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ABSTRACT

Context. Cold cores are one of the first steps of star formation, characterized by densities of a few 10*~10° cm™, low temperatures
(15 K and below), and very low external UV radiation. In these dense environments, a rich chemistry takes place on the surfaces of
dust grains. Understanding the physico-chemical processes at play in these environments is essential to tracing the origin of molecules
that are predominantly formed via reactions on dust grain surfaces.

Aims. We observed the cold core LDN 429-C (hereafter L429-C) with the NOEMA interferometer and the IRAM 30 m single dish
telescope in order to obtain the gas-phase abundances of key species, including CO and CH;OH. Comparing the data for methanol
to the methanol ice abundance previously observed with Spitzer allows us to put quantitative constraints on the efficiency of the non-
thermal desorption of this species.

Methods. With physical parameters determined from available Herschel data, we computed abundance maps of 11 detected molecules
with a non-local thermal equilibrium (LTE) radiative transfer model. These observations allowed us to probe the molecular abundances
as a function of density (ranging from a few 10° to a few 10° cm™) and visual extinction (ranging from 7 to over 75), with the variation
in temperature being restrained between 12 and 18 K. We then compared the observed abundances to the predictions of the Nautilus
astrochemical model.

Results. We find that all molecules have lower abundances at high densities and visual extinctions with respect to lower density
regions, except for methanol, whose abundance remains around 4.5 x 107! with respect to H,. The CO abundance spreads over a
factor of 10 (from an abundance of 10~* with respect to H, at low density to 1.8 x 10~ at high density) while the CS, SO, and H,S
abundances vary by several orders of magnitude. No conclusion can be drawn for CCS, HC;N, and CN because of the lack of detections
at low densities. Comparing these observations with a grid of chemical models based on the local physical conditions, we were able
to reproduce these observations, allowing only the parameter time to vary. Higher density regions require shorter times than lower
density regions. This result can provide insights on the timescale of the dynamical evolution of this region. The increase in density up
to a few 10* cm™ may have taken approximately 10° yr, while the increase to 10° cm™ occurs over a much shorter time span (10* yr).
Comparing the observed gas-phase abundance of methanol with previous measurements of the methanol ice, we estimate a non-
thermal desorption efficiency between 0.002 and 0.09%, increasing with density. The apparent increase in the desorption efficiency
cannot be reproduced by our model unless the yield of cosmic-ray sputtering is altered due to the ice composition varying as a function
of density.

Key words. astrochemistry — ISM: abundances — ISM: clouds — ISM: individual objects: LDN 429-C — ISM: molecules

1. Introduction

In the last 20 years, our understanding of the overall process
of star formation has improved substantially (Jgrgensen et al.
2020). The interplay of turbulence, magnetic field, and gravity
in the interstellar medium (ISM) leads to the formation of cold
cores (ny, > 10* cm™2, T ~ 10 K), which are the sites of rich
chemical processes. The dust grains contained in these cores
provide a catalytic surface where complex molecules (COMs,

* This work is based on observations carried out under project num-
ber 079-20 and ID 111-21 with the IRAM NOEMA Interferometer and
30 m telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).

as defined by Herbst & van Dishoeck 2009) are formed, the
simplest of which is CH3OH. The icy mantles (on top of these
grains) are mostly made of H,O, CO, and CO,, with CH;0H
(Boogert et al. 2015, and references therein). Among these
molecules, methanol is a key species as it is predominantly
formed on dust grain surfaces, but commonly observed in the
gas phase in cold cores (Dartois et al. 1999; Dartois 2005;
Pontoppidan et al. 2004). On the grains, methanol can be
efficiently formed by the hydrogenation of CO (itself formed in
the gas-phase and adsorbed on the grains). The reaction barrier
for two key hydrogenation steps (H + CO and H + H,CO)
is significant for CH3;OH formation (Fuchs et al. 2009). The
presence of methanol in the gas-phase of cold cores, even at
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low abundance, is a clear indicator that non-thermal desorption
mechanisms are efficient in terms of releasing molecules from
the surface of the grains in regions where simple thermal
desorption are not (Garrod et al. 2007; Ioppolo et al. 2011).

In cold cores, where the temperature is typically ~10 K in the
absence of any heating source, thermal desorption of methanol
is not possible and different desorption mechanisms must be
considered. These mechanisms can include chemical desorption
(Dulieu et al. 2013; Minissale et al. 2016; Wakelam et al. 2017),
UV-induced photodesorption and photolysis (Oberg et al. 2007;
Bertin et al. 2016; Cruz-Diaz et al. 2016), and grain sputtering
induced by cosmic-ray (CR) impacts (Dartois et al. 2019, 2020).
These mechanisms may be partly destructive, thereby releas-
ing intact methanol along with fragments of methanol, which
may themselves participate in subsequent chemical processes to
reform methanol. The efficiency of non-thermal desorption is
not well known, but is regularly investigated in laboratory exper-
iments. Using an astrochemical model, Wakelam et al. (2021b)
showed that the intrinsic efficiency of these mechanisms depends
on the local physical conditions: moving inward into a cold core
(with an increasing density, increasing visual extinction, and
decreasing temperature), the initially efficient photo-desorption
will first be replaced by chemical desorption, before cosmic-ray
induced sputtering becomes the majority process at the highest
densities. With the increased sensitivity of the new generation
of telescopes and instruments, it is now possible to efficiently
detect methanol ice from the ground (Chu et al. 2020; Goto
et al. 2021) and from space (Dartois et al. 1999; Pontoppidan
et al. 2003, 2004; Boogert et al. 2015; Shimonishi et al. 2016)
using IR absorption spectroscopy along the lines of sight toward
background sources. Comparing these ice observations to gas-
phase methanol observations helps to assess the efficiency of
non-thermal desorption of this molecule.

In this article, we present observations of a number of
molecules in the cold core L429-C obtained with the IRAM 30 m
single dish telescope and the NOEMA interferometer. This
source is one of the few cores where CH3OH has been detected
in the solid phase and it is an obvious benchmark for gas-
grain models. We focus in particular on gas-phase methanol in
order to compare its abundance with ice abundances of methanol
obtained with Spitzer by Boogert et al. (2011) in the same region,
as well as to constrain the efficiency of non-thermal desorption
of this molecule from the grains.

The paper is organized as follows. Current knowledge of
the source properties and a description of our observations are
given in Sects. 2 and 3. A description of the observed integrated
intensity maps and a kinematic analysis of the observations is
presented in Sect. 4. From these observations, we compute abun-
dance maps for all detected molecules in Sect. 5 and compare
these results with the predictions of the Nautilus astrochemical
model in Sect. 6. Our conclusions are summarized in the final
section.

2. Observed source: LDN 429-C

LDN 429-C (hereafter L429-C) is a cold (T < 18 K) and
dense (column density Ny ~ 10?2 cm™2) core (Stutz et al.
2009) located in the Aquila Rift (~200 pc away), with a visual
extinction larger than 35 mag at the center (Crapsi et al. 2005;
Caselli et al. 2008). This core is characterized by high degrees
of CO depletion (15-20 times with respect to the canonical
abundance at the center (Bacmann et al. 2002; Caselli et al.
2008) and of deuteration (Bacmann & Faure 2016; Crapsi et al.
2005; Caselli et al. 2008). The isotopic fractionation of nitrogen
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presents a depletion of '°N, as in other prestellar cores (Redaelli
et al. 2018). HCO, H,CO, and CH3;OH have been detected
by Bacmann et al. (2002, 2003); Bacmann & Faure (2016)
toward this source using the IRAM 30 m telescope, while CH;0
(Bacmann & Faure 2016) and O, (Wirstrom et al. 2016) were
searched for unsuccessfully. The source has been proposed to be
on the verge of collapsing by Stutz et al. (2009), based on 70 pm
observations with Spirzer. Based on observed molecular line
profiles, both Lee et al. (2004) and Crapsi et al. (2005) classified
this source under a possible “infall” category, although the
authors also discussed the possibility that the line asymmetry
could be due to other types of motion.

Herschel observations of this cold core are available from the
Herschel database'. We used the temperature and optical depth
maps at 353 GHz(tss3) derived by Sadavoy et al. (2018) from
SPIRE 250, 350 and 500 wm and PACS 160 um, with a resolu-
tion of 36”. Those authors fitted spectral energy distributions to
these maps in order to obtain temperature and T maps on more
than 50 globules. To obtain the temperature maps, they averaged
the dust temperature along the line of sight. The dust tempera-
ture, within an extended map around L429-C, varies between 10
and 18 K and the optical depth from 0.0001 to 0.001. We derived
a column density of H, from the T map following the method
described in Appendix A. The H, column density map is shown
in Fig. 1 (left panel) together with the published Herschel dust
temperature.

Lastly, L429-C is one of the first cold cores where the signa-
ture of CH3OH ice was unambiguously detected with Spitzer.
In a survey of 16 isolated dense cores chosen from the c2d
legacy targets (Evans et al. 2009), Boogert et al. (2011) observed
a sample of 32 background stars in the 1-25 pm wavelength
range to determine the solid-phase molecular composition of
dense cores. They identified and used four background stars
in the L429-C region. The authors were able to measure the
H,0, CO,, and CH30H ice column densities, as well as a
detection attributed to NH}. They found a H,O ice column
density up to 3.93 x 10'® cm~2 in the cloud with abundances
of 43.12%, 6.13-9.08%, and 6.34-11.58% for CO,, NH}, and
CH;OH respectively, with respect to water. Recently, two more
methanol ice detections in other cold cores have been reported
using the NASA Infrared Telescope Facility (IRTF). Chu et al.
(2020) and Goto et al. (2021) found CH;OH ice abundances rela-
tive to water of around 14.2 and 10.6% towards 1.694 and L1544,
respectively. As L429-C is one of the few cores to have multi-
ple clear CH30OH detections in the solid phase, it is an obvious
benchmark for gas-grain modeling.

3. Observations

The NOEMA observations were conducted during summer 2020
using the mosaic mode, with additional IRAM 30m short spac-
ing observations being made in winter 2020. The mosaic phase
center is RA =18"17™08%.00, Dec =—8°14’00” (J2000). The size
of the mosaic is 300” x 300” with a synthesized beam of 7”.
The short spacing maps are 360" x 360", slightly larger that the
NOEMA mosaic, and have a beam of ~25”. Velocity channels
were 0.2 kms~! and each cube contained 152 of them. The rms
sensitivity was, on average, between 0.10 and 0.20 K, depending
on the molecule at 7”.

We observed three frequency bands with IRAM 30 m: 94.5-
102.2 GHz, 109.8—-117.8 GHz, and 168-169.8 GHz. These setups
were made to focus on specific molecules such as methanol,

I http://archives.esac.esa.int/hsa/whsa/
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Fig. 1. Physical parameter maps of L429-C. Left: H, column density (Ny, in cm™) in L429-C computed from the Herschel optical depth map.
The position of maximum continuum is represented by the dark blue cross. The other crosses represent different positions where the spectra were
studied (see Fig. 2). Right: computed molecular hydrogen density (ny, in cm™) map. On both maps, the white contours are the dust temperatures.

Table 1. Detected lines and associated spectroscopic information.

Molecule Frequency (MHz) Transition Eyp (K)  gup Ajj )

CCS 93 870.1 (6-7) 19.9 17 3.8x107
CH;0H 96 739.3 2-1 12.5 5 255x107°
CH;OH 96 741.3 (2,0)-(1,0) 7 5 3.40x107°
CH;OH 96 744.5 (2,0)—(1,0) 20.1 5 3.40x107°
CS 97 980.9 2-1 7.1 5 1.67x107
SO 99 299.8 (1-0) 9.2 7  1.12x107
HC3N 100 076.5 (11-10) 28.81 69 0.77x107*
c'®0 109 782.1 (1-0) 5.27 3 6.26x1078
13co 110 201.3 (1-0) 5.29 3 6.29x1078
c70 112 358.7 (1-0) 5.39 3 6.69x1078
CN 113 144.1 (1.0,0.5,0.5)-(0.0,0.5,0.5) 5.43 2 0.10x10™
CN 113 170.1 (1.0,0.5,1.5)—(0.0,0.5,0.5) 5.43 4  051x1073
CN 113 488.1 (1.0,1.5,1.5)—(0.0,0.5,0.5) 5.43 4  0.67x107
CN 113 490.9 (1.0,1.5,1.5)—(0.0,0.5,0.5) 5.44 6 011x10™
CN 113 499.6 (1.0,1.5,0.5)-(0.0,0.5,0.5) 5.44 2 010x10™
CN 113 508.8 (1.0,1.5,1.5)—(0.0,0.5,0.5) 5.44 4  051x1073
CN 113 520.4 (1.0,1.5,0.5)—(0.0,0.5,1.5) 5.44 2 0.13x107
2co 115271.2 (1-0) 5.53 3 7.20x1078
H,S 168 762.7 (1,1,00—(1,0,1) 279 9 265x1073

Notes. The most relevant non-detections are discussed in Appendix E.

CO isotopologues ('>CO, 3CO, C'70, and C'#0), and H,S. The
full list of molecules and detected lines is given in Table 1.
The data reduction was performed using the Gildas package
CLASS?. The line identification was done with the help of the
Cologne Database for Molecular Spectroscopy® (CDMS; Miiller
et al. 2001) and the Jet Propulsion Laboratory catalog* (JPL,
Pickett et al. 1998), coupled with CLASS. The NOEMA data
reduction was performed using the Gildas package CLIC, the
standard pipeline provided by IRAM, to create the UV tables. We
then used MAPPING to produce the data cubes, using a natural
weighting for the synthesized beam. Residuals of the cleaning

2 http://vwww.iram.fr/IRAMFR/GILDAS
3 https://cdms.astro.uni-koeln.de/classic/
4 https://spec.jpl.nasa.gov

residuals were systematically checked. The rms sensitivity on
these maps was on average between 0.15 and 0.25 K.

The NOEMA data cube does not show any signal at any
frequency. This indicates that there is a spatial filtering with
no molecular emission smaller than approximately 30”. Merg-
ing the two sets thus only ended up adding noise to the maps.
We decided to use the single dish observations only and all
molecular emission maps have resolutions between 25" and 28"

4. Observational results
4.1. Molecular transitions and integrated intensity maps

Among the targeted molecules, we detected 19 lines (listed
in Table 1), corresponding to 11 different molecules, with a
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peak intensity greater than three times the local rms. The inte-
grated intensity maps have been constructed from the data cubes
with the Spectral Cube python package (Ginsburg et al. 2019).
In Fig. B.1, we present the integrated intensity maps of all
detected molecules; when several lines were observed, we only
show the most intense ones. The molecules (and transitions) in
the following list were targeted but not detected: OCS (9-8),
HNCO (4,04,4), and c-C3H; (4,3-1,0). These non-detections
are discussed in Appendix E.

Concerning the detected lines, most of the emissions are
extended and not centered on the maximum continuum position:
C'30, SO, CS, and CH;0H exhibit “heart-shaped” emission,
namely, it is similar to the H, column density (see Fig. 1). Their
integrated intensities peak in the upper-right part of the heart,
just below the dust maximum position (dark-blue cross).

The other molecules (CCS, HC;N, H,S, and CN) show a
weak and more localized emission close to the maximum dust
emission. The maps can be found in Appendix B.

4.2. Kinematic analysis

The line profiles of all detected molecules present a complex
velocity structure that varies with their spatial location. As an
example, in Fig. 2, we show the spectra of CBQ, CS, and
CH;O0H at four positions indicated by colored crosses in Fig. 1.
Velocity channels maps are shown in Appendix C. The C'#0
molecule presents three velocity components, each of which can
be fitted with a Gaussian. The first component is between 5.95
and 6.25 kms~' (component 1), the second is between 6.25
and 7 kms~' (component 2), while the higher velocity compo-
nent is between 7 and 7.6 kms~! (component 3, see Fig. C.1).
Component 1 is the broadest feature with lowest peak intensity.
Component 2 corresponds to the vy sg of the cloud at 6.7 km s
(see also Spezzano et al. 2020). To better visualize the spatial
distribution of the emission, we integrated the signal over the
three ranges of velocities. In Fig. 3, we show the resulting con-
tours (together with the first-moment map, corresponding to the
velocity distribution of C'80). The lower (blue) and higher (red)
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velocity components are only located in the left and right parts
of the map, respectively, while the central velocity component is
widely spread across the entire map and even superimposes upon
the red and blue emissions.

The other molecules also have multi-velocity components but
with less clear signatures. In particular, SO does not exhibit com-
ponent 1 but does have components 2 and 3 (with the strongest
emission coming from component 2, see also Fig. C.2); CS has a
weak intensity component, possibly interpreted as component 1,
between 5.2 and 6.1 kms~!. As for SO, component 2 is the most
intense (see also Fig. C.3). Most of the methanol emission can
be fitted with one single component (component 2), but in the
right part of the map, a weak component 3 can be found (see
also Fig. C.4). The other molecules are weak and only present
emission at the velocity of component 2. This velocity struc-
ture observed on the line profiles at large spatial scale is very
likely what Lee et al. (2004) and Crapsi et al. (2005) attributed
to infall, as they had only the spectra on the dust peak position
for Lee et al. (2004) and a very small map around it for Crapsi
et al. (2005).

We investigated the possibility that L429-C could be the
result of a H1 cloud-cloud collision. Looking strictly from
a dynamical point of view, as discussed previously, we have
multiple velocity components in our spectra, possibly showing
convergent flows rather than turbulence. In the cloud-cloud col-
lision scenario, we would have two components, one moving
towards (blue) and one moving away (red) from us, converging to
the dust peak position and resulting in the formation of a denser
region. In Bonne et al. (2020), the authors studied the formation
of the Musca filament and its origin from a cloud-cloud region
collision: a HT cloud colliding with a denser region. In the mul-
tiple arguments in support of this hypothesis, they showed that
the result from such a collision would be a dense filament with
the apparition of CO from the resulting shocks. The CO emis-
sion would therefore be blue-shifted in comparison to the HI
emission. A key result would be that the matter would slide to
the core by the action of a curved magnetic field, thus becoming
accelerated. This would be manifested in the PV-diagram (shown
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in Arzoumanian et al. 2018) of CO, for example, and show a
“V-shaped” velocity diagram. Such a curved magnetic field is
observable with the Planck telescope: they observed magnetic
field lines arriving perpendicular to the filament and becoming
curved by going through the filament.

In the case of L429-C, from Planck Collaboration I (2020);
Planck Collaboration III (2020) released data, we can observe
magnetic field lines oriented perpendicularly to the cloud along
the top-right axis. By looking at the general direction of the
field, we cannot say if the lines are bent by the core’s presence.
The Planck resolution at 353 GHz (Planck Collaboration I 2020)
is too large compared to the size of cloud to observe any bending
of these lines. Thus, we are not able to confirm a similar effect
as that observed in Musca. We do observe CO in our cloud, with
a very dense profile and an asymmetry in our velocity profile.
However, we do not observe the “V-shaped” signature found by
Arzoumanian et al. (2018) in our PV diagram (see Fig. D.1) —
rather, we simply have two components converging toward the
core position. Nor do we see any temperature rise that could
result from shocks. We conclude that higher resolution magnetic
field data would be needed to conclude anything other than that
the region is going through dynamical behavior that more so
appears to resemble convergent flows. We cannot make other
assumptions on a possible H1 cloud-cloud collision at this time.

5. Observed molecular abundances
5.1. Method

For all detected molecules, when the collisional rate coefficients
were available in the LAMDA database’ (Schéier et al. 2005), we
estimated the observed column density with an inversion proce-
dure and the RADEX radiative transfer code (van der Tak et al.
2007). We first computed a theoretical grid of line integrated
intensities, using external constraints on the temperature, line
width, and H, density. Then, comparing this grid of theoreti-
cal values with our observed ones through a /\(2 minimization,

5 https://home.strw.leidenuniv.nl/~moldata/

we constrained the molecular column densities at each pixel. We
assumed a gas temperature equal to that determined from Her-
schel observations (see Fig. 1). The resolution of the Herschel
observations (36" resolution, from Sadavoy et al. 2018) is simi-
lar to our 30 m data (23-26.5"") The line widths were taken from
each spectrum from a Gaussian fitting (see Sect. 5.1.1), while the
H, density was derived from the Herschel data with a method
described below (Sect. 5.1.2).

5.1.1. Determining the line width and integrated intensities
at each pixel

The non-LTE RADEX code requires the line width at each spec-
trum in each pixel. The full width at half maximum (FWHM)
of the lines (dv) was obtained using the ROHSA method from
Marchal et al. (2019). The authors developed a Gaussian decom-
position algorithm using a nonlinear least-squares criterion to
perform a regression analysis. For each pixel, we computed the
Gaussian fits of the extracted spectra and computed the width
and the integral under the curve of this fit. We also compared the
difference between the intensity map obtained by ROHSA and
ours. It showed little variation (from 0.1 to 0.3 kms™' width)
between both models and so, we assumed that the dv value
obtained from the Gaussian fit is good enough to be used in our
program. For the case of a molecule with multiple components,
we fit ROHSA with two Gaussian identifications and made sure
to sum the two widths for our final dv. It is also feasible as all
of our molecules present optically thin emission. It was more
accurate to use ROHSA’s new computed intensity as it gives us a
better signal-to-noise level and also takes into account the possi-
bility that some of the baselines are not completely centered at 0.
In the case of two velocity components, the integrated intensities
obtained with the two fitted Gaussian are also summed.

5.1.2. Determining the H, density at each pixel

The number of detected lines per species was not enough to
determine the local volume density at each pixel from a radiative
transfer analysis. We therefore used the method described in

Al41, page 5 of 19


https://home.strw.leidenuniv.nl/~moldata/

A&A 670, Al41 (2023)

Bron et al. (2018), which estimates the H, volume density from
the H, column density (obtained from Herschel and described
in Appendix A). This method is particularly well adapted for
simple sources such as ours as it makes the assumption that the
medium is isotropic and that the density is smoothly increasing
from outer to inner regions of the cloud. It also assumes that
there is no preferential direction for the spatial density. It then
estimates the typical length scale 1 of the cloud, knowing the
column density Ny,. Finally, ny, is given simply by dividing
Ny, by 1. The values obtained for ny, ranges from 3 x 10* to
1062 cm™3 and the obtained density map is shown in Fig. 1.

5.1.3. x2 comparison with RADEX

We then used the non-LTE radiative transfer code RADEX
(van der Tak et al. 2007), with the LAMDA database to obtain
a grid of integrated intensities for one or multiple transitions per
molecule (for the latter, a grid was computed for each line). Col-
lision rates used are: SO from Lique et al. (2005), CS from Lique
et al. (2006), CN from Lique et al. (2010), CO from Yang et al.
(2010), H,S from Dubernet et al. (2009), CH;OH from Rabli &
Flower (2010), and HC3N from Faure et al. (2016).

We first made low-resolution grids using RADEX to esti-
mate the value ranges of the unknown parameters; the grids were
wide at first then narrowed by iteration. This process refines
the grids to avoid saturation on the extrema and smoothed the
maps (for example, starting with values for the column densities
between 10'' and 10'® cm™2 before refining to values between
102 and 10'® cm™2). The theoretical integrated intensity grid
was computed for H, density values between 10° and 107 cm™
(30 values in logarithmic space), temperatures between 11 and
18.5 K (30 values in linear space), 5 values of dv (in linear space),
between the minimum and maximum value, of each Gaussian
file of the molecules obtained by ROHSA. For the molecular
column density, we ran multiple tests to calibrate it for each
molecule, with a logarithm space of 60 values and the lowest
input being 10'> cm~2 and the maximum 10'® cm™2. Once we
ran the tests, we adjusted the values to be the closest to the min-
imum and maximum values obtained on the column densities
maps (see next steps). The final grid contains 270 000 values.

To circumvent the degeneracies between the RADEX input
parameters, we chose to fix most of the values (Tin, n,, dv) to
those we determined independently for each pixel from the meth-
ods described in previous sections. This is done by interpolating
linearly on the intensity grid using the independently derived
parameters. The interpolated theoretical integrated intensities
are then compared to the observed ones, through y? minimiza-
tion, to determine the best molecular column density.

Lastly, we created abundance maps by dividing the molecu-
lar column densities by the H, column densities for each pixel.
These maps of the abundances with respect to H, are shown
in Figs. 4 and 5. For CO, we computed the main isotopologue
abundance from the C'80 abundance multiplied by 557 (Wilson
1999). We also computed it from the C'”O abundance multiplied
by 2005 (Lodders 2003) and obtained the same abundance of the
main isotopologue. The maps of CCS and HC3N were computed
at LTE because no collisional coefficients are available. Similar
to CN, the lines are only detected in a small portion of the map.
For the non-detected molecules, we computed upper limits on
their column densities (given in Appendix E).

Finally, the optical depth for each detected molecule (that
has an entry in the LAMDA collisional database) was computed.
To do so, we used the four positions shown in Fig. 1 and for
each associated pixel, we collected the kinetic temperature, the
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H, density, the line width, and the column density. We used
RADEX to compute 7 for each position and each molecule. For
all molecules, we found 7 values inferior to 1, indicating that the
emission averaged within the beam is optically thin.

5.2. Results
5.2.1. Abundance maps

The position of the dust peak is characterized by a decrease in
the abundance of most of the observed molecules (see Figs. 4
and 5). We obtained a CO abundance (with respect to Hy) up
to 107 in the outer parts of the maps, whereas it is around
1.7 x 107 at the dust peak. We computed a depletion factor of
f = fXean/X12c0), With Xean = 8.5 x 107 being the “canonical”
abundance of '>CO determined by (Frerking et al. 1982), from
the '>’CO/H, abundance map. At the position of the dust peak,

we find a CO abundance of 1.7 x 102, which gives us flzco =
4.91, showing an underestimation of the abundance in compari-
son to the canonical one. This is almost three times smaller than
Bacmann et al. (2002), where the authors found a depletion fac-
tor of 15.5 in L429-C. This discrepancy can be explained by a
difference in the adopted temperature used to determine the CO
column density and in the adopted H, column density. By using
a lower temperature for ~7 K, the authors found f = 5 (and for
~11 K, f = 3), which is closer to our value. They also used a
higher H, column density of 1.4 X 102 cm™2 (we used Ny =
7.2 x 10?2 ¢cm™2), which produces a lower '2CO abundance
compared to us.

We note that CS seems to be depleted over the entire “heart-
shaped” density structure. Its highest abundance is in the top of
the map (with a maximum value of 1.1 X 107%), while the abun-
dance at the dust peak is 1.5 X 10719 that is, almost 75 times
lower; SO presents a similar behavior, although its maximum
abundance is in the left part of the map, with a difference
of 7.5 between the maximum (2.5 x 107°) and the dust peak
(3.3 x 107'9) abundances. The H,S intensity is weak so the val-
ues derived here have to be considered with less robustness than
for the other species. The maximum abundance is obtained on
the border of the map, around 3.5 x 107, while it is 4.9 x 10~!!
at the continuum peak position.

Compared to the other species, the CH3OH abundance is
more homogeneous across the cloud. Its maximum abundance
is in the left part of the map (although not on the border of the
map) and is around 8.5 X 1071° while its abundance on the dust
peak is about two times lower, being around 4.2 x 10~'°, The CN
map was computed using several lines detected only in a small
area of the region. This results in a source-focused area with a
visible depletion on the continuum peak. The maximum abun-
dance is found to be just below the dust peak at 1.3 x 10~!'! and
its minimum at 2.9 x 107! on the dust peak. CCS presents three
peaks, with its maximum in the left part of the map, where the
peak abundance is 6.1 X 107!, The abundance on the dust peak
is around 4.5 x 107!!. In the wider region probed here, CCS is
constant and there is no evidence for depletion. HC3;N shows lit-
tle to no variation in its abundance. The maximum abundance
(4.4 x 107'2) is found close to the dust peak position (with an
abundance of 2.3 x 10712).

5.2.2. Abundances as a function of the physical parameters

In Figs. 6 and 7, we show the abundances (with respect to H,)
of each molecule for all pixels as a function of the three physical
parameters (temperature, density, and visual extinction). The
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Fig. 4. On a logarithmic scale, observed gas-phase abundance maps with respect to H,. The green crosses on the methanol map correspond to the
positions of the methanol ice observations reported by Boogert et al. (2011). The dark blue cross is the continuum peak. We note that the white

cross on H,S/H, represents a gap in the data.

CO, CS§, SO, and H,S abundances decrease with density, as well
as with temperature and visual extinction, as these three param-
eters are linked. The lower molecular abundances of CO, CS,
SO, and H;,S seen on the continuum peak position are indeed
explained by a higher density there. The slope of the decrease
is the strongest for H,S, which decreases by three orders of

magnitude when the density goes from 3 x 10* to 10° cm™.

Then, CO has the smallest variation among these molecules
with a less than one order of magnitude decrease. The methanol
abundance is nearly flat. For the CCS, CN, and HC3N molecules,
the abundances also seem flat, but they are only observed at
high density, so they are not fully comparable with the other
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Fig. 5. On a logarithmic scale, observed gas-phase abundance maps
with respect to H, for CCS, HC;N, and CN. The dark blue cross is the
continuum peak.

molecules. They also present a larger spread of values at a
specific density (or visual extinction), especially for lower
densities (or visual extinctions) and probably reflecting a larger
uncertainty in their computed abundances (due to lower line
intensities). We note that the CN abundance is varying over such
a small range of values that the distribution of the computed
abundances (forming three groups) reflects the sampling of the
RADEX theoretical grid.
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6. Chemical modeling of the region

To understand the trends in molecular abundances observed in
L429-C, we ran a suite of chemical models accounting for the
cloud’s physical conditions.

6.1. Model description

We used the chemical model Nautilus developed by Ruaud et al.
(2016). Nautilus is a three-phase gas-grain model that computes
the gas and ice abundances of molecules under ISM condi-
tions. All gas-phase chemical reactions are considered, based
on updates of the kida.uva.2014 chemical network (Wakelam
et al. 2015), as listed in Wakelam et al. (2019). The gas and
grain network used for these simulations contain more than
14 000 chemical reactions (in the gas-phase, at the surface of the
grains, in the bulk, and at the interface between gas and grains,
and surface and bulk). Chemistry of the following elements is
considered: H, He, C, N, O, Si, S, Fe, Na, Mg, CL, P, and F. In the
model, species from the gas-phase can stick to interstellar grains
upon collision, through physisorption processes. They can then
diffuse and react. The thermal evaporation of adsorbed species
as well as a number of non-thermal desorption mechanisms are
included. Under the shielded and cold conditions of 1.429-C,
two non-thermal desorption processes are particularly important:
(1) chemical desorption, for which we adopted the formalism
of Minissale et al. (2016) for water ices, and (2) sputtering by
cosmic-rays (Dartois et al. 2018). As shown in Wakelam et al.
(2021a), this latter process is the most efficient for releasing
icy molecules, in particular methanol, into the gas-phase under
dense conditions. Dartois et al. (2021) presented two yields for
this process, depending on the nature of the main constituent of
the ices: either water or CO,, with the latter being more effi-
cient than the former. In this work, we tested both yields: a “low
sputtering yield” derived from data on pure H,O pure ices and a
“high sputtering yield” derived from data on pure CO, pure ices.
In each case, we apply one yield to all species in the model,
which means that all species (both on the surface and in the
bulk) desorb with the same yield. We note that the fraction of
CO; to H,O ice observed in L429-C by Boogert et al. (2011)
was as high as 43%, although this was only for one line of sight.
Our model also includes the non-thermal desorption of surface
species due to the heating of the entire grain by cosmic-rays (as
presented in Wakelam et al. 2021a). This process was shown to
be important for some gas-phase species (such as CS, HC3N, and
HCO™) because of the efficient desorption of CHy at high den-
sity > 2 x 10* cm™). A more detailed description of the model
is given in Wakelam et al. (2021a).

6.2. Model parameters

To compare our model results with our observed abundances,
we ran a grid of chemical models covering the observed phys-
ical conditions (temperature, density, and visual extinction). In
Appendix F, we show the observed relationship between the H;
density, the visual extinction, and the temperature determined
from Herschel data. We note that the range of physical condi-
tions in that case is larger than the one probed by the methanol
lines because methanol was not detected throughout. We first
created a grid of eight H, densities from 3 x 10* to 10® cm™
in a logarithm space. For each of the eight H, densities (with
associated derived dust and gas temperatures, and visual extinc-
tions), we considered two different CR sputtering yields and two
different values of the ionization rate {. Using the grid defined by
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Fig. 6. Abundance as a function of of the logarithm of the volume density (right) and of the visual extinction, Av, (left).

the methanol detection, associated visual extinctions vary from
15.2 to 77.7 while the temperatures vary from 11.8 to 15.7 K. We
note that we cover the values of densities where methanol was
detected and not the full range of some of the other molecules
such as CO. Since we were unable to determine the gas tem-
perature from our line analysis, for the model, we assume the
gas temperature as the measurement determined from Herschel
data. While an uncertainty of a few Kelvin in the gas temper-
ature has little impact on the chemical modeling results, the
ice abundances can be strongly influenced by such a difference

in the dust temperature. The dust temperatures retrieved from
Herschel observations are all above 11 K — even for the high-
est Av. Dust temperatures derived for FIR emission tend to be
overestimates of the true large grain temperature inside the cores
because emission from warmer dust of the diffuse envelope can
be mixed in the observing beam (Marsh et al. 2015). For the
dust temperature, we therefore used the parametric expression
for the dust temperature as a function of visual extinction from
Hocuk et al. (2017). This easy-to-handle parametrization was
obtained by semi-analytically solving the dust thermal balance
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CN.

for different types of grains and comparing to a collection of
observational measurements.

In addition to the density, the dust and gas temperatures, and
the visual extinction, we considered two different values of the
ionization rate £: 1077 s7! (low ionization) and 3 x 1077 s~!
(high ionization). These two values cover the observational
range of ¢ at high visual extinction (Av, e.g. Padovani et al.
2022, Fig. C1). We note that extending the first order function
to describe the ionization attenuation with Av that is valid for
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translucent clouds to moderate Av — as used in Wakelam et al.
(2021b) — to such high Av would predict too low (<1078 s71)
ionization rates.

In our simulations, we started from atoms (with abundance
values similar to those of Table 1 in Ruaud et al. 2016), with
the exception of hydrogen, which is assumed to be in molecular
form. In total, we have four sets of eight models as a function
of time. For the first two sets, we used the yield of sputter-
ing for water-rich ices (low sputtering yield) with two values of
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Table 2. Sets of chemical models.

Name Sputtering yield £ (s7")
Low yield and CR H;,O-rich ices 107"
Low yield and high CR  H,O-richices 3 x 1077
High yield and low CR ~ CO,-rich ices 1071
High yield and CR CO,-richices 3 x 107"
@ Low sputtering yield - Low CR
5.0 (o) © Low sputtering yield - High CR
- ® © High sputtering yield - Low CR
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Fig. 8. Best time obtained from the comparison between modeled and
observed abundances of CO, CS, H,S, and CH;0H as a function of
density.

£ (1077 and 3 x 1077 s71), while for the other two sets we use
the yield for CO;-rich ices (high sputtering yield) and the same
two values of £ (Table 2).

6.3. Comparison between modeled and observed gas-phase
abundances

In these simulations, the abundances are computed as a function
of time. To quantify the agreement between model and observa-
tions, we computed the distance of disagreement, d, as described
in Wakelam et al. (2006):

1
d@) = + Z [10g(Xmod,i(1)) — 10g(Xobs.i)l, 6]

with ¢ as the time, N; the number of molecular species (four
in our case: CO, CS, H,S, and CH3OH) used in the compari-
son, Xmodi the modeled abundance of species i at time, ¢, and
Xobs.i as the mean observed abundance of species i. A value of
1 for d means that the mean difference between modeled and
observed abundance is a factor of 10. The smallest d value repre-
sents the best agreement and, thus, the best time. Figure 8 shows
the obtained best time as a function of density for the four sets
of models. Density is a fixed value during the time evolution of
the model. In Fig. H.1, we show d(¢) as a function of time for all
eight models in each of the four model sets.

The best time, namely, the integration time used in the model
that best reproduces the observations — is similar for all sets of
models and decreases with density (see Fig. 8). The fact that
some of the models show a best agreement for exactly the same
time is a result of the sampling of the modeling time chosen
to get the model output and the small sensitivity of the agree-
ment for each model. For the models in Set 1, for instance (see

Table 2), the best time is 1.9 x 10° yr at a density of 3.2 x
10* cm™ and down to 1.0 x 10* yr at a density of 1.0 x 10% cm™>.
In other words, at a higher density, the observed abundances can
be achieved for a shorter integration time. The main constraint
on the time is given by the observed CO abundance. According
to the model, CO has a “simple” abundance curve with respect
to time. The molecule is progressively formed in the gas-phase
through gas-phase reactions. Its abundance reaches a peak at a
time that depends on density before decreasing as it is depleted
onto the grains and transformed into methanol and other species
(see also the discussion in Sect. 3 in Wakelam et al. 2021b).
In our observations, the CO gas-phase abundance varies by less
than a factor of 10, while the density varies over several orders of
magnitude. As a result, the observed abundance at high density
cannot be achieved on the same timescale as that at lower densi-
ties. Through our chemical modeling, we are able to evaluate the
dynamical evolution of this region.

We previously indicated that the number of molecular
species considered in the determination of the best evolution-
ary time was four, namely CO, CS, H,S, and CH;OH. We did
not use CCS, HC;N, and CN) because they were detected only
on a small fraction of the map. The SO molecule was detected
everywhere but was not reproduced by the model at a sufficient
level.

6.4. Goodness of fit

In Fig. 9, we plot the ratio between the modeled abundances
(at the best time for each condition) and the observed abun-
dances for the species used to determine the best times (CO,
CS, CH30H, and H,S) to quantify the robustness of our models.
Overall, the abundances of these molecules are well reproduced
(i.e., within a factor of 10). CH3OH is not as well reproduced at
high density if low sputtering yield is assumed and at low den-
sity if a higher sputtering yield is assumed. The ratio for the other
species (SO, HC3N, CN, and CCS) is shown in Fig. G.1. Specif-
ically, SO, HC3N, and CN are overestimated by the model at all
densities; CCS is underestimated by the model, with an agree-
ment in excess of a factor of 10 at high density. We cross-checked
the upper limits derived for OCS, HNCO, and c-C3H, with our
best models (see Appendix E). Upper limits on OCS and c-C3;H;
are in agreement with our predictions, while HNCO is overpro-
duced by the model by at least a factor of 10 at all densities.
We also compared our model predictions to the non-detections
of O, (with an abundance <2x 10~°) and CH;0 (<4.8x 107'2)
reported at the continuum position by Wirstrom et al. (2016) and
Bacmann & Faure (2016), respectively. These upper limits are in
agreement with our model results.

7. Constraining the non-thermal desorption
of methanol

Combining our gas-phase abundances of methanol with the ice
observations of Boogert et al. (2011), we can offer constraints
on the efficiency of non-thermal desorption of methanol. Fig-
ure 10 shows the ratio between the observed gas and ice column
densities of methanol (black dots on the lower panel). The four
points represent the four positions reported by Boogert et al.
(2011, namely, in Table 6 of their paper) and shown in green
crosses in Fig. 4. The observed gas-phase column densities are
the ones derived in our study. On the same figure, we show our
model results (methanol gas-to-ice abundance ratios) obtained at
the best times for each density. As expected, the main reservoir
of methanol (empirically and theoretically) is in the ices. The
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Fig. 9. Ratio between the modeled (X,,4) and observed gas-phase abundances (X,ps) of CO, CS, CH;30H, and H,S as a function of the density for

the best times of the four sets of models.

gas-phase abundance is several orders of magnitude lower than
the solid abundance (Drozdovskaya et al. 2016). From the obser-
vations, we computed the efficiency of non-thermal desorption

of CH3OH ices as 1}‘\/@ x 100 and we obtained a desorption effi-
ciency between 0.002% (at low density ~2.4 x 10* cm™) and
0.09% (at high density ~2.2 x 10° cm~>). Although we have
only four points, the observations seems to indicate that the effi-
ciency of non-thermal desorption increases with density. The
gas-phase abundance at these positions does not vary much (4.0—
6.4 x 10719), but the ice abundances (as shown in the upper panel
of Fig. 10) decrease by more than a factor of 2 with density.
So at high density, to maintain the same gas-phase abundance,
the desorption needs to be more efficient by a factor of 45. Our
models reproduce the observed ice column density of methanol
(see top Fig. 10) within less than a factor of 2 for sets 2 and
4 (¢ =3 x107"7 s7) and within a factor of 3 for sets 1 and 3
(¢ = 1077 s71) at low density. At a higher density, all models are
in agreement with the CH30H ice abundance. Both the obser-
vations and the models seems to indicate a lower ice abundance
with increasing density.
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Our different sets of models produce a gas-to-ice ratio that
decreases with density (contrary to the observations) but give
different values depending on the model parameters. The higher
cosmic ray sputtering yield produces a large ratio as does the
higher cosmic-ray ionization rate. Sets 1 and 2 (for water ices)
give a ratio closer to the observations at low density, while sets 3
and 4 (CO, ices) give a ratio closer to the observations at high
density. None of the models seem to reproduce the lower density
point better than a factor of 3.5. Overall, and considering all the
uncertainties in the observations (both the ices and the gas), in
the density determination, and in the chemical model, we find
this agreement satisfactory. However, if the observed increase
in desorption efficiency of methanol with density is true, then
this cannot be explained by our model unless we change the ice
composition. If the ice composition changes from a water dom-
inated ice to a mixture where non-thermal desorption (such as
the cosmic-ray sputtering) is more efficient, then we can obtain
the same trend as the observations. Such change in the ice com-
position could occur during the catastrophic CO freeze out in
cold cores (Qasim et al. 2018). In fact, in our observations, the
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Fig. 10. Comparison between modeled and observed methanol. Upper
panel: abundance of methanol ices obtained by our chemical model as
a function of density (solid lines; see text and Table 2 for details on the
model sets). The black points (with uncertainties) are the observed val-
ues at the four positions probed by Boogert et al. (2011). Red and orange
curves overlap as well as the green and blue curves. Lower panel: gas-
to-ice abundance ratios of methanol as a function of density obtained by
the different sets of models for the best times (solid lines) and the four
observation points (black dots).

CO abundance in the gas-phase is nearly decreased by a factor
of 10 from low to high density. The gas-to-ice CH3OH ratio that
we observe in L429-C may be an indication of a change in the
ice composition, as suggested by Navarro-Almaida et al. (2020),
for H,S in cold cores; although we note that paper’s focus was
the chemical desorption.

In comparison, Perotti et al. (2020) studied a dense
star-forming region, in the Serpens SVS 4 cluster, using the
SubMillimeter Array, Atacama Pathfinder EXperiment and Very
Large Telescope observations. They estimated a CH3OH column
density of approximately 10'* cm™ in the gas-phase and 0.8 x
10" ¢m™2 in the solid phase. They thus obtained a gas-to-ice
ratio varying between 1.4 x 10™* and 3.7 x 1073, which is higher
than in our findings. However, they do not provide information
on the densities within the region. Their gas-to-ice CH3;0H
ratio does not show any trend with Hy column density. In
addition, they estimated the column densities of methanol in the
gas-phase at LTE, with a mean temperature of 15 K and using a
high energy transition of methanol. It is possible that they are in
the sub-thermal excitation regime and would thus overestimate
the column densities, meaning they would actually have a lower
gas-to-ice ratio.

Among the other species studied here, H,S molecule is an
interesting case to highlight, as it is generally assumed that

it must be formed on the grains since there is no efficient
gas-phase pathway (Vidal et al. 2017). Similar to the role oxygen
atoms play in the formation of water, models predict that atomic
sulfur from the gas sticks onto the grains at low temperature and
is easily hydrogenated to form H,S. As such, large amounts of
H,S ice are predicted by chemical models but the molecule has
never been found in interstellar ices (Smith 1991; Boogert et al.
2015). This molecule is the dominant S specie sink in cometary
ices (Calmonte et al. 2016). Contrary to methanol, we found the
gas-phase abundance of H,S severely depleted at high density.
This means that the non-thermal desorption of H,S is much less
efficient at high density compared to methanol. One explanation
could be that the H,S formed on the grains at high density is
subsequently transformed into another product that still needs
to be identified. This could explain why H,S has not yet been
detected in ices. In our models, we were able to reproduce
the observed H,S because we had already adopted a depleted
elemental abundance of sulfur.

8. Conclusions

In this paper, we conducted observations of the cold core
L429-C with NOEMA and IRAM 30 m telescopes (maps of
300" x 300). We detected 11 molecules, including methanol
and isotopologues of CO. We determined the gas-phase abun-
dances of these species across the entire maps, constraining the
column density with temperature determined from Herschel,
density with the Bron et al. (2018) method, line widths with the
ROHSA method from Marchal et al. (2019). We interpolated
these three parameters with the theoretical integrated intensity
from RADEX. After a 30 cut, we computed the column density
with a x? test. We divided the obtained column density with
the ny, density to derive abundances. CCS, H,S, and HC3N
abundance maps were obtained from upper limits computation.
We compared our observations with the outputs of the Nautilus
chemical model.
We summarize our main findings below:

— The interferometric data from NOEMA alone do not show
any signal, implying that there is no molecular emission
smaller than approximately 30”. This also indicates that
there is no protostar formed yet, nor is the core at an
advanced state of infall.

— We studied the cloud dynamics and showed that there were
multiple components (up to three) in the spectra. We did
not determine if the origin of the components was due
to turbulence or remnants of a cloud-cloud collision since
observations of the magnetic field coupled with higher res-
olution maps would be required. Considering that these
velocity components are seen at large spatial scales, this does
not seem to indicate any collapse at the maximum peak den-
sity, as was previously proposed based only on single-point
or spatially limited observations.

— The dust peak is characterized by a depletion in most of
our observed molecular species in the gas-phase, except
for methanol which has a fairly constant abundance along
the density range. We obtained a CO depletion factor f =
J(Xean/Xi2co) of 4.91 at the densest position.

— While comparing our observations with the Nautilus chem-
ical model, we show that not all regions of the cloud can be
reproduced by the same cloud age. Higher density regions
seem to be younger by a factor of 10 compared to lower
density regions. The measured chemical abundances give an
indication of the dynamical evolution of the region. In other

Al4l, page 13 of 19



A&A 670, Al41 (2023)

words, the increase of density up to a few 10* cm™= may have
taken approximately 10° yr while the increase to 10® cm™
happens over a much shorter time (10* yr).

— We observe that the methanol gas-to-ice ratio increases with
density, from 0.002% at 2.4 x 10* cm™3 to 0.09% at 2.2 x
10° cm™3. These values are reasonably well reproduced by
our models, although our model shows an overall trend of
decrease in the ratio with density.

— Our predicted methanol gas-to-ice ratio depends on both the
yield of cosmic-ray sputtering and the cosmic-ray ioniza-
tion, as the former process is the most efficient in releasing
methanol into the gas-phase in our model. The observed
slope of the gas-to-ice ratio could be an indication of an
increase in efficiency of cosmic-ray sputtering with density,
which may result from a change in the ice composition (from
water-dominated ices to a mixed composition).

— In our observations, we detected H,S in the gas-phase. Since
this molecule is also formed only at the surface of the grains,
its gas-phase abundance should be an indication of non-
thermal desorption from the grains. Contrary to CH30H, its
abundance decreases by several orders of magnitude within
our observed range of densities. This result could indicate
that the non-thermal desorption process of H,S is differ-
ent from that of methanol and that its efficiency decreases
with density. Another possible explanation would be that the
reservoir of H,S on the grains decreases with density as it
is transformed in other chemical species. This last hypoth-
esis could also explain the non detection of H,S ices in
interstellar environments.

We expect the James Webb Space Telescope to provide addi-
tional data on the interstellar ice composition thanks to its
unprecedented resolution and sensitivity. In particular, JWST
will increase in a statistical way our knowledge of the ice com-
position, probing a larger range of physical conditions. With
these data, we would be able to apply our methodology to many
other regions and better constrain the non-thermal desorption of
molecules formed at the surface of the grains.
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Appendix A: Computation of the Ny, density

We computed the H, column density from the dust opacity map
T350 obtained from the Herschel data at the frequency of v = 350
GHz (Sadavoy et al. 2018):

Y onc

gas

Ny, = —,
l’l’lH2

(A1)
where X, is the surface density of gas (in unit g cm™?) and
my, the mass of molecular hydrogen (3.34x1072* g). The surface
density of gas can be computed by:

z:gals = dtg X Zdust» (A.2)

where dtg is the dust to gas mass ratio (100 in our case) and X,
the surface density of dust. £;,;; can be computed from the dust
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Appendix B: Integrated intensity maps

The integrated intensity maps of each molecule were obtained
by integrating the peak of emission across different velocity
channels for each of them. It contains both red-shifted and blue-
shifted peaks for all. A 30 noise cut has been applied. The
contour levels account for 90%, 70%, and 50% of the emission
peak value. The obtained map are shown in Fig. B.1. The maps
shown in the figure contains a sample of molecules with only the
brightest transition when multiple ones were detected.
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Fig. B.1: Integrated intensity map for each detected molecule (brightest transition is shown when more than one was detected).
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Appendix C: Channel velocity maps

In Figs. C.1 to C.4, we show the velocity channel maps for C'%0,
SO, CS, and CH3;OH (at 96741 MHz).

Declination

—8°14'00"

18"17m10° 05°
Right Ascension

Fig. C.1: C'®0 (109782 MHz) velocity channel map. The telescope beam is indicated on the lower side of each panel. Contours show
25, 50, and 75% of the intensity (outer to inner contours). Color coding is in K.

Declination

—8°14'00"

—8°16'00"

18"17™10° 05°

Right Ascension

Fig. C.2: SO (99299 MHz) velocity channel map. The telescope beam is indicated on the lower side of each panel. Contours show
25, 50, and 75% of the intensity (outer to inner contours). Color coding is in K.

Al41, page 16 of 19



A. Taillard et al.: Non-thermal desorption of methanol

Declination

18"17™10° 05°
Right Ascension

Fig. C.3: CS (97980 MHz) velocity channel map. The telescope beam is indicated on the lower side of each panel. Contours show
25, 50, and 75% of the intensity (outer to inner contours). Color coding is in K.

Declination

-8°14'00" | &

Z
—8°16'00"

Right Ascension

Fig. C.4: CH3OH (96741 MHz) velocity channel map. The telescope beam is indicated on the lower side of each panel. Contours
show 25, 50, and 75% of the intensity (outer to inner contours). Color coding is in K.
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Appendix D: Position-velocity (PV) diagram

The PV diagram was obtained by integrating the velocity com-
ponents through the two vertical and horizontal axis. Here, C'0
shows multiple component on the horizontal axis of integra-
tion and a simple gradient in the vertical axis. None of the
PV diagrams shows the expected "V" shape found by Planck
Collaboration I (2020).

T U T IR S
[N DECNOCITIZS 11
8k

[N}
T
1

Velocity (km/s)
T
I

Flux (Jy/beam)

—100 —200

100 1 100

Dec. Offset (")
Flux (Jy/beam)

S ]
—-100 & —100

—200 e 1 —200

—100

100 0
RA. Offset (")

—200

6 7
Velocity (km/s)

Fig. D.1: PV diagram of C'30. Bottom-left: Integrated intensity
of C'80. Top-left: PV diagram obtained by integrating the veloc-
ity along the horizontal axis. Bottom-right: PV diagram obtained
by integrating the velocity along the vertical axis. Top right:
Spectra associated with the crossing of the two axes.

Appendix E: Upper limits on the column densities
for non-detected molecules

To obtain upper limits on the abundance of non detected
molecules, we first computed the upper limits, W,,,, of the
integrated intensities :

Wypp < 1.064 X 3 X tms X dv,

where the rms (in K) is the noise level at the dust maximum
position. The values are around 0.06 to ~ 0.2 K depending on
the molecule. We assumed a line width FWHM (dv) of 1 kms™!.
The partition functions, provided by CDMS and JPL, are inter-
polated for the temperature of the cloud (10 K). For each species,
we computed the upper limit of the column density follow-
ing Mangum & Shirley (2015) and including the cosmological
background radiation temperature :
Eyp,i
e’ T

N; = 87k X Q; X 2 X Wy, X 10 X ,
g Q ! PP Sup,i x h x ¢3 XAul,i

where Q; is the partition function of species i, k is the Boltz-
mann constant, f; is the frequency of the transition (MHz), Ey,
is the upper energy state of the transition, gp; is the upper state
degeneracy, T is the temperature of the cloud, h is the Planck
constant, c is the speed of light, and Ay;; is the Einstein coef-
ficient of the transition. The obtained upper limits are 2 x 10'°,
2% 10", and 2 x 10" cm™2 for ¢-C3H, (95206.01 MHz), OCS
(97301.20 MHZ), and HNCO (109905.60 MHz), respectively.
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Converted into abundances with the H, column density at the
continuum peak, it gives 2.8 x 1077,2.8 x 1071°, and 2.8 x 10719,
respectively.

Appendix F: Observed physical parameters

] 18
70 o
551 16%
< 401 =
) 14 &
251 £
. =
10
. 12
LN L L N L N |

35 40 45 5.0 55 6.0 6.5
log10(ny,)

Fig. F.1: Av as a function of ny (cm™) and temperature (K)
observed in L429-C. All these parameters have been computed
from the Herschel observations (see text).

In this section, we compare the different physical parameters
observed in L429-C. Figure F.1 shows the visual extinction as a
function of ny, (cm™) and temperature (K) observed in L429-C.
The visual extinctions range from less than 10 to more than 80,
the H, density from 5 x 10° to 3 x 10 cm~3, and the temperature
from approximately 12 up to 18 K.

Appendix G: Goodness of fit for SO, CCS, HC;N,
and CN

Figure G.1 shows the ratio between the modeled and observed
gas-phase abundances of SO, CCS, HC;N, and CN as a function
of the density for the best times of the four sets of models (see
Section 6.4 and Table 2) .
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-05{ & e 9 o . X R
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3.0 " SEpE——Y
4 - D s JETTTre
2.5 P R S
. 2.0 el e A 5o
£ 157 o-- e gl e e _e._ @ ccs
3 101 - Tmmg | —— HGN
s 0.5+ — CN
S 0.0 A Low CR
2 0 ~O- High CR
-057 Q Q 9 R
-1.04 A
1.0 2l S & 2 o

4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
log(nk, cm™3)

Fig. G.1: Ratio between the modeled (X,,,s) and observed gas-
phase abundances (X,;) of SO, CCS, HC3N, and CN as a func-
tion of the density for the best times of the four sets of models.
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Appendix H: Best time determination for each Av

The best time is determined by the lowest distance of disagree-
ment, d, defined in Section 6.3. Each figure represents the results

Low sputtering yield - Low CR

2.5

2.0

15

)i

Av=21.4,
Av=272,
Av=32.5,
Av=39.7,
Av=49.0,

of one set of models. We can see that the higher the density, the
lower the time. The eight best times are illustrated in Fig. 8.
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Fig. H.1: Distance of disagreement d for all eight models as a function of time. Each figure represents the result of a set of model
as defined in Table 2. The legend gives each physical parameters associated for the model shown. Each vertical line represents the
lowest disagreement distance associated with each grid of parameters.
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