CH3OH. The transparent
bars indicate upper limits, and the horizontal dashed purple, red, and blue lines mark the mean values for CH3CHO, CH3OCHO, and CH3OCH3,
respectively (excluding our target sources). The CH3OCH3 abundance of core 627 with respect to CH3OH is ∼0.4, but we truncated at 0.2 for better
visibility.
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Fig. 5. Relation between the column densities (top panel) and abun-
dances with respect to H2 (bottom panel) of CH3OCHO and CH3OCH3.
Shown are the values for the B5 positions, a set of starless and prestel-
lar cores in Perseus (Scibelli et al. 2024, only cores with simultaneous
detections of both molecules), as well as for the dust peak of L1544
(Jiménez-Serra et al. 2016), the cyanopolyyne peak in TMC-1 (Gratier
et al. 2016), and L1521E (Scibelli et al. 2021). The Pearson r-value for
the data is given in the upper left corner of each panel.

cores with simultaneous detections of CH3CHO, CH3OCHO,
and CH3OCH3 located in the active region NGC1333, i.e., cores
321 and 326. In the third of these cores, i.e., core 264, CH2CO
is not detected, which might indicate a well-advanced con-
version of CH2CO to CH3CHO. The remaining sources with
lower N(CH3OH) show similar ratios around 0.3–0.5, with some
sources at the lowest N(CH3OH), i.e., cores 4149 and 1390, and
TMC-1 (CP), having slightly elevated N(CH3CHO)/N(CH2CO)
ratios, while the ratio of L183 is highly elevated and appears to
be an outlier. A reason for this might be that L183 is a chem-
ically evolved core with high abundances of O-rich COMs and
low abundances of C-rich COMs such as CH2CO (Lattanzi et al.
2020). Therefore, the high N(CH3CHO)/N(CH2CO) ratio for
L183 might be an expression of the progressed conversion of
CH2CO to CH3CHO. We also note that even though the prestel-
lar core L1544 is known to be a highly evolved, chemically
complex source, it appears in the lower left corner of this plot.

Fig. 6. N(CH3CHO)/N(CH2CO) ratio as a function of CH3OH column
density for the B5 positions; a set of starless and prestellar cores in
Perseus (Scibelli et al. 2024); cold cores 860, 1390, and 4149 (Zhou et al.
2022); the dust peak of L1544 (Vastel et al. 2014); the cyanopolyyne
peak in TMC-1 (Gratier et al. 2016); L1521E (Nagy et al. 2019); and
L183 (Lattanzi et al. 2020). The black dashed line marks the logistic
function that best fits the data, excluding L183.

This might be explained by the high density of the L1544 dust
peak and the very high degree of freeze-out close to the core cen-
ter, as observed in Caselli et al. (2022). When interpreting Fig. 6,
it is also important to consider the chemical differences between
different molecular clouds because, for example, cores in Perseus
have on average five times higher N(CH3OH) than cores in Tau-
rus (see Sect. 4.3). However, most of the plotted sources, i.e., our
B5 sources and the cores of the Scibelli et al. (2024) sample,
are located in Perseus and, from this perspective, can be directly
compared to each other.

5. Conclusions

In order to set observational constraints on the efficient release of
ices at B5-Hotspot and on the formation pathways of COMs, we
made pointed observations with the IRAM 30 m and OSO 20 m
telescopes toward two positions close to B5-Hotspot, i.e., B5-
Edge and B5-East 189. The main conclusions are as follows:

– Emission from all targeted COMs, i.e., HCOOH, CH2CO,
CH3CHO, CH3OCHO, CH3OCH3, is detected toward B5-
Edge and B5-East 189, thus revealing that COMs are
extended in the area around B5-Hotspot, and especially
toward B5-East 189 in the northeast. Physical conditions and
COM abundances with respect to H2 and CH3OH do not dif-
fer significantly among the three positions, indicating that
the efficient release of ices is not confined to B5-Hotspot,
but is also active at B5-Edge and B5-East 189; the three
positions likely share a similar physical and chemical evo-
lution. Higher resolution observations would help to better
disentangle potential differences in physical conditions. Fur-
thermore, ice observations toward the B5-Hotspot region
would be valuable to better constrain the desorption and
chemical evolution;

– Physical source parameters, i.e., Tk and n(H2), are derived
from non-LTE radiative transfer models for methanol. Uti-
lizing a new set of collisional rate coefficients reported in
D2024 yields 2–3 times higher Tk and 10–20 times lower
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n(H2) compared to using the RF2010 rate coefficients. Future
non-LTE methanol excitation analyses should consider these
differences, and care should be taken in comparisons and
interpretations of those in the literature;

– Evidence of gas kinetic temperatures of ∼20 K for our target
positions (higher than the dust temperature of ∼13 K) might
be a relic of a past grain heating event that released ices in the
B5-Hotspot area. A subsequent freeze-out of molecules back
onto grains would lead to unusually high H2O abundances in
the top ice monolayers, which could speed up the subsequent
surface formation of H2CO and CH3OH;

– Comparisons between the COM data of this study and COM
data for starless and prestellar cores in Perseus indicate that
ices in the B5-Hotspot region might be less evolved but
released more efficiently. In addition, gas phase abundances
of CH3OCHO that are systematically higher than the aver-
age of cold cores in Perseus and higher than the CH3OCH3
abundances might indicate efficient gas phase conversion of
CH3OCH3 to CH3OCHO in the B5-Hotspot region;

– Considering the CH3OCHO and CH3OCH3 data of this
study and other literature data supports a relation between
both molecules for cold molecular cloud sources, similar to
the case of protostellar sources, discussed in many places
in the literature. Furthermore, considering the CH2CO and
CH3CHO data of this study and other data from the literature
supports the surface formation of CH3CHO by hydrogena-
tion of CH2CO at low temperatures.
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Appendix A: Uncertainties of non-LTE modeling
parameters

Uncertainties of H2 density n(H2), methanol column density
N(CH3OH), and kinetic temperature Tk are derived from χ2

red
distribution plots. The methanol column density is calculated as
an average over the spherical cloud, according to

N (CH3OH) =
4
3

R n (H2) X (CH3OH) , (A.1)

where X(CH3OH) is the abundance of methanol with respect to
to H2, which is assumed to be constant. The reduced χ2 values
are furthermore calculated as

χ2
red =

χ2

n
, (A.2)

where n = x − p is the number of degrees of freedom, with x
being the number of considered methanol transitions and p being
the number of simultaneously varied model parameters (2). Plot-
ting values of χ2

red for the sampled values of n(H2), N(CH3OH),
and Tk gives separate plane sections in the 3D parameter space.
In each plane, we identify the position of the local χ2

red minimum
and define the (reduced) 1σ contour in each plane as the set of
points

σred = min
(
χ2

red

)
glob
+

3.5
n
, (A.3)

where min
(
χ2

red

)
glob

is the global χ2
red minimum (Lampton et al.

1976). The complete 1σ contour has the shape of an ellipsoid,
while each elliptical 1σ contour results from n(H2) - N(CH3OH)
planes cutting through this ellipsoid at a certain Tk. To deter-
mine the uncertainties in n(H2), N(CH3OH), and Tk, we identify
the four points in the total sampled set σred that are farthest
away from the global χ2

red minimum. The difference between the
parameter values at these four points and the parameter values at
the global minimum give the positive and negative uncertainties
associated with the parameters.

Appendix B: Beam convolution for H2 and CH3OH
column densities

Assuming constant values of H2 density n(H2) and methanol
abundance X(CH3OH), the beam average column densities of
H2 and CH3OH are calculated numerically as

N(H2) = n(H2)
∑

i

L(ri)g(ri)∆r (B.1)

and
N(CH3OH) = n(H2)X(CH3OH)

∑
i

L(ri)g(ri)∆r , (B.2)

respectively. L(r) = L(x, y) is the position dependent path length
(chord length) through the spherical model cloud, g(r) is the
2D Gaussian beam shape function, and ∆r = ∆x∆y. The chord
length at a given position r is given by

L(r) = 2
√

R2 − d(r)2 , (B.3)

where d(r) =
√

x2 + y2 is the distance of r from the origin.
The beam shape function can be furthermore written in matrix
notation as

g(r) =
1

2π
det(Σ)−1/2 exp

[
−

1
2

〈
r − r0

∣∣∣Σ−1
∣∣∣ r − r0

〉]
, (B.4)

where r0 is the assumed beam center, and

Σ =

(
σ2

x 0
0 σ2

y

)
(B.5)

is the covariance matrix, including the Gaussian standard devia-
tions σx and σy, which, for a circular beam, can be expressed in
terms of the half power beam width θ as

σx = σy =
θ

2
√

2 ln 2
. (B.6)

Based on the distance D to the model source (in cm), the sky
solid angle covered by the beam is converted from arcsec to
centimeter via

θcm ≈
Dcmθarcsec

206 265
. (B.7)

Fig. D.4 shows the beam convolution for B5-Hotspot and
B5-East 189 in the top row, and for B5-Edge in the bottom
row. Values of L(x, y) are calculated from Eq. (B.3), assuming
a model cloud radius R = 2 × 1017 cm, and values of g(x, y)
are calculated from Eq. (B.4), assuming D = 302 pc (Zucker
et al. 2018) and θarcsec = 38′′, i.e., the approximate beam size
of the OSO 20 m telescope at the strong ∼96.7 GHz CH3OH(2-
1) lines. Values for N(H2) and N(CH3OH) are then calculated
from Eqs. (B.1) and (B.2), respectively, using the best fit val-
ues of n(H2) and X(CH3OH) for B5-Hotspot and B5-East 189.
In case of B5-Edge, we use the best fit parameters for B5-
Hotspot, while the beam center is shifted from r0 = (0, 0) to
r0 = (0.6 R, 0). The uncertainties of the beam average column
densities of H2 and CH3OH are furthermore calculated from the
uncertainties estimated for n(H2) and N(CH3OH) in the previous
section. In that section, N(CH3OH) was calculated more approx-
imate via Eq. (A.1). However, the relative uncertainty associated
with the column density does not change even though the way of
calculating the column density is changed.

Appendix C: LTE column density calculation

Assuming optically thin emission and local ther-
mal/thermodynamic equilibrium (LTE) conditions, the column
density N of a molecule X is given as

N(X) =
1
C

∫
Tmbdv , (C.1)

where
∫

Tmbdv is the integrated intensity and C is a constant, i.e.,

C =
hc3

8πkB

guAul

ν2
exp(−Eu/Tex)

Qrot(Tex)

[
1 −

Jν(Tbg)
Jν(Tex)

]
. (C.2)

h is the Planck constant, c is the speed of light, kB is the Boltz-
mann constant, Tex is the excitation temperature, Tbg ≈ 2.725 K
is the (cosmic microwave) background temperature, gu is the
total degeneracy, Aul is the Einstein coefficient of spontaneous
emission, ν is the transition (rest) frequency, Eu is the upper level
energy (in Kelvin), and Qrot(T ) is the rotational partition func-
tion. Furthermore, Jν(T ) is the temperature equivalent of specific
intensity, given as

Jν(T ) =
hν
kB

[
exp

(
hν

kBT

)
− 1

]−1

. (C.3)

The last term in Eq. (C.2) is only needed if Tex is comparable to
Tbg, which is the case for the three positions considered in this
study.
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Appendix D: Additional tables and figures

Table D.1: Targeted transitions and their spectroscopic properties.

Molecule Transition ν Eu Aul gu Qrot θHPBW Tel.(a) Ref.(b)

[GHz] [K] [s−1] (9.375 K) [arcsec]

C18O 1 − 0 109.78217 5.3 6.3 × 10−8 3 3.9 33.7 O20 (1)

HCO∗ 10,1 − 00,0, F = 2 − 1 86.67076 4.2 4.7 × 10−6 5 20.3 28.5 I30

(2)HCO∗ 10,1 − 00,0, F = 1 − 0 86.70836 4.2 4.6 × 10−6 3 20.3 28.5 I30
HCO∗ 10,1 − 00,0, F = 1 − 1 86.77746 4.2 4.6 × 10−6 3 20.3 28.4 I30
HCO∗ 10,1 − 00,0, F = 0 − 1 86.80578 4.2 4.7 × 10−6 1 20.3 28.4 I30

t-HCOOH 41,4 − 31,3 86.54619 13.6 6.4 × 10−6 9 49.9 28.5 I30 (3)
c-HCOOH 40,4 − 30,3 87.69469 10.5 2.5 × 10−5 9 48.3 28.1 I30

o-CH2CO 51,5 − 41,4 100.09451 27.5 1.0 × 10−5 33 47.6 24.6 I30 (4)

E-CH3OH 5−1 − 40 84.52117 40.4 2.0 × 10−6 11 19.5 29.2 I30

(5)

A+-CH3OH 21 − 11 95.91431 21.4 2.5 × 10−6 5 19.5 38.6 O20
E-CH3OH 2−1 − 1−1 96.73936 12.5 2.6 × 10−6 5 19.5 38.3 O20

A+-CH3OH 20 − 10 96.74137 7.0 3.4 × 10−6 5 19.5 38.3 O20
E-CH3OH 20 − 10 96.74455 20.1 3.4 × 10−6 5 19.5 38.2 O20
E-CH3OH 21 − 11 96.75550 28.0 2.6 × 10−6 5 19.5 38.2 O20

A−-CH3OH 21 − 11 97.58280 21.6 2.6 × 10−6 5 19.5 37.9 O20
E-CH3OH 00 − 1−1 108.89395 13.1 1.5 × 10−5 1 19.5 34.0 O20

E-CH3CHO 21,2 − 10,1 83.58428 5.0 2.2 × 10−6 5(c) 132(d) 29.5 I30

(6)A-CH3CHO 21,2 − 10,1 84.21975 5.0 2.4 × 10−6 5(c) 132(d) 29.3 I30
E-CH3CHO 51,5 − 41,3 98.86331 16.6 3.1 × 10−5 11(c) 132(d) 25.0 I30
A-CH3CHO 51,5 − 41,3 98.90094 16.5 3.1 × 10−5 11(c) 132(d) 24.9 I30

E-CH3OCHO 72,6 − 62,5 84.44917 19.0 8.0 × 10−6 30 720.8 29.2 I30

(7)

A-CH3OCHO 72,6 − 62,5 84.45475 19.0 8.0 × 10−6 30 720.8 29.2 I30
E-CH3OCHO 73,4 − 63,3 87.14328 22.6 7.8 × 10−6 30 720.8 28.3 I30
A-CH3OCHO 73,4 − 63,3 87.16129 22.6 7.9 × 10−6 30 720.8 28.3 I30
E-CH3OCHO 91,9 − 81,8 100.07861 25.0 1.5 × 10−5 38 720.8 24.6 I30
A-CH3OCHO 91,9 − 81,8 100.08054 24.9 1.5 × 10−5 38 720.8 24.6 I30
E-CH3OCHO 81,7 − 71,6 100.48224 22.8 1.4 × 10−5 34 720.8 24.6 I30
A-CH3OCHO 81,7 − 71,6 100.49068 22.8 1.4 × 10−5 34 720.8 24.5 I30
E-CH3OCHO 82,6 − 72,5 103.46657 24.6 1.5 × 10−5 34 720.8 23.8 I30
A-CH3OCHO 82,6 − 72,5 103.47866 24.6 1.5 × 10−5 34 720.8 23.8 I30

EA-CH3OCH3 41,4 − 30,3 99.32443 10.2 4.4 × 10−6 18 1334 24.8 I30

(8)AE-CH3OCH3 41,4 − 30,3 99.32443 10.2 4.4 × 10−6 27 1334 24.8 I30
EE-CH3OCH3 41,4 − 30,3 99.32525 10.2 4.4 × 10−6 72 1334 24.8 I30
AA-CH3OCH3 41,4 − 30,3 99.32600 10.2 4.4 × 10−6 45 1334 24.8 I30
(a) O20 = OSO 20 m; I30 = IRAM 30 m.
(b) key spectroscopic references: (1) Klapper et al. (2001), (2) Saito (1972), (3) Winnewisser et al. (2002), (4) Fabricant et al. (1977),
(5) Xu & Lovas (1997), (6) Kleiner et al. (1996), (7) Ilyushin et al. (2009), (8) Lovas et al. (1979);
- data taken from CDMS (C18O, HCOOH) and JPL (remaining molecules);
- CDMS: https://cdms.astro.uni-koeln.de/ (Müller et al. 2005);
- JPL: https://spec.jpl.nasa.gov/ (Pickett et al. 1998).
(c) we use gu = 2J + 1 to be consistent with Qrot(T ) from Nummelin et al. (1998).
(d) from Nummelin et al. (1998) for A-/E-conformers combined, i.e., Qrot(T ) = 4.6 × T 3/2.
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Table D.3: Molecular column densities and abundances.

Molecule N(X) N(X)/N(H2) N(X)/N(CH3OH) N(X)/N(X)hotspot Tex

[cm−2] [×10−2] [K]

B5-Edge

CH3OH
(
6.0+1.4
−1.0

)
× 1013

(
1.6+0.5
−0.4

)
× 10−8

C18O
(
4.02+0.03

−0.03

)
× 1015

(
1.1+0.5
−0.5

)
× 10−6 21.0

HCO∗
(
7.5+0.3
−0.3

)
× 1011

(
2.0+0.9
−0.8

)
× 10−10 1.3+0.3

−0.2 6.5

HCOOH
(
1.79+0.09

−0.09

)
× 1012

(
4.7+2.3
−2.0

)
× 10−10 3.0+0.7

−0.5 0.6 ± 0.2 6.5

CH2CO
(
5.3+0.2
−0.2

)
× 1012

(
13.9+6.6

−5.9

)
× 10−10 8.8+2.1

−1.5 2.0 ± 0.3 6.5

CH3CHO
(
1.4+0.4
−0.4

)
× 1012

(
3.7+2.0
−1.9

)
× 10−10 2.3+0.9

−0.8 0.7 ± 0.3 5.1

CH3OCHO
(
4.4+0.7
−0.7

)
× 1012

(
11.6+5.7

−5.2

)
× 10−10 7.3+2.0

−1.7 1.0 ± 0.5 6.5

CH3OCH3

(
1.3+0.3
−0.3

)
× 1012

(
3.4+1.8
−1.6

)
× 10−10 2.2+0.7

−0.6 0.6 ± 0.2 6.5

B5-Hotspot

CH3OH
(
8.6+2.0
−1.4

)
× 1013

(
1.6+0.5
−0.4

)
× 10−8

C18O
(
4.85+0.03

−0.03

)
× 1015

(
9.0+4.3
−3.8

)
× 10−7 21.0

HCO∗(a)
(
5.7+1.5
−1.5

)
× 1011

(
1.1+0.6
−0.5

)
× 10−10 0.7+0.2

−0.2 6.5

HCOOH(b)
(
2.8+0.7
−0.7

)
× 1012

(
5.2+2.8
−2.6

)
× 10−10 3.3+1.1

−1.0

CH2CO(b)
(
2.7+0.5
−0.5

)
× 1012

(
5.0+2.6
−2.3

)
× 10−10 3.1+0.9

−0.7

CH3CHO(c)
(
2.0+0.7
−0.7

)
× 1012

(
3.6+2.1
−2.0

)
× 10−10 2.3+0.9

−0.8

CH3OCHO(b)
(
4.3+2.0
−2.0

)
× 1012

(
8.0+5.3
−5.0

)
× 10−10 5.0+2.6

−2.5

CH3OCH3
(b)

(
2.1+0.6
−0.6

)
× 1012

(
3.9+2.1
−2.0

)
× 10−10 2.4+0.9

−0.8

B5-East 189

CH3OH
(
7.4+1.3
−1.5

)
× 1013

(
1.7+0.4
−0.5

)
× 10−8

C18O
(
4.80+0.04

−0.04

)
× 1015

(
1.1+0.6
−0.5

)
× 10−6 24.0

HCO∗
(
13.1+0.6

−0.6

)
× 1011

(
3.0+1.6
−1.4

)
× 10−10 1.8+0.3

−0.4 7.0

HCOOH
(
1.7+0.2
−0.2

)
× 1012

(
3.9+2.1
−1.8

)
× 10−10 2.3+0.5

−0.5 0.6 ± 0.2 7.0

CH2CO
(
9.0+0.3
−0.3

)
× 1012

(
20.5+10.7

−9.3

)
× 10−10 12.2+2.2

−2.5 3.3 ± 0.6 7.0

CH3CHO
(
3.5+0.5
−0.5

)
× 1012

(
8.0+4.3
−3.8

)
× 10−10 4.8+1.0

−1.2 1.8 ± 0.6 5.2

CH3OCHO
(
5.9+0.7
−0.7

)
× 1012

(
13.4+7.2

−6.3

)
× 10−10 8.0+1.7

−1.9 1.4 ± 0.8 7.0

CH3OCH3

(
3.3+0.6
−0.6

)
× 1012

(
7.5+4.1
−3.7

)
× 10−10 4.5+1.1

−1.2 1.6 ± 0.6 7.0
(a) N(HCO∗) calculated from unpublished data obtained with the OSO 20 m telescope (see section 3.3).
(b) N(HCOOH), N(CH2CO), N(CH3OCHO), and N(CH3OCH3) from Taquet et al. (2017).
(c) N(CH3CHO) from Carl et al. (2023).
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Fig. D.1: Selection of spectral lines detected in the IRAM 30 m data. Top row: CH3CHO and CH3OCH3; middle row: CH3OCHO and CH3OH;
bottom row: CH2CO, HCOOH, and HCO∗. Blue and red indicate B5-Edge and B5-East 189, respectively. The dashed vertical black line marks the
assumed source LSR velocity (9.6 km s−1), and the shaded blue and red areas mark the calculated RMS noise levels as reported in Table D.2.
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Fig. D.2: Spectral lines of CH3OH and C18O detected in the OSO 20 m data toward B5-Edge (top row), B5-East 189 (middle row), and B5-Hotspot
(bottom row). The dashed vertical black line marks the assumed source LSR velocity (9.6 km s−1), and the shaded areas mark the calculated RMS
noise levels as reported in Table D.2.
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Fig. D.3: Rotation diagrams for acetaldehyde (CH3CHO) for B5-Edge (top left panel) and B5-East 189 (top right panel), and for methyl formate
(CH3OCHO) for B5-East 189 (bottom left panel). In each of these panels, the dashed blue line marks the best linear fit to the data points, while the
shaded blue area marks the 1σ confidence interval. Bottom right panel: CO(1–0) line measured toward B5-Hotspot with the OSO 20 m telescope on
09 October 2025 using frequency switching. The on-source integration time was ∼1.9 h. The dashed vertical black line marks the assumed source
LSR velocity (9.6 km s−1), and the dashed blue line marks the best fit Gaussian. The emission feature next to the target line is the mesospheric
CO(1–0) line.

A233, page 20 of 21



Carl, T., et al.: A&A, 710, A233 (2026)

Fig. D.4: Chord length L(x, y) and beam shape function g(x, y) calculated from Eqs. (B.3) and (B.4), respectively, for a grid of (x, y) values (in cm).
We assume R = 2 × 1017 cm, D = 302 pc, and θarcsec = 38”. The panels in the top row show the beam convolution for B5-Hotspot and B5-East 189
in which the beam is centered at r = (0, 0), while the panels in the bottom row show the beam convolution for B5-Edge in which the beam is
centered at r = (0.6R, 0).
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