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ABSTRACT

Context. The chemistry of sulphur-bearing species in the interstellar medium remains poorly understood, but might play a key role in
the chemical evolution of star-forming regions.

Aims. Coupling laboratory experiments to observations of sulphur-bearing species in different parts of star-forming regions, we aim
to understand the chemical behavior of the sulphur species in cold and warm regions of protostars, and we ultimately hope to connect
them.

Methods. We performed laboratory experiments in which we tested the reactivity of hydrogen sulfide (H,S) on a cold substrate with
hydrogen and/or carbon monoxide (CO) under different physical conditions that allowed us to determine the products from sulphur
reactions using a quadrupole mass spectrometer. The laboratory experiments were complemented by observations. We observed two
luminous binary sources in the Cygnus-X star-forming complex, Cygnus X-N30 and N12, covering a frequency range of 329-361
GHz at a spatial resolution of 175 with the SubMillimeter Array (SMA). This study was complemented by a 3 mm line survey of
Cygnus X-N12 covering specific frequency windows in the frequency ranges 72.0-79.8 GHz at a spatial resolution of 3470-30"0 and
84.2-115.5 GHz at a spatial resolution of 2970-21"70, with the IRAM-30 m single-dish telescope. Column densities and excitation
temperatures were derived under the local thermodynamic equilibrium approximation.

Results. We find that OCS is a direct product from H,S reacting with CO and H under cold temperatures (7 < 100 K) from laboratory
experiments. OCS is therefore found to be an important solid-state S-reservoir. We identify several S-species in the cold envelope of
Cyg X-N12, principally organo-sulphurs (H,CS, CS, OCS, CCS, C;S, CH3SH, and HSCN). For the hot cores of Cyg X-N12 and N30,
only OCS, CS and H,CS were detected. We found a difference in the S-diversity between the hot core and the cold envelope of N12,
which is likely due to the sensitivity of the observations toward the hot core of N12. Moreover, based on the hot core analysis of N30,
the difference in S-diversity is likely driven by chemical processes rather than the low sensitivity of the observations. Furthermore,
we found that the column density ratio of Ncs/Nso is also an indicator of the warm (Ncs/Nso > 1), cold (Nes/Nso < 1) chemistries
within the same source. The line survey and molecular abundances inferred for the sulphur species are similar for protostars N30 and
N12 and depends on the protostellar component targeted (i.e., envelope or hot core) rather than on the source itself. However, the
spatial distribution of emission toward Cyg X-N30 shows differences compared to N12: toward N12, all molecular emission peaks
on the two continuum sources, whereas emission is spatially distributed and shows variations within molecular families (N, O, and C
families) toward N30. Moreover, this spatial distribution of all the identified S-species is offset from the N30 continuum peaks. The
sulphur-bearing molecules are therefore good tracers to connect the hot and cold chemistry and to provide insight into the type of
object that is observed.

Key words. astrochemistry — stars: formation — methods: laboratory: molecular — stars: individual: Cygnus X-N12 —
stars: individual: Cygnus X-N30

1. Introduction

Sulphur chemistry in star-forming regions has for decades been
the center of an unresolved challenge between observations and
models. It is therefore impossible at this stage to constrain its
chemistry or to determine the main S-reservoirs (e.g., Ruffle
et al. 1999; Kama et al. 2019; Navarro-Almaida et al. 2020;
Le Gal et al. 2021).

Sulphur is one of the most abundant elements (S/H ~
1.3x 1073, Asplund et al. 2009) in the interstellar medium (ISM)

Article published by EDP Sciences

(Goicoechea et al. 2006; Howk et al. 2006; Neufeld et al. 2015),
but is considerably depleted from its cosmic value in the gas
phase toward a wide variety of molecular environments, for
instance, by more than 99.9% in cold and dense molecular envi-
ronments (Tieftrunk et al. 1994; Wakelam et al. 2004; Wakelam
& Herbst 2008; Jenkins 2009; Vastel et al. 2018). This drop in
abundance is suspected to play a major role in the chemistry
of star-forming regions (Jenkins 2009; Riviere-Marichalar et al.
2019). Furthermore, the reduced gas-phase abundances of sul-
phur species suggest that they primarily form on the icy dust
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grain surfaces and later sublimate to the gas phase (Jiménez-
Escobar & Muiioz Caro 2011), while some species remain locked
on the icy dust grains (Millar & Herbst 1990; Ruffle et al. 1999).

Astrochemical models predict that H,S might be the domi-
nant reservoir of the atomic sulphur in these regions, although
H,S is poorly observed in these regions because the emission
lines are weak (Smith 1991; van der Tak et al. 2003; Boogert et al.
2015; Jiménez-Escobar & Mufioz Caro 2011). Moreover, a large
quantity of sulphur is also predicted to be in the form of organo-
sulphurs' trapped on icy grains (Laas & Caselli 2019). However,
the dominant reservoir of sulphur is still unknown. Furthermore,
the warm chemistry model of Charnley (1997) suggests that the
abundance ratios of Xso/Xn,s and Xso/Xso, are well suited as
molecular clocks for determining the hot-core evolution, as SO,
is efficiently formed from H,S within 10° yr (7 < 230 K) and
then SO is produced from SO, (van der Tak et al. 2003; Buckle &
Fuller 2003). In this case, the dominant S-reservoir may change
significantly over time. The Xso,/Xs0, Xs0,/Xn,s. and Xocs/Xu,s
abundance ratios are commonly used as chemical clocks for the
hot-core regions (Wakelam et al. 2011), where SO, OCS and SO,
are also often used to trace shocked regions (Mitchell 1984; Leen
& Graff 1988; Pineau des Forets et al. 1993; Viti et al. 2001;
Podio et al. 2015; Artur de la Villarmois et al. 2018), and OCS
can efficiently trace the infalling-rotating envelope (Oya et al.
2016).

The complete sulphur chemistry is currently not fully under-
stood, but improvements to the models are made constantly. This
includes, for example, Woods et al. (2015), who constrained the
amount of sulphur locked up in the form of refractory residue and
included in their models (1) laboratory findings from Garozzo
et al. (2010), where cosmic-ray (CR) impacts were simulated on
ice H,S, leading to the production of CS,. (2) OCS production
from CS, and O, from Garozzo et al. (2010) and Ward et al.
(2012). From these studies, Woods et al. (2015) concluded that
the modeled amount of sulphur, which is locked, that is, left on
the grain after ice desorption, would be ~1073. This has been
followed up by Vidal et al. (2017, 2019), and Vidal & Wakelam
(2018), who constructed a model for low-mass protostars for
which they followed the S-chemistry through various evolution-
ary stages of the protostar. From their models, NS and OCS are
expected to be possible tracers of the initial temperature of the
parent cloud, while H,CS is a possible tracer of the initial density
and free-fall time (Vidal et al. 2019). Sulphur chemistry is there-
fore a powerful tool for determining some physical conditions
within the protostars.

Several spectral surveys targeting different star-forming
regions, such as the prestellar core L1544, the surroundings of
the solar-like protostar IRAS 16293-2422, or in the envelopes of
high-mass protostars, have shown a large diversity of sulphur-
bearing species (Vastel et al. 2018; Drozdovskaya et al. 2018;
van der Tak et al. 2003). For the case of high-mass protostars,
van der Tak et al. (2003) concluded for the nine studied sources
(van der Tak et al. 2003, cf. Table 1 there) that OCS is the main
sulphur reservoir in grain mantles, not H,S, and that the abun-
dance of SO, increases from the outer envelope (T < 100 K) to
the inner envelope, or the hot core (7 > 100 K). Furthermore,
sulphur-bearing molecules are often considered as good tracers
of the hot-core evolution, as their abundance is highly dependent
on the physical and chemical variations.

Over the years, the sulphur chemistry in the ISM has been
studied from different angles, from observations to models and

I A molecular species consisting of at least one atom of sulphur and
one atom of carbon is considered an organo-sulphur.

A100, page 2 of 32

laboratory experiments. The latter are key to understanding sul-
phur chemistry and the formation of S-bearing species. The
enthalpy of sulphur species is generally not high, making it easy
to break their bonds (e.g., the S—H bond is 363 kJ mol™"), and
form a large variety of sulphur compounds (Jiménez-Escobar
et al. 2014). H,S photolysis is efficiently performed to form
H,S,, HS, HS;, and S,. In the presence of H,O, the photodisso-
cation process would lead to products such as SO,, SO, HSO3,
HSO}, H,SO;, HySO4, and H,S; (Jiménez-Escobar & Mufioz
Caro 2011). However, as of today, no laboratory experiments
have been performed to trace the origin of organo-sulphurs from
H,S.

The current disagreement of some aspects of the models (i.e.,
S-molecular diversity and abundances), observations, and labo-
ratory experiments have led to a limited understanding of the
entire sulphur chemistry in star-forming regions. The different
pieces of the puzzle have not yet been assembled.

Here we focus on understanding warm (7 > 100 K) and
cold (T < 100 K) S-chemistry toward intermediate-mass proto-
stars in the Cygnus-X complex located at 1.3-3 kpc, Cyg X-N12
and Cyg X-N30, through the means of a line survey (Odenwald
& Schwartz 1993; Rygl et al. 2012). These two sources have
been selected because of their mass and luminosity (Motte et al.
2007). Moreover, their relative isolation compared to the other
protostars of the Cygnus-X complex allows us to reduce the
probability that the S-chemistry is influenced by other nearby
protostars. To assess the sulphur chemistry, line surveys are
invaluable tools, as they provide an unbiased view of the chem-
istry. If these line surveys are executed at different wavelengths,
oir example, at 3 mm and at submillimeter wavelengths, they
provide access to the different components of a protostellar sys-
tem, such as the large-scale cold envelope and the inner hot
core. These complementary observations enable the compari-
son between the chemistries in these different regions and for
different physical conditions.

The observational results are complemented by dedicated
laboratory experiments based on the reactivity of H,S with
the most abundant species in the ISM, H, and CO. The lab-
oratory data aim at reproducing the cold surface chemistry
occurring with H,S on the dust grains to understand the observed
abundance of the S-species. The laboratory experiments cen-
tered on the reactivity of the S-molecule, H,S, because of its
molecular configuration, that is, the stable molecular combina-
tion of one atom of sulphur with the most abundant element
in the ISM, hydrogen. The combination of laboratory experi-
ments and observational studies allows us to retrace the chemical
reactions occurring in star-forming regions by combining the
observed species with the laboratory results found in a controlled
environment.

The structure of the paper is as follows. Section 2 presents
the laboratory experimental setup as well as a description of
how the experiments have been carried out. In Sect. 3 we explain
the observational setup and the data reduction. The results from
laboratory and observational studies are presented in Sect. 4, fol-
lowed by the discussion in Sect. 5. Section 6 provides a summary
of our main findings.

2. Laboratory experiments
2.1. Apparatus

The experiments were performed in the Laboratoire d’Etude
du Rayonnement et de la Matiere en Astrophysique et Atmo-
spheres (LERMA), which is part of the Observatory of Paris,
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Fig. 1. Schematic of the VENUS apparatus: (1) Molecules (H,S and
CO) and H atoms (dissociated hydrogen) are injected into the first cham-
ber through the different injection pipes under a pressure of 10~* mbar.
After passing through the second chamber, with a pressure closer to that
of the main chamber, the molecules enter the main chamber and are
focused onto the gold-coated substrate. While injecting the molecules,
the FT-RAIRS records the infrared spectrum of the molecules arriv-
ing at the surface of the substrate. This graphical representation of the
molecules displays a codeposition of CO, H,S, and H. (2) The FT-
RAIRS is stopped and the main chamber is heated while the QMS
placed in front of the substrate is on. In this way, all the molecules that
sublimate can be recorded by the QMS.

on the apparatus called VErs de NoUvelles Syntheses (VENUS)
(Congiu et al. 2020). This apparatus consists of an ultra high
vacuum (UHV) main stainless steel chamber in which the pres-
sure reaches ~1071'-107'° mbar. This main chamber currently
has four injection entries, allowing us to experiment with dif-
ferent molecules simultaneously and/or in sequence. Within the
main chamber, a circular gold-coated sample is placed (playing
the role of the dust grain), attached to the cold head part of a
helium cryostat. The cryostat lets us vary the sample tempera-
ture from 7 to 350 K by means of a regulated resistive heater
attached to the back of the sample holder.

All the experiments made with this apparatus consist of
two main steps: (1) injection of the molecules on the sample,
which can be done simultaneously or in sequence (hydrogena-
tion included). The injection process is performed under specific
conditions such as a controlled temperature and low pressure

(101'-107'° mbar) during a specific time interval. The chemical
processes can be monitored by a Fourier Transform Reflection
Absorption Infrared Spectrometer (FT-RAIRS), which shows the
abundance of each molecule over time via its infrared spectrum
(if the molecule is infrared active). The FT-RAIRS records the
spectral region between 900 cm™! (~11.1 um) and 4000 cm™!
(~2.5 um) with a resolution of 4 cm™. (2) During the heating
of the sample in the main chamber, a thermally programmed
desorption (TPD) is performed, where the temperature of the
substrate is increased linearly with time. During this process,
the flux intensity and composition of the desorbed molecules are
measured with a quadrupole mass spectrometer (QMS). A full
schematic map of the apparatus is shown in Fig. 1.

The quantity of molecules we used is expressed in monolay-
ers (1 ML = 10" molecules cm~2); one monolayer corresponds
to full coverage of the substrate by one layer of molecules. For
the case of a solid substrate, for example, amorphous H,O sub-
strate, it corresponds to the number of adsorption sites. However,
when the substrate is porous, for example, porous H,O, the num-
ber of sites is not constant and several ML are required to entirely
cover the substrate.

A key component of these experiments is hydrogenation,
where atomic hydrogen is deposited on the surface. Atomic H
is generated from the dissociation of H; in a quartz tube by a
microwave source at a power of 60 W at 2.45 GHz. H atoms
(and the remaining H, molecules) are thermalized upon surface
impact with the walls of the quartz tube and are injected at a
temperature slightly above room temperature; however, they are
thermalized on pico-second timescales on the surface.

2.2. Experiments

Two different sets of experiments were performed: (1) hydro-
genation of H,S, and (2) reactivity of H,S, CO, and H, in
the presence or absence of O,. To quantitatively compare the
results from the different experiments, some experimental con-
ditions (i.e., injection of molecular fluxes, quantity of injected
molecules, heating process) were kept constant for both sets,
while some were varied one at a time (i.e., injection temperature
and hydrogenation time). These are detailed below.

The hydrogenation process consists of injecting dissociated
H, at a constant flux of (H)=5 + 1 x 10'> molecules cm™2 s7!.
Furthermore, a constant ramp rate of 12 K min~! was used to
perform the TPD from the deposition temperature to 240 K,
recording m/z from 18 to 66. The amount of desorbed material
was calculated by integrating the area for each m/z curve with
the OriginPro 8.0 software’ and comparing the molecular mass
spectra from the NIST Webbook Database’.

One of the key species in these experiments is CO. In order
to exclude the presence of atmospheric N, in the chamber (both
having a m/z = 28), we used '*CO (m/z = 29) in our experiments,
referenced as CO, instead of 12CO.

For both experimental sets, constant fluxes of
d(H,S) = 20 + 05 x 102 molecules cm™? s! and
#(CO) = 1.7 £ 0.5 x 10'> molecules cm™2 s~' were used.
These fluxes correspond to a time exposure of about 8§ min and
10 min for achieving 1 ML on the gold substrate of H,S and CO,
respectively.

For the hydrogenation of H,S, that is, {H,S}+{H}, 1 ML of
H,S was first deposited on the surface, then H-atoms were sent
for 1,2, 3,5, 10, and 15 min. These experiments were performed

2 https://www.originlab.com
3 https://webbook.nist.gov/chemistry/form-ser/
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Table 1. Observational details of the SMA and IRAM observations.

Parameters SMA Maunakea IRAM-30 m
Cyg X-N12 Cyg X-N30 Cyg X-N12
Phase center & @ 20M"36™5756 20"38™36%6 20M"36™5736
5@ 42°113070 42°373270 42°113070
Date of observations 21/06-10/11/2017 20/06-19/10/2017 14-18/08/2019
Spatial resolution 1’5 1’5 2770 + 6

Line sensitivity 0.15 Jy km s~! beam™!

0.15 Jy km s~! beam™!

3 mK for 3 mm band

Notes. @Coordinates are in the J2000 format. ®)The line sensitivity is in ~0.48 km s~ channels for SMA data and in 0.8 km s~! channels for

IRAM data.

at 10, 30, and 50 K, that is, H,S and H were both injected into
the testing chamber at the same temperature. Then the TPD was
performed starting from the deposition temperature.

For the reactivity of H,S + CO +H, all the reactants were
sent simultaneously on the substrate (hydrogenation included)
for 15 min, corresponding to 1.5 ML of H,S and 1.76 ML of
CO. Two injection temperatures were tested: 10 and 22 K. These
two were chosen as 10 K is the minimum temperature reached
by VENUS, and because CO starts desorbing at ~20 K. Testing
these two temperatures allowed us to investigate the sensitivity
of the H,S reactivity with respect to the low-temperature regime.
The laboratory data presented in this paper are from the QMS,
therefore the data are only recorded once all products are on
the surface. Detecting the desorption of a species during the
hydrogenation is thus not possible from our experimental data
set.

3. Observations

The focus of this paper is the study of sulphur chemistry in the
cold envelope and the hot core of intermediate-mass protostars
of the Cygnus-X complex. For this study, two sets of observa-
tions were therefore required to target the cold and hot chemistry
with interferometric and single-dish data, respectively. All the
observational parameters are summarized in Table 1.

3.1. Observations with the IRAM-30 m telescope

The observations were performed in August 2019 for Cyg X-
N12 with a 3 mm line survey from 72.0-79.8 GHz and
84.2—115.5 GHz, using the 30 m telescope of the IRAM facility
in Pico Veleta. The broadband EMIR receiver in configuration
E090 and the FTS spectrometer in its 200 kHz resolution mode
were used for the observations. The weather at the time of the
observations was excellent (7 = 0.07 in average), with typical
system temperatures of 119 K.

The flux calibration was performed on Uranus and nearby
sources K3-50A and NGC 7027, depending on the observing
night. The GILDAS * software (Grenoble Image and Line Data
Analysis Software, Gildas Team 2013) was used for the data
reduction and analysis.

Data reduction consisted first of identifying line-free chan-
nels by eye. These were then used to subtract a linear baseline
from the remaining parts of the spectrum. This was done sepa-
rately for each spectral range we targeted. The data were brought
from the antenna temperature scale to the main-beam tempera-
ture scale using a main-beam efficiency, nyp of 0.81. The noise

4 https://www.iram.fr/IRAMFR/GILDAS/
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level was measured from the line-free channels, and was found
to be ~3 mK in 0.8 km s~! channels.

3.2. Observations with the SMA

The submillimeter observations were taken from the PILS-
Cygnus survey targeting the ten brightest sources in Cygnus-X
complex, observed in June-November 2017. The data were taken
with the SMA facility on Maunakea, in a combination of com-
pact and extended configurations for a final resolution of 175.
The chosen setup covers the entire frequency range of 329-
361 GHz. From this survey, two binary sources were studied, the
most massive and luminous one Cyg X-N30 (a = 20"38™36%6,
& = 42°37’3270 [J2000]), and CygX-N12 (a = 20"36™576,
6 = 42°11’30”0 [J2000]), an intermediate-mass protostar that is
relatively isolated. Along with frequency coverage, we obtained
continuum emission at 0.8 mm wavelengths for both sources.
For full details of the observing strategy, data reduction, and
cleaning, see van der Walt et al. (2021). The data were reduced
and imaged with CASA’® (Common Astronomy Software Appli-
cations, McMullin et al. 2007), while line analysis was done
with the CASSIS® software (Centre d’Analyse Scientifique de
Spectres Instrumentaux et Synthétiques, Vastel et al. 2015).

4. Results

In this paper, we investigate three approaches to understand
the impact of the cold and hot S-chemistry toward protostars:
(1) laboratory experiments reproducing ISM conditions and
simulating grain S-chemistry in cold conditions, (2) IRAM-
30m observations of the cold envelope of CygX-N12, and
(3) SMA observations of the hot core of CygX-N12 and
Cyg X-N30. These observations of protostars allow us to target
the S-chemistry in the hot core of intermediate-mass protostars.
It was pointed out by van der Walt et al. (2021) that the observed
hot core toward Cyg X-N30 is not a traditional hot core, that is,
a core in which the gas near the protostar is heated by the accre-
tion luminosity, leading to a jump in the abundance of molecules
when the icy mantles sublimate. However, we use the term hot
core in this paper to mean the warm gas toward both sources,
regardless of their actual physical origin.

4.1. Cold S-chemistry from laboratory experiments

The laboratory experiments were performed in several steps in
order to fully understand the behavior of H,S in the presence

5 https://casa.nrao.edu
6 http://cassis.irap.omp.eu
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Fig. 2. Integrated area of the m/z = 34 (H,S) curve as a percentage of
the initial amount of H,S injected in the experiment at each temperature.
The area is calculated from the QMS while performing a TPD, resulting
from hydrogenation of 1 ML of H,S during varying time, and at varying
deposition temperature of H,S (10, 30, and 50 K).

of CO and H. To determine whether the deposition temperature
affects the reactions involving H,S, hydrogenation experiments
(i.e., HyS+H) were performed at different deposition tempera-
tures and for different hydrogenation times. The different species
were identified based on their mass fragmentation in the QMS.
A voltage of 30 eV was used to ionize the desorbing species,
a voltage chosen so as to lower cracking (dissociation) of the
molecules in the QMS. In turn, this leads to more of the des-
orbing mass being present in the parent mass, as demonstrated
by our group (Nguyen et al. 2019). The recorded final quantity
of H,S was found by integrating the primary molecular mass
of the component in the TPD spectrum (Arpp), in this case
m/z =34, and converting it into a fraction with respect to the ini-
tial deposition of H,S (equivalent to 1 ML of H,S). The results
are displayed in Fig. 2. We observed a strong decrease in the
amount of H,S remaining on the surface at 10 K, while at 30 K,
the decrease is small (10% decrease) and larger at 50 K, where it
decreases to a plateau at ~25% under the maximum.

No products other than H,S and HS were found in the mass
spectrum (in particular, no S,, m/z = 64, or H,S,, m/z = 66,
as shown in Appendix A). The sensitivity limit of the QMS
is ~20 cps (counts per second). Therefore, we do not strictly
exclude that S, and H,S, are formed (both having a desorption
temperature below 240 K, i.e., ~140 K for H,S; and ~230 K for
S»; Jiménez-Escobar & Muifioz Caro 2011). If they are present,
their signal intensity is <10% of the H,S signal, which is not
considered as major products of the H,S hydrogenation. We
conclude that the loss at 10 K is due to chemical desorption pro-
cesses (Dulieu et al. 2013). In these processes, the molecules are
returned to the gas phase upon the energy released by chemi-
cal desorption, as also demonstrated by Oba et al. (2018) in that
system. The hydrogenation of H,S leads to a circular solid-state
chemistry (H, abstraction followed by H addition) as outlined
here:

H,S + H — HS + H, (1a)

HS + H — H,S. (1b)

{BCO+H,S+H}

70

60
§50
e
<40

30

13CO
20 ¥ H,S
5 10 15 20 25 30

Deposition Temperature [K]

Fig. 3. Area of m/z = 34 (H,S, blue squares in the figure) and m/z = 29
(13CO, orange triangles) as a percentage of the initial amount of H,S
(1.5 ML) or 13CO (1.76 ML) injected in the experiment during the reac-
tion {H,S + *CO +H }. The area is calculated from the QMS while
performing a TPD. The temperature has been varied (10 and 22 K),
while the deposition quantity was kept the same (i.e., corresponding to
15 min of injection).

The second reaction, involving two radicals, is very exoergic and
is expected to have a very high chemical desorption efficiency
(Minissale et al. 2016), whereas the first reaction is less exoergic
and therefore is not subject to high chemical desorption effi-
ciency. Reaction (1b) probably has an entrance barrier, in which
case the reaction competes with H+H — H; and H desorption.

At 10 K, the reaction can proceed through diffusive reactiv-
ity (the Langmuir-Hinshelwood mechanism), eventually helped
by tunnelling effects. At 30 K, the residence time of H on the
surface is very low, and even the H+H reaction cannot proceed
efficiently on compact amorphous ice (Amiaud et al. 2007). The
Eley-Rideal mechanism (direct reaction with an H atom with
kinetic energy ~300 K) is still at play. It appears, however, that
it is not efficient, especially when taking into consideration that
the chemical desorption is efficient for the second reaction, but
that this second reaction can also return the initial H,S, and so
a looping mechanism is necessary to observe a strong reduc-
tion. In contrast, at 50 K we observed a larger disappearance of
surface H,S. This is probably due to the desorption of HS. The
plateau, made of H,S unreactive molecules, would correspond to
the molecules whose orientation of adsorption is not favorable to
the Eley-Rideal mechanism. If this interpretation is correct, we
can infer an adsorption energy of ~1500 K for the HS molecule,
which is more compatible with the value calculated in Oba et al.
(2018) (1200 K) than with the value proposed in Wakelam et al.
(2017) (2700 K), although admittedly, our method is not very
accurate.

In Fig. 3 the quantity of H,S and CO left from the reaction
13CO+ H,S+H is shown at two deposition temperatures, 10 K
and 22 K, during a 15 min codeposition. This figure shows that
H;S has a highly reactive behavior when associated with CO, in
addition to hydrogenation.

CO hydrogenation (like H,S) has an entrance barrier, and
its reactivity, leading to H,CO and CH3;OH, is very reduced at
22 K (see, e.g., Watanabe & Kouchi 2002; Fuchs et al. 2009).
At 10 K, we first note that if H,S is slightly less consumed in
the presence of CO, the CO reduction is stronger than in case of
hydrogenation of CO alone. At 22 K the reduction is stronger for
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both H, S and CO. This demonstrates cross-linkages between the
two hydrogenations, so that HS or HCO are now active reactants
in the chain of reactions.

Moreover, this codeposition reaction of H,S, CO, and H
shows a larger diversity of products than the sole hydrogena-
tion of H,S. From the recorded mass spectrum of this reaction,
several molecules could be traced back according to their indi-
vidual mass spectrum from the NIST-Webbook database. Several
species could be clearly determined, such as H,CO, HCO, OCS,
H,S, CO,, and CO. Of these, H,CO and OCS were detected in
approximately equal amounts.

H,CO is likely the result of direct hydrogenation:

CO+H — HCO
HCO + H — H,CO.

(2a)
(2b)
Per analogy to the formation of CO,, through the {CO+OH]} reac-
tion (Noble et al. 2012; Oba et al. 2018; Ioppolo et al. 2011) via

the HOCO intermediate, OCS is possibly formed following this
chain of reactions:

H,S + H — HS (3a)
HS + CO — HSCO (3b)
HSCO + H — OCS + H. (3¢)

To test the strength of the chemical link of CO and HS
to form OCS, we conducted one last experiment, introducing
some O, in addition to CO and H,S. O, reacts with H atoms
without barrier, and readily forms OH groups on the surface,
which also makes CO, a final product, and, of course, pro-
duces water. The aim of this experiment is twofold: first, we
explore conditions more directly related with the interstellar con-
ditions because water formation is probably the main driver of
the molecular mantle formation on interstellar dust grains; sec-
ond, we test the robustness of the previous reaction scheme
including a restricted budget of H atoms, as could be the case in
dark cloud conditions (Tielens & Hagen 1982). In other words,
we study the possibility of OCS formation in a more oxidizing
environment.

Under these conditions, we observed a strong production of
water, but CO, and OCS were also produced in almost equal
quantity, even though they remained minor products dominated
by unreacted CO and H,S, due to a large consumption of H to
form water. Nevertheless, we conclude that H,S and CO interac-
tions on solid cold environments produce OCS as a first outcome
even in presence of competing reaction pathways whose end-
products are H,O, CO, or CH3OH. Finally, we note here that
traces (less than a percent) of many other organo-sulphur com-
pounds may have been found, but their exact composition is hard
to determine with mass spectroscopy alone. For example, CS has
the same mass as CO,, and isotopologs of C and S complicate
the analysis. Nonenergetic pathways or H-driven chemistry in
the present case do not show the same chemical complexity as
obtained in energetic experiments (Jiménez-Escobar & Mufioz
Caro 2011).

4.2. Cold S-chemistry from observations

The line survey of the CygX-N12 protostar revealed a rich
sulphur environment in its cold envelope. Over the 43 GHz
of bandwidth, 55 sulphur-molecular transitions were detected,
as shown in Table 2 and listed in Table B.1. Figures C.1-C.3
show parts of the spectrum in which S-lines were identified.
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Table 2. Detected S-species in the cold envelope of Cyg X-N12.

Molecules  #lines @ E,, ®
(K]

OCS 4 12.3-26.3
oc»s 1 20.7
C34s 1 7
c3s 1 6.9
CS 1 71
13¢cs 1 6.7
13Cs 1 6.5
H,CS 5 9.9-62.6
H,C¥S 4 9.7-62.4
CCS 8 19.2-33.6
Cs3S 4 25.2-474
Ccchcs 3 25.2-37.7
CH3;SH 4 7.3-13.6
H3**SCN 3 15.1-69.6
HSCN 3 19.8-79.3
HCS* 1 6.1
SO 4 9.2-38.6
SO, 3 7.7-54.7
S0 1 9.1
NS 1 8.8
NS* 1 72

Notes. “Number of lines detected in the spectrum. ®E,, range of the
detected molecules.

The line profiles are narrow (~1-3 km s~') and Gaussian in
nature, as is expected when the profiles trace a single cold, qui-
escent component; in this case, the cold outer envelope of the
protostar.

The sulphur lines detected in this survey (cf. Table B.1)
were identified by eye in combination with the CDMS database’
through an iterative process. First, the species already abundantly
observed toward protostars were investigated along with their
isotopologs. Then, the remaining unknown lines were investi-
gated separately by comparing all possible options with respect
to the frequency at which the line was observed by sorting the
candidates by their upper level energy (E,;) and Einstein A coef-
ficient (Ajj): Eyp lower than 150 K and Aj; higher than 10710571
were used as threshold values. When we had several possible
candidates, they were investigated over a larger window of the
spectrum to determine whether more transitions were expected
according to the CDMS catalog, but were not seen. Conversely,
if most of the lines were seen in the spectrum, the candidate was
considered as the right molecule. This analysis was first carried
out with the WEEDS package from GILDAS (Maret et al. 2011)
and confirmed with CASSIS to ensure that each detection was
correctly assigned. Using this line identification scheme, a total
of 317 lines were identified from 88 different molecules (includ-
ing isotopologs). Eighteen percent of the total amount of lines
we detected still remain unassigned. The species that were not
S-bearing will be presented in a forthcoming study.

The optically thin emission from the detected S-molecules
were then modeled with the CASSIS software, v.5.1.1. We
assumed a local thermodynamic equilibrium (LTE) approxima-
tion.

7 https://cdms.astro.uni-koeln.de/classic/
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Table 3. Overview of the sulphur line LTE modeling for the optically
thin emission of Cygnus X-N12 targeting the cold chemistry.

Molecules Ny @ Tex @ FWHM®@
[cm~2] [K] [kms~!]
0Cs L5707 x101 1345 3.0
oCc®s 1.5;?55 x1013  15+5 35
Cc*s 45708 <101 15%5 3.5
Cc¥s 45193 %102 15+5 2.5
CS 9.0*17 x10™ 2245 3.0
3¢S L6701 x101% 1545 3.0
Be¥s 6,017 x10M 1545 2.5
H,CS 1304 %10 3045 3.0
HC*S  5.0%20 x10'2 2345 3.0
ccs 16724 x1013 85 ® L5
CsS 2.5M12 %102 1645 2.0
CCBCS  2.0%02 %102 14+5 2.0
CH;SH  10*29x103 845 3.5
H¥SCN  1.5*19x10" 1545 5.5
HSCN 1007 102 1345 2.5
HCS* L1*96 x1013 105 @ 3.5
SO © 2748 x10M 8-15 3.0
SO, © 1.2-3 x10™ 1040 3.0
3450 12719 x101% 155 3.0
NS 2729 %1013 15+5 3.0
NS* 8.5793 x10"  15+5 2.2

Notes. @A source size of 1870 was used. ®If only the upper or lower
limit is given, the best model for the molecule was achieved at the given
main value (i.e., Tex) and no lower or upper limit from this value was
found. ©¥The column density of the optically thick emission from SO
and SO, was determined using the isotopic ratios 32S/3*S = 22.5.

The modeling was done by varying the column density, line
width, and excitation temperature (from 7 to 50 K) of the species.
The best fit was found by a y? optimization model, which is
an iterative process based on these parameters. The error mar-
gin was determined by running the model four times for the
same molecules by changing the intervals over which the param-
eters were varied and/or number of combinations of the variables
(i.e., excitation temperature, line width, column density, and the
velocity at local standard of rest).

In this way, the best fit for all detected species was deter-
mined. The modeling parameters found for each S-molecule,
shown in Table 3, were validated with CASSIS. For some S-
species, particularly SO and SO,, a specific modeling could
not be realized on all the transitions we saw (i.e., saturation of
the column densities for several Tx) because the lines are opti-
cally thick. Therefore, the column density of SO was derived
from the observed optically thin emission of its isotopolog 3*SO,
using the isotopic ratio, 32S/3*S = 22.5 (Lodders 2003). Only the
main isotopolog of SO, was observed toward the cold envelope:
consequently, we were only able to derive lower limits for its
abundance, using LTE consideration for a realistic range of exci-
tation temperatures (i.e., 1040 K). When only one transition

was observed (e.g., NS*, NS, HCS*), the excitation temperature
was assumed to be 15 + 5 K. This is the expected temperature
range in the cold envelope, and the ranges on the inferred col-
umn densities correspond to this range in excitation temperature.
The excitation temperature does not necessarily correspond to
the gas temperature, but as we additionally assumed that the level
populations are in LTE, this is the best that can be done. Fur-
thermore, for the species with multiple observed transitions, for
example, OCS and C3S, we find that this excitation temperature
is reasonable.

Based on the column density of each species found with LTE
modeling and isotopic ratios, we determined their abundances
from the ratio of the corresponding column density over the Hj
averaged column density, Ny, in the observed region. The latter
can be estimated as follows (Hildebrand 1983):

M
ty, my 7 FWHM?

Ny, = “

where M is the cloud mass, py, = 2.8 the mean molecular weight
per hydrogen (Kauffmann et al. 2008) molecule, my the mass of
atomic hydrogen, and FWHM is the deconvolved full width at
half maximum size.

A mass of 86 M was determined from single-dish obser-
vations assuming no correction for any free-free contamination
on the integrated flux, optically thin dust emission, a dust opac-
ity of 0.01 cm=2 g~! (Ossenkopf & Henning 1994), and a dust
temperature of 20 K (Motte et al. 2007). Combining the cloud
mass and the FWHM size of 0.1 pc from the single-dish obser-
vation of Motte et al. (2007), we find a column density, Ny,, of
1.2x 10 cm™2.

Figure 4 displays the abundances of all the detected
sulphur species. No specific trend is found among all the
abundances, as they vary by up to two orders of magni-
tude. The highest column densities are seen for the main
isotopologs, that is, CS, H,CS, OCS, SO, and SO,, with
the latter four showing a similar range of column densi-
ties: Ng,cs/Ncs ~ 14 x 107!, Nocs/Nes ~ 1.6 x 1071,
Nso/Ncs ~ 3 x 107!, and Nso,/Ncs ~ 1.3-3.3 x 1071

The lowest column densities are observed for NS*,
HSCN, and C;S, with ratios with respect to CS of
Nns+/Ncs =~ 94 X 10_4, Nusen/Nes =~ 1.1 X 10_3, and
Nc,s/Ncs = 2.7 X 1073. There is no apparent correlation between
the column densities and whether the species is an organo-
sulphur or not.

4.3. Warm S-chemistry

The warm chemistry was investigated toward two sources,
Cyg X-N12 and Cyg X-N30. These two sources both show mul-
tiple continuum peaks (Bontemps et al. 2010; Minh 2016) within
the inner few arcseconds. Specifically, the chemistry was investi-
gated toward the peak continuum positions of these two sources
alone, whereas the remaining results will be presented in a
forthcoming paper (van der Walt et al., in prep.).

The same initial steps as for the cold chemistry survey were
performed. First, all the sulphur species were identified from the
spectrum ranging from 329 to 361 GHz, with the combination of
by-eye identification and verification with the CDMS database
over the entire spectrum. However, when analyzing the possible
candidates for a certain emission line for the hot-core data, unlike
with the cold chemistry, no constraint was given for the upper
level energy, while the Einstein coefficient was constrained to
A;; higher than 10719 57! as for the cold chemistry. The relevant
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Fig. 4. Abundance of S-species detected toward Cyg X-N12 using the derived S-abundances from Table 3 and Ny, of 1.2 x 10% cm™ (see text).
The dotted line represents the abundance above which 20% of the sulphur sample lies.
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Fig. 5. Abundance of S-species detected toward the hot-core Cyg X-N30 and Cyg X-N12 using the derived S-abundances from Table 5 and Ny, of
8 x 10 cm™2 and 1.2 x 10 cm™2 for Cyg X-N30 and Cyg X-N12, respectively (see text). The dotted line represents the abundance above which
~20% of the sulphur sample lies.

parts of the spectrum for the S-species are shown in Figs. C.5 An overview of the detected S-species toward both sources
through C.7 for Cyg X-N30 and in Figs. C.8 through C.9 for is listed in Table 4, summarizing the observed molecules, num-
Cyg X-N12. ber of lines, and upper-level energy. Complete lists of the
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Fig. 6. Integrated intensity maps of OCS at 352.6 and 340 GHz, CS at 342.8 GHz and H,CS at 343.4 GHz, NS at 345.8 GHz, SO at 340.7 and at
344.3 GHz, and SO, at 338.3 GHz and at 348.3 GHz toward Cyg X-N30. The primary binary cores of the Cyg X-N30 are denoted by MM 1a and
MM1b, while MM2 and MM3 are secondary cores. The right arrow provides the scaling for the intensity of the observed molecule. The red area
depicts intensity peaks, and the blue area represents no emission. The contours represent the continuum starting from 2 to 120~ with a spacing of

20 The white circle in the bottom left corner represents the beam size.

detected transitions toward Cyg X-N12 and N30 are provided
in Appendix B, Tables B.2 and B.3, respectively. The observed
sample consists of 14 different molecular species, 8 of which
are isotopologs for Cyg X-N30. Strong lines of several organo-
sulphur species could be identified from the 105 lines of sulphur-
bearing species, such as H,CS, CS, and OCS. However, they
represent only ~18% of the total S-sample we found, which are
mostly dominated by SO, SO,, and corresponding isotopologs.
The spectrum of Cyg X-N12 shows a slightly lower diversity of
S-molecules, with 12 different species, including 6 isotopologs
for a total of 53 sulphur lines we detected. In contrast to Cyg X-
N30, the SO and SO, lines in N12 were weaker and more
difficult to detect than the organo-sulphurs (cf. line spectra in
Appendix C).

We performed LTE modeling on the optically thin emission
of S-species derived from the spectrum at two different loca-
tions, MM1la and MM2 for Cyg X-N30 and -N12, respectively
(cf. Fig. 6). The modeling parameters and the corresponding
error margins were determined in a similar way as for the obser-
vations of the cold chemistry, but considering an excitation
temperature up to 350 K (cf. Sect. 4.2).

The best-fit parameters found from the LTE modeling anal-
ysis we used for the modeling are listed in Table 5. As for the
cold-envelope, optically thick emission was seen for the SO and
SO, lines. However, their corresponding isotopologs **SO and
3450, are optically thin, and assuming *2S/3*S = 22.5 (Lodders
2003), the expected abundance of SO and SO, with respect to the
averaged H, column density can be derived. Moreover, the LTE
modeling on the observed sulphur-lines toward N30 was found
to have similar modeling parameters as those inferred by van der
Walt et al. (2021) for the same source.

Ny, was calculated using Eq. (4). As for the H, column den-
sity estimation of the cold envelope of Cyg X-N12, assumptions
of optically thin dust emission and no free-free contamination
on the integrated flux were considered. Using a mass of 563 M,

Table 4. Detected S-species in the hot core of Cyg X-N30 and Cyg X-
NI12.

Cyg X-N30 @ Cyg X-N12 @

Molecules # lines @ Eyp © # lines ® Ey ©
(K] K]

0CS 2 236.9-253.8 2 236.9-253.9
0c33s 3 233.97-267.96 3 233.97-267.96
oc*s 3 231.16-264.75 3 231.16-264.75
CS 1 65.8 1 65.8
c*#s 1 64.7 1 64.7
c33s 1 65.2 1 65.2
H,CS 8 90.59-301.07 7 90.59-209.10
SO 6 15.81-142.8 3 78.78-87.48
S0 4 25.31-86.07 3 77.34-86.07
SO, 35  31.29-349.82 14 31.29-219.53
350, 28  35.1-319.52 13 35.1-274.74
NS 2 69.69-69.84 2 69.69-69.84
3sS0 3 78.03-86.75 - -
$50, 8 89.09-184.93 - -

Notes. @Spectrum from the position MM 1la and MM?2 for Cyg X-N30
and -N12 (see Figs. 6 and 7), respectively, corresponding to a continuum
peak of each of the binary sources. ”’Number of lines detected in the
spectrum. E,, of the detected S-species.

derived from 1.2 mm integrated flux, for Cyg X-N30, a FWHM
size of 0.1 pc, dust opacity of 0.01 cm? g~! and a mean wieght
of 2.8, a H, density of 8x 10> cm~2 was estimated for Cyg X-
N30 (Motte et al. 2007). The same H, density for Cyg X-N12 as
derived in Sect. 4.2 was used for the hot core. The derived H,
column densities for the inner hot core of Cyg X-N30 and N12
were determined from their corresponding large-scale envelope.
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Table 5. Overview of the LTE modeling for the optically thin sulphur lines of Cygnus X-N30 and N12 targeting the warm chemistry.

Cyg X-N30 @ Cyg X-N12 @
Molecules Ny, © T ©  FWHM© N © T ©  FWHM©
[em™?] (K] [km s~'] [em™?] (K] [km s~']

0CS 1.4704 x10"7 150%30 5.0 5.9*05 x101 280*10 6.0
0C*s 6.5+ 2.0 x10'5  170*° 5.0 9.7+04 x1014 @ 280 3.0
0oCc*s 7704 x10™ 130720 1.5 2.7 g X104 @ 270_g¢ @ 2.5
Cc*s 3.1+ %10 @ 17030 @ 4.5 6.6*01 x101* @ 280 55
c»s 1.0_g5 x1015 @ 170*30 @ 4.5 L7901 x10™ 260%%0 4.0
CS 1.0_92 x10'6 @ 190*3) 4.5 1.3+ 0.3 10" 160%39 4.5
H,CS 2.4%06 %10 140+50 55 3.7+02 x101 140%59 3.5
3#S0 5.070-1 x10' 290+ 6.0 10701 x1013 @ 23(*60 @ L5
SO, ® 114 X108 @ 130%30 6.5 2.2%02 %1016 @ 200+30 @ 2.0
SO ® 1.279) x10"® 290%40 6.0 22402 %1016 @ 23(*60 @ L5
NS 5.6_25 x10'5 @ 170%30 @ 6.0 5.4%04 x10' 210*3 3.0
350, 4.8_17 x10'¢ @ 130*3 6.5 1.0*20 x105 @ 20030 @ 2.0
35S0 7.0739 x10'5 1307 6.5 - - -
3350, 2.1_11 x10'0 @ 200_59 @ 6.5 - - -
CCS © <10 190%30 4.5 <101 160+30 4.0
C;S @ <10 190j§§ 4.5 <10 160t§§ 4.5
CH;SH © <10 19043 4.5 <107 160+39 4.5
HSCN © <10 19043 4.5 <105 160*3 4.5

Notes. @This includes the positions MM1la and MM2 for Cyg X-N30 and N12 (see Fig. 6), respectively, corresponding to a continuum peak
of each of the binary sources. ”The column density of the optically thick emission from SO and SO, was determined using the isotopic ratios
328/34S = 22.5 (Lodders 2003). Moreover, the same T, and FWHM as of their corresponding 3*S isotopolog were used. “The source size used to
model the emission toward both sources is 175. If only the upper or lower limit is given, the best-fit model for the molecule is achieved at the
given main value (i.e., Tex, Nyp) and no lower or upper limit of this value is found. ”These molecules have not been detected. An upper limit of

their column density has been determined based on T, and FWHM from the other species within the same family.

However, these values are not accurate for the targeted region,
the hot core, and we realize that other more accurate values for
N30 can be found in the literature (Rygl et al. 2012). We empha-
size that the main goal is to determine the trends among the
different species, and therefore quoting the exact abundances is
not the focus of this paper.

Figure 5 summarizes the abundances of all the sulphur
species detected toward both CygX-N30 and N12. For both
sources, as expected, the highest abundances are seen for SO
and SO, followed by OCS and H,CS, while the lowest abun-
dances are seen for CS and NS. The high abundance of the main
organo-sulphur isotopologs, despite their low diversity and poor
observed transitions sample, underlines the expected major role
of three specific molecules, namely CS, OCS and H,CS. How-
ever, we can point out some differences between the two sources:
(1) S-column densities observed toward Cyg X-N12 are one to
two orders of magnitude lower than for CygX-N30. (2) The
excitation temperatures of several species tend to be higher for
Cyg X-N12, (3) more isotopologs of SO and SO, are observed
toward N30, and (4) the FWHM of the N12 S-O and N-S species
are less than half of the widths from N-30 (FWHMgo = 6 km s™!
and FWHMggo = 1.5 km s™!, for N30 and N12, respectively).

Figure 6 for CygX-N30 displays the integrated intensity
maps (moment-zero maps) for each S-species. As shown by
the large number of observed transitions of SO and SO,
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the highest integrated intensity (S,) peaks are observed for
these two sulphur-bearing molecules, both peaking at 100—
120 Jy beam™' km s~!. This range is thus considered as
the S, maxima for S-chemistry. A 20-40% lower S, (~60-
80 Jy beam™' km s7!) relative to the SO and SO, maxima is
observed as maxima of CS and H,CS, and a 40-60% decrease in
the S, peaks (40-60 Jy beam™! km s™!) is found for OCS and NS.

The spatial distribution of the sulphur species shows some
differences depending on the associated molecular family. This
was only observed toward Cyg X-N30. The detected S-species
are categorized into three families: C-S, N-S, and O-S families.
The C-S family contains OCS?8, CS, H,CS, and the correspond-
ing isotopologs; the O-S family includes SO, SO,, and the
corresponding isotopologs, while NS is the only member of the
N-S family. Differences are seen in their peak locations and the
overall intensity distribution around their peak.

In Cyg X-N30, the organo-sulphur species in general have a
wide central peak and an extended emission distribution, cov-
ering the continuum contours nearly uniformly from 2- to 8c.
Their peak regions are elliptical over contours from 2 to 40
NS shows a different pattern, with emission toward MM 1a and
MMIb, two small circular peaks, and a limited spatial extent

8 OCS is considered as part of the C-S family instead of the O-S family
because it contains C=S bonds and not O=S bonds.
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Fig. 7. Integrated intensity maps of OCS at 352.6 and 340 GHz, CS at 342.8 and H,CS at 343.4 GHz, NS at 345.8, SO at 340.7 and at 344.3, and
SO, at 338.3 GHz and at 348.3 GHz toward Cyg X-N12. The primary binary cores of the Cyg X-N12 are denoted by MM1 and MM2 (Bontemps
et al. 2010). The right arrow provides the scaling for the intensity of the observed molecule. The red area depicts intensity peaks, and the blue area
represents no emission. The contours represent the continuum starting from 2 to 100~ with a spacing of 20~. The white circle in the bottom left

corner represents the beam size.

from 2 to 60. The S-O family has a similar pattern, with a spa-
tial extent from 2 to 60. Moreover, all the emission is seen to
peak toward the N-W from MM1a, while no emission is seen in
the N and N-E parts. Their peaks are circular and condensed,
extending up to 4o

Figure 7 displays the moment-zero maps toward Cyg X-N12.
In contrast to Cyg X-N30, the peak intensity maxima of all the
species do not exceed ~30 Jy beam™! km s~!, and no clear dif-
ferentiation in the range of intensity values is detected among
the S-species. The spatial extent of all S-species is similar; the
species peak at exactly the continuum peaks, MM1 and MM2.
All the species have a circular emission of ~2¢ radius around
the peak center.

5. Discussion

In the following, the results of each subpart, the laboratory
results, and the observations of the cold and warm S-chemistries
are discussed first. Finally, these discussions are synthesized into
a summarizing discussion of what has been learned from the
combination of laboratory experiments and observations of S-
bearing molecules in different parts of the molecular envelopes
surrounding intermediate-mass protostars.

5.1. Laboratory experiments of cold S-chemistry

H,S is highly reactive not only to hydrogenation, but also to CO,
resulting in the formation of OCS. These surface reactions were
seen at low temperatures (7 < 100 K), which suggests that this
chemistry occurs already in the cold envelope of the protostars.
These are the only regions in which CO will be frozen out on the
dust grains.

Variation in the reaction temperature of H,S (15 and 22 K)
when mixed with CO and H did not demonstrate a strong effect
on the reactivity rate of either H,S or CO. By contrast, with the

hydrogenation of H,S alone, a significant variation of H,S left
in the sample could be seen from one temperature to another

(~35% variation between 10 and 50 K and ~55% variation

between 10 and 30 K). The weak temperature correlation implies
that the sulphur chemistry leading to organo-sulphur species is
produced at a high reaction rate both in the precollapse stage

(T ~ 10 K) and in the collapsing envelope (T > 30 K) of the

protostar, while the hydrogenation of H,S is efficient only in the
precollapse region.

For both reactions, {H,S + CO+ H} and {H,S + CO+ H
+ O}, H,S was found as a remaining product. Two possi-
bilities might explain the remaining quantity of H,S in the
sample:

1. The initial [H,S/CO] quantity ratio was too high, and a sat-
uration limit was reached. The initial reactants would not be
fully consumed if too few free H atoms remained, explain-
ing the remaining high quantities of CO and H,S in the
experimental sample.

2. The introduced amount of O, has negatively influenced the
reactivity of H,S with CO and H, as these last two species
might have more likely reacted with O, than with H,S.
Therefore, it joins the conclusion from point (1), namely too
few free H atoms remaining in the sample for the reactivity
with H,S to entirely occur.

Our laboratory results allowed us to compare the grain-
surface chemistry developed by Laas & Caselli (2019) and
Deeyamulla & Husain (2006) to draw a plausible schematic
chemical network of the cold chemistry reproduced in the lab-
oratory experiments. To do this, we considered three main
species as the starting points of the chemistry (H,S, CO, and
0,) reacting principally with H. In this scenario, OCS is the
only organo-sulphur produced from the hydrogen abstraction
of H,S and combination with CO. The production of OCS
among other sulphur species (CS,, H,CS, etc.), in ices con-
taining H,S and abundant C-compounds, that is, CH30OH and
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CO, was already reported by Jiménez-Escobar et al. (2014) when
these ice mixtures were irradiated. The absence of other detected
organo-sulphurs is due to the strength of the C=0 bond, which
requires too much energy (AH = 1076.38 kJ mol~!) and cannot be
broken by basic surface chemistry. Therefore, it was not included
in this experimental setup.

Although it is possible that the amount of O, in the experi-
ments has negatively affected the quantity of OCS and H,S in the
sample by impacting their reactivity, our experiments also sug-
gest that the production of OCS is strongly efficient from H,S
on grain surfaces, and the hydrogenation of H,S and CO highly
influences its abundance. Our laboratory experiments confirm
the efficient hydrogen abstraction mechanism of H,S that was
already experimentally observed by Oba et al. (2018) and was
modeled by Garrod et al. (2007) and Lamberts & Késtner (2017).
This strong hydrogen abstraction mechanism occurring with H,S
was initially, and naively, compared to the H,O chemistry as -O
is chemically similar as -S to first order, and the same hydro-
gen abstraction phenomenon occurs. Moreover, for H,O, this
H-addition leads to the formation of H,O,, as experimentally
tested by Oba et al. (2014) and Miyauchi et al. (2008), but the
corresponding S-molecule, H,S,, was not seen for H,S in a basic
surface chemistry without external energy, which suggests that
the sulphur chemistry behaves chemically differently from H,O.
The formation of H,S, would thus be formed by UV photochem-
istry of H,S in a H,O ice-matrix (Jiménez-Escobar & Mufioz
Caro 2011; Jiménez-Escobar et al. 2014).

Our study reports the H, S reactivity with CO in a controlled
environment. The presence of H,S in the ISM has always been an
unresolved challenge (van der Tak et al. 2003; Jiménez-Escobar
et al. 2014; Doty et al. 2002; Laas & Caselli 2019). From the
modeling side, a high quantity of H,S is predicted on grain sur-
faces. However, it has not been observed in large quantities so far.
Some expect H,S and HS to be S-reservoirs in the ISM (Vidal
et al. 2017). Our study demonstrated that when considering H,S
already formed and trapped in solid state, H,S will likely rapidly
react, leading to the efficient production of organo-sulphur com-
pounds. The reduced sample of organo-sulphurs found in the
laboratory is explained by the high enthalpy of C=0O bonds.
Thus, it is unlikely that H,S remains an S-reservoir on the grains
surface. To complete this laboratory study and the derived chem-
ical network, comparison with observational data of the cold
envelope of protostars are key.

5.2. Observations of cold S-chemistry

From the number of species we detected, which encompass
sulphur species and complex organics, 22% were found to be
sulphur molecules, 77% of which can be classified as organo-
sulphur species. In the 78% of non-sulphur molecules we
found, a large number of zeroth- and first-generation organic
molecules as defined by Herbst & van Dishoeck (2009) were
detected. These reflect that several orders of reactions have
occurred, which was confirmed by the presence of zeroth-
generation molecules, such as CH3;OH. We therefore expect
that the observed S-species are also zeroth- and first-generation
species, but that their actual abundances depend on both the
evolutionary stage of the protostar and the location within the
protostellar envelope. They also underline the high reactivity in
the targeted environment due to the freeze-out of the molecules
on the dust grains.

This study focuses only on the chemical pattern formed from
surface chemistry on dust grains, considering only the environ-
mental conditions (i.e., temperatures) to vary and high freeze-out
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rate (i.e., the hydrogen number density >10° cm?; Schmalzl et al.
2014). Therefore, it is assumed that grain properties such as the
composition, sizes, and distribution of grains and the nonporous
grain surface are constant and do not influence the S-reactivity.

Moreover, the large diversity of organo-sulphurs and the total
column density ratios of the detected organo-sulphurs (OS) and
non-organo-sulphurs (NOS) (i.e., >, N(NOS)/}’ N(OS) = 0.29)
suggest that this trend indicates that a large fraction of S is
locked up in organo-sulphurs. It emphasizes an efficient chem-
istry with organic compounds in the gas-phase and on dust grains
in the cold environment (10-30 K), as is found in the collapsing
envelope (Laas & Caselli 2019).

The highest inferred abundances are seen for CS, OCS,
H,CS, SO, and SO,. From a chemical point of view, both the
S-O and C-S families are thus considered good tracers of the
cold envelope. We might rely on the diversity observed in S-
molecules and on targeting the cited main isotopic S-molecules,
specifically CS, as tracers for the cold envelope assuming a
homogeneous chemistry throughout the envelope, as suggested
observationally by van der Tak et al. (2000) and Jgrgensen et al.
(2004) and based on models by Doty et al. (2002).

The high abundance of SO and SO, was unexpected as these
molecules are known to trace warm gas, such as toward the hot
core and outflow or jet regions (Singh & Chakrabarti 2012; Minh
2016; Artur de la Villarmois et al. 2019). The high abundance
and low diversity of S-O molecules suggest that these molecules
are produced already in the cold envelope from oxidation of
atomic S on the dust grains. Here they remain intact and do
not proceed to form more complex products. The desorption of
these species at low temperatures might result from nonthermal
processes such as photodesorption, sputtering, and reactive des-
orption. Photodesorption occurs when there is local heating of
the grain surface induced by external irradiation (e.g., UV, X-ray;
Westley et al. 1995; Oberg et al. 2009). The sputtering is also an
efficient nonthermal process. In this case, particles collide with
the grain surface, inducing strong enough kinetic energy to des-
orb the species present on the grain, while the reactive desorption
refers to the energy released by the chemical reactions, leading
to the desorption of the species (Vasyunin & Herbst 2013). How-
ever, at this stage, it is unknown which process dominates the
desorption of SO and SO; in this cold environment. These three
mechanisms provide a means for releasing S-O molecules into
the gas phase even in the cold parts of the envelope, however.

5.3. Observations of warm S-chemistry

The interferometric observations of the hot core enable not only
investigating the molecular diversity, but also the spatial distri-
bution of their emission. This analysis, performed for the peak
continuum positions toward Cyg X-N12 and N30, shows that
similarities and discrepancies of the S-chemistry in the warm
gas could be distinguished between the two sources.

From the spectral analysis, similarities between the spec-
tral line surveys toward the two sources Cyg X-N12 and N30
could be deduced from the observations. In particular, the diver-
sity of organo-sulphurs is low, as only OCS, H,CS, and CS
are detected, in contrast to the S-species observed in the cold
envelope of Cyg X-N12. This reduced diversity toward Cyg X-
N12 and N30 is also observed toward the well-studied low-mass
protostar, IRAS 16293-2422B by Drozdovskaya et al. (2018),
and was used in hot-core models of Vidal & Wakelam (2018).
Therefore, the concordance among the detected organo-sulphurs
toward Cyg X-N12 and N30, IRAS 16293-2422B and models
makes it unlikely that N12 and N30 are possible outliers in terms
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of hot-core S-chemistry. This also suggests that the diversity of
organo-sulphurs in the warm gas is not dependent on the mass of
the protostar. However, more sources must clearly be observed to
verify this conclusion.

The only organo-sulphurs detected in the warm gas,
OCS, H,CS, and CS, also show the highest column den-
sities of the organo-sulphurs in the cold envelope of NI12
(NHZCS = 133)3 x 104 cm‘z, Nocs = 15:1)2 x 1014 cm‘z,
Ncs = 9.03:8 x 10 cm™2). Moreover, their column densities
in the warm gas are one order of magnitude higher than in the
cold gas. Therefore, the detected organo-sulphurs in the warm
gas might partially originate from the cold envelope, collapsing
toward the hot core, as they have likely been efficiently produced
in the cold environment from successive hydrogenations and oxi-
dations of atomic sulphur. The remaining organo-sulphurs we
detected might then be produced in the warm gas.

Consequently, for sources N12 and N30, we investigated the
nondetection of the organo-sulphurs that were detected in the
cold envelope of Cyg X-N12, but not in thet wo hot cores (i.e.,
CCS, C3S, CH3SH, and HSCN). We used the CASSIS software
to build synthetic spectra and determine upper limits. In order
to determine an upper limit, the excitation temperature was first
fixed such that it matched the averaged temperature found from
the main species in the same molecular family, in this case,
the C-S family. For N30, this temperature is 19038 K, and for

N12, it is 160f?8 K. Next, we varied the column density of these
species, and the resulting spectrum was investigated across the
spectral range. When a simulated emission line appeared at the
30 level, that is, above the noise level, the corresponding col-
umn density was taken as the 30 upper limit. This was done
for CCS, C;S, CH3SH, and HSCN, and their values are given
in Table 5. Typically, they are 10'°-10'® cm=2. The formation
routes of these species were also later investigated and shown in
Fig. 9, and a further discussion of the upper limits is provided in
Sect. 5.5.

Of all S-molecules we detected, those observed toward
Cyg X-N30 have higher column densities than those toward
N12 (Nep-n3o/Nsp-N12 = 10-10%). These are explained by
N30 being 33.8 times brighter than N12 (Ly, = 740’:38 Lo,

Ler=33.8 x 10° L, for N12; Pitts et al., in prep.) and more
massive (M = 563 M, for N30 and M = 86 M, for N12; Motte
et al. 2007). Therefore, for a given sensitivity, the column den-
sities of the S-species are sensitive to the mass of the observed
protostar.

The highest abundances of S-species toward CygX-N12
and N30 are seen for SO and SO,, confirming that these
are good sulphur tracers of the warm chemistry of protostars,
as previously suggested by van der Tak et al. (2003) and
Artur de la Villarmois et al. (2019), for example. Moreover,
these two molecules show the largest differences in column
densities between the cold envelope (c) and hot core (h) of
N12, with N} /Ng, ~ 81 and Né‘o/Néoz ~ 180, while for the
organo-sulphurs, we found lower variations between the cold

and warm chemistry: Ni.s/N5cg = 39, NE?CS/NI(EIZCS ~ 28 and

Ngs/N(C:s ~ 1.4. These large differences might underline that
the observed SO and SO, in the hot core do not only come
from the collapsed envelope, but are also produced in the warm
gas.

An interesting difference appears in the FWHM of the
organo-sulphurs when compared to the non-organo-sulphur
species toward the two sources. For both sources, the FWHM
of the organo-sulphurs is similar, ~4-5 km s~!. However, for
N30, the non-organo-sulphurs show an increase in the FWHM

to ~6.0-6.5 km s~!, whereas this decreases toward N12 to
1.5-2.0kms™! for most species. This difference in line widths
between the sources might indicate a slower motion in the hot
core of Cyg X-N12 than N30. The non-organo-sulphurs appear
to be more sensitive to the motion of the protostars, although a
survey of more sources at higher angular resolution is required to
clearly demonstrate this effect. N30 is more massive than N12,
and gravitational collapse should therefore occur faster (Klassen
et al. 2016).

High column densities were observed for OCS and H,CS in
both protostars (i.e., Nocs = 1.470¢ x 107 ecm™, Ny,cs = 2.470¢
x 10 em™ for N30 and Nocs = 5.9'03 x 10 cm™,
Nu,cs = 3.77%3 x 10" cm™ for N12), thus making them good
tracers of the warm chemistry as well. As pointed out previ-
ously, it is plausible that the high abundances of OCS and H,CS
observed in the hot regions are related to the cold chemistry
through the collapsing envelope (Wakelam et al. 2011; Jgrgensen
et al. 2004, and references therein), as these have relatively high
column densities in the outer envelope (cf. Nocs,/Nocs, = 39,
NHZCS],/NHZCSC ~ 28 for N12)

For the case of H,CS, the extensive models of the sulphur
chemistry in hot cores from Vidal & Wakelam (2018) and Vidal
et al. (2019) suggested that at T ~100 K, H,CS has not entirely
desorbed from the surface and its abundance depends on the sur-
face and gas-phase chemistries. In their model, H,CS is likely to
be produced by the following reactions:

S +CH; - H,CS +H (5a)
H;CS* + e~ — H,CS + H (5b)
HCS(S) + H(s) - HzCS(S), (SC)

while the destruction of HyCS occurs on the dust grain and in
the gas phase, as shown by the following reactions:

H,CS + HCNH* — H;CS* + HCN (6a)
H,CS + C— CH, + CS (6b)
H,CS,) + H() — CH,SH,, (6¢)
H,CS(,) + His) = CH3S g, (6d)

in which the subscript (s) denotes the solid state of the species,
that is, reactions on the dust grain. Furthermore, H;CS* formed
in Eq. (6a) re-forms to H,CS from the dissociative recombina-
tion of H3CS* with e~. At higher temperatures (7T ~ 300 K),
H,CS is entirely in the gas phase, and its only destruction paths
are described by Egs. (6a) and (6b). Therefore, H,CS in the hot
core is not necessarily destroyed as it re-forms through H3;CS*
and the low abundance of atomic carbon does not lead to a highly
efficient destruction path of Eq. (6b). This might explain the high
H,CS abundance in the warm gas.

In the case of OCS, the models from Vidal & Wakelam
(2018), Vidal et al. (2019) and Druard & Wakelam (2012) predict
a high abundance of OCS due to its production on grain surfaces
and in the gas phase through the following set of reactions:

SO +CH — H + OCS (Ta)
0 + HCS — H + 0CS (7b)
S + HCO — H + OCS (7c)
CS + OH — H + 0CS (7d)
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O(S) + CS(S) — OCS(S) (76)

Sis) + CO) = OCS(), (79)

while its destruction is expected to occur through several paths,
as outlined here:

OCS + CH— CO +CS +H (8a)
OCS + HCO* - HOCS* + CO (8b)
0CS + H! - HOCS* + H, (8¢)
OCS + C— CS + CO. (8d)

However, Egs. (8b) and (8¢) produce HOCS*, which will dis-
sociatively recombine to form either CS or OCS, and Eq. (8d) is
expected to be efficient for only the first 10 years of the sim-
ulation, due to the low abundance of atomic C. Furthermore,
at high temperatures (T = 300 K), the drop in CH abun-
dance leads to an inefficient OCS destruction from Eq. (8a).
Therefore, the low destruction rates of OCS compared to its
production rates might explain its high abundance in the warm
gas.

Furthermore, the same high column densities for OCS, SO
CS, SO,, and H,CS were observed for IRAS 16293-2422, for
which the derived density ratio Ncs/Nocs = 10~ describes a
lower density of CS than OCS (Le Gal et al. 2019; Drozdovskaya
et al. 2018). The same trend is observed for the warm gas
of N30 and N12, which has ratios of Ncs/Nocs ~ 0.07 and
Ncs/Nocs = 0.22 for N30 and N12, respectively. If CS is opti-
cally thin, these density ratios found toward IRAS 16293-2422,
Cyg X-N12, and N30 suggest that OCS production is more effec-
tive in the warm gas than the CS production, in contrast to what
is seen for the cold envelope of N12 (Ncs/Nocs = 6).

From the moment-zero maps from the sulphur emissions
toward Cyg X-N30, a similar trend could be observed for the S-
species within a specific S-family. As illustrated in Fig. 8, the
distinction among families is based on the S-peak location and
on the spatial extent of the S-emission.

In all the S-species we detected, their peak emission is
shifted from the continuum sources, MM1a and MM1b. In the
S-O and N-S families as well as for CS, their intensity peaks
have a shift of ~0”75, ~07”2, southwest of MM1a, while other
species of the C-S family have a shift of ~0:2, ~0”2, northeast
of MM 1a. This peak shift from MMIa is observed for all the
COMs of Cyg X-N30, as discussed by van der Walt et al. (2021),
and is likely explained by N30 not being a traditional hot core,
in contrast to N12.

Despite the emission peak shifts for N30, a specific and
different spatial distribution of all S-species was seen in the
families. The organo-sulphurs show an extended pattern around
the two binary components (MM1la and MM1b), their spatial
distribution is more extended and not concentrated on a spe-
cific source, in contrast to the O-S family, which is concentrated
around MM 1 a, as also pointed out by van der Walt et al. (2021).
It might be suggested that C-S is associated with both sources
(i.e., MM1la and MM1b), while the O-S family is primarily asso-
ciated with MM 1a. Only one molecule could be identified in the
N-S family (NS). It is not possible to draw clear conclusions
regarding an entire S-family based on only one species. How-
ever, as the two other families show the same characteristics for
all their species, it is likely that the molecules within the N-S
family follow the same trend, as also observed for N-species,
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Fig. 8. Cartoon of the locations of sulphur species characterized w.r.t.
chemical families (i.e., N-S, O-S and C-S) of CygX-N30 around the
MMI1 source. Concentrations of the sulphurs peaks located in specific
regions depending on the corresponding sulphur family. Results from
the SMA-PILS Cygnus survey. Cyg X-N30 was observed at 0.8 mm.

CH;CN, HC'®N, HC3N, and HNCO in N30 by van der Walt et al.
(2021).

This differentiation in molecular spatial distribution has
already been discussed by Garrod & Widicus Weaver (2013),
who suggested that it is correlated with changes in local physical
conditions. Differentiation in spatial extent is also seen for N-
and O-bearing molecules in Orion KL, which are likely to trace
separate physical environments (Favre et al. 2011; Weaver &
Friedel 2012; Zapata et al. 2011; Friedel & Snyder 2008; Crockett
et al. 2015; Pagani et al. 2017). Furthermore, Neill et al. (2011)
discussed this difference in spatial extent as a possible conse-
quence of gas-phase reactions that might alter the initial spatial
distributions. This initial spatial distribution is created by similar
physical mechanisms (e.g., molecular desorption from the dust
grains, shocks); however, in the subsequent gas-phase reprocess-
ing, the limiting reactants set any further chemical processing,
and these reactants are typically the less-abundant species. Both
explanations might be applicable for Cyg X-N30, namely that the
chemical gradient traces a physical gradient in temperature, den-
sity, or other physical parameters, but it is likely not the cause of
this gradient in physical properties, but rather a consequence of
it. Moreover, a wider spatial extent was seen for the C-S family
in which the organo-sulphurs have a lower abundance than O-S
species, probably explaining the stronger effect on their spatial
extent (Neill et al. 2011).

Although the line analysis and derived abundances show
similarities between CygX-N12 and N30, their moment-zero
maps show different patterns. It is clear that for both sources,
Cyg X-N30 and N12, the diversity of S-species is similar for
the warm gas. Furthermore, a similar trend between the sources
is also seen for the abundance ratios. However, for Cyg X-N12,
Fig. 7 shows that the spatial distribution for the same angular
resolution does not differ among the species, in contrast to N30.
This suggests that the spatial extent of the sulphur molecules
depends on the type of object that is targeted (e.g., traditional
hot core or not) and not on the region (cold envelope versus hot
core). In the case of a traditional intermediate-mass source as
N12, the molecular emission is expected to only overlap with the
continuum emission, while for atypical sources (e.g., N30, Orion
KL), the spatial distribution provides information on the type of
sulphur species and physical environment of the warm gas (Favre
et al. 2011; Weaver & Friedel 2012; Neill et al. 2011).
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5.4. Combining the cold S-chemistry from the observations
and the laboratory

The results from the laboratory do not entirely match the obser-
vational results of the cold envelope of Cyg X-N12, as the only
sulphur species detected in the laboratory was OCS, while the
cold envelope displays a large diversity of organo-sulphurs. The
high amount of H,S left in the sample (~8%) suggests that the
chemical reactions are not completed and longer exposition to H
would lead to a larger quantity of OCS. Moreover, the absence
of a strong energy source such as a UV field would be one fac-
tor limiting the reactivity of our experiments, but not the only
principal cause affecting the diversity of organo-sulphurs we
found. However, in a cold environment such as the cold enve-
lope, the UV field is not strong, and therefore this absence of UV
is more characteristic of such a cold environment. We empha-
size here that the laboratory experiments display the products
from the grain surfaces chemistry, while the observations of
the cold envelope display the products resulting from the gas-
phase chemistry and from the desorption of species produced
on the dust grains. Both occur in the cold envelope simulta-
neously and are thus complementary. However, they cannot be
directly compared without knowing the (nonthermal) desorp-
tion yields, and these are at present unknown for the S-bearing
species.

Combining the observational results with our laboratory
knowledge, a schematic chemical network for the grain chem-
istry in cold environment is inferred. We based the reactions on
those that were demonstrated by Vidal et al. (2019, 2017), Vidal
& Wakelam (2018), Laas & Caselli (2019), Vastel et al. (2018)
and Deeyamulla & Husain (2006) and references therein. The
chemical network is shown in Fig. 9 and represents a possible
path for the production of S-species in star-forming regions. It is
important to underline that this chemical network does not target
a specific chemistry (i.e., warm or cold chemistry), but provides
an overview of the reactions leading to the S-species.

This version of the chemical network from the laboratory
points out the experimental limitations, but highlights the link
between OCS and the other organo-sulphurs, as well as the cen-
tral role of H,S in the sulphur chemistry. The reason for this is
that one of the main dissociation products of H,S is HS, which
has a high reactivity, both on the grain and in the gas. As shown
in Fig. 9, external energy (e.g., UV radiation) would be required
for the production of some of its daughter molecules such as CS,
C,S, G35, and H,CS, which would be expected to be formed
from the photodissociation of C=0 bonds from OCS or its reac-
tion with C or CH. Furthermore, the production of OCS from HS
and CO found from the laboratory experiments contradiction the
results from Laas & Caselli (2019), which describes this reac-
tion as not allowed, and Vidal et al. (2019), in which the main
production route for OCS on the grain surface is from Eq. (7).
This new production route of OCS on the grain surface requires
further theoretical investigation.

Due to the high reactivity and abundance of CO and H in
the ISM, the abundance of the initial reactants of this network
(e.g., HyS) is expected to be low and thus be revealed through
reservoirs of their products (OCS, HCS, etc.). Thus, the initial
abundance of H,S may be inferred from its products (OCS and
CS) as detected in the envelope, and this molecule is a zeroth-
generation molecule (Herbst & van Dishoeck 2009). H,S is a
primary reactant of the S-chemistry, it is not considered as a
good tracer of the cold chemistry, as most of the H,S is expected
to react with H and dissociated C=0, thus lowering its abun-
dance. One should focus instead on the subsequent S-reservoirs

(primarily OCS, then CS, H,CS, etc.) to derive its initial abun-
dance in the early stage of the protostellar evolution. However,
H,S is considered as a primary component of S-chemistry in
this region due to the large amount and type of organo-sulphurs
we detected, which is expected to result from H,S and CO
hydrogenation as found from the laboratory experiments.

In the observational data, the highest column density of the
detected species is seen for CS in the cold envelope, underlining
that CS is efficiently produced, as also suggested by Palumbo
et al. (1997), by different production routes. The main routes of
CS are from the reactions of S with C, and CH (Vastel et al.
2018) as well as the electronic dissociative recombination of
HCS* with e”. However, as described by Egs. (8d), the chem-
ical reaction in the gas state producing CS from OCS is possible,
but not exclusive (Vidal & Wakelam 2018; Deeyamulla & Husain
2006).

5.5. Combining warm and cold S-chemistries

The observations presented in this paper connect the sulphur
chemistry through the warm and cold environment among
intermediate-mass protostars of the Cygnus-X star-forming com-
plex. The largest diversity of S-molecules is observed toward the
cold envelope. This suggests that the outer part of the protostar
contains all the possible S-species that play a role in its chem-
istry. Moreover, the limited diversity in S-species in the warm
gas (i.e., hot-core regions) found toward N12 and N30 has also
been observed for other sources such as IRAS 16293-2422B and
was used in hot-core models (Drozdovskaya et al. 2018; Vidal &
Wakelam 2018). As specified previously (see Sect. 5.2), the cold
envelope is the coolest part of the protostellar system, the com-
bination of the dust and low temperature allows a rich surface
chemistry to occur, and most of the molecules are thought to
principally form on dust grains at low temperatures (Jgrgensen
et al. 2020).

The larger diversity of S-molecules in the cold envelope
compared to the hot core does not automatically imply that the
four nondetected S-species, CCS, C3S, CH3SH, and HSCN, in
the hot core are not there. To determine whether they may be
present in the hot core, the upper limits of their column densi-
ties were investigated. A comparison of the column densities in
the cold envelope (c¢) and hot core (h), of these nonobserved S-
species with respect to CS was made for N12. The same ratio
N?p/Ngs= ~ 1 for all these species was found in the hot core as
the same upper limit for them was derived, while different ratios
were found for the cold envelope: N&s/Nés:NICJSCN/N(C:s ~ 1072
and N¢og/Nes=Ney,su/Nes = 1071

When comparing the ratios from the cold envelope and the
hot core, we used OCS as a reference frame. In Table 6 we
show the column-density ratios for the detected and nondetected
species for the cold envelope and the hot cores of N12 and
N30, respectively. The detected species all show similar column
density ratios within a factor of a few, which suggests that the
chemistry in the cold envelope and the hot cores of these dif-
ferent species does not vary significantly. This suggests that the
sulphur chemistry in the hot core is to a high degree inherited
from the cold envelope. At the upper limits, the sensitivity of
the observations is clearly too low for N12 for us to conclude
anything: the nondetections are consistent with a scenario in
which the species are inherited from the cold envelope with the
same column-density ratio. For N30, on the other hand, we find
that CCS, CsS, and CH3SH should have been detected if their
column-density ratios follow the other ratios. This suggests that
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Fig. 9. Sulphur solid- and gas-state chemical network derived from laboratory experiments, observational study of Cyg X-N12 and N30 (i.e., S-
species observed in the cold- and warm-gas chemistries), and previous theoretical studies from Vidal et al. (2019, 2017), Vidal & Wakelam (2018),
Laas & Caselli (2019), Vastel et al. (2018) and Deeyamulla & Husain (2006). The products found in the laboratory are highlighted in the blue boxes,
and the species from the observation of cold gas of Cyg X-N12 are shown inside the dotted green boxes. The species detected toward Cyg X-N12
and N30 in the warm gas are shown inside the orange boxes. The straight lines represent the reactions with an additional reactant, shown by the
plus. The dotted line represents the reaction found from the laboratory experiments. The gas-phase reactions are shown by black arrows, and the

red arrows indicate the solid-state chemistry.

their abundance may be chemically lowered either on the way
to the hot core or in the hot core itself. As this difference is
not driven by sensitivity issues, the conclusion is that the sul-
phur chemistry is best studied in the cold envelope, where the
observed diversity of species is highest.

Based on the derived column densities, our results match pre-
vious observational conclusions (Artur de la Villarmois et al.
2018, 2019; van der Tak et al. 2003; Wakelam et al. 2011), that
is, CS is considered as the main tracer for the cold chemistry,
with the highest column density of Ncs = 9.0*3) x10" cm™2,
and SO and SO, as primary tracers for the warm chemistry,
Nso = 1.3%33 x10"™ ecm™, Nso, = 1.3757 x10'8 cm™2. How-
ever, for the cold envelope, the SO and SO, abundances were
among the five highest abundances of the 11 detected S-species,
and thus were also considered as tracers of the cold envelope.
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The ratio of Ncs/Nso or Ncs/Nso, might thereofre be consid-
ered to precisely determine the environmental conditions rather
than focusing on the column density of a specific species. If the
ratios are higher than one, then this is likely to be the outer part
of the protostar, and inversely, ratios lower than one target the
inner part of the protostars. Furthermore, this ratio has also been
suggested by Bergin et al. (1997) to probe the C/O ratio in the tar-
geted region, as the main production route for SO is from atomic
sulphur and oxygen. This is in accordance with our use of this
ratio, as in the cold envelope, the atomic oxygen is efficiently
converted into H,O on grains and thus its abundance in the gas
is depleted, while at higher temperatures, that is, in the hot core,
the released oxygen from the ice desorbs and forms more S-O
species, which explains the higher densities of S-O species in
the warmer chemistry.
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Table 6. Comparison between cold envelope and hot core of species
with respect to OCS toward N12 and N30.

Cyg X-N12 @ Cyg X-N30 @
Molecules ®  Cold envelope Hot core Hot core

Nes/Nocs 6.4 0.22 0.07
Nso/Nocs 1.8 3.73 8.57
Nso,/Nocs 2.0 3.73 7.8
Nns/Nocs 0.18 0.09 0.04
Nces/Nocs 0.11 <0.17 <7.1x1073
Nec,s/Nocs 1.7x1072 <0.17 <71x1073
Nen,su/Nocs 6.7x1072 <017 <71x1073
Nuscen/Nocs 6.7x 1073 <0.17 <7.1x1073

Notes. @Spectrum from the position MM 1a and MM2 for Cyg X-N30
and -N12 (see Figs. 6 and 7), respectively, corresponding to a contin-
uum peak of each of the binary sources. ?’Only the main isotopologs
detected in the cold envelope and the hot cores are listed in this table.

The comparison of column densities also indicates the oppo-
site trend in the cold and warm chemistries for CS and OCS.
These species are directly related, as shown in Fig. 9. Their abun-
dances in the cold envelope and hot core of N12 and N30 suggest
that in a cold environment, the production of CS is enhanced by
OCS through reactivity with carbon. By contrast, in the warm
gas, the opposite route seems to occur, namely CS combines with
OH to form OCS in the gas phase (Vidal & Wakelam 2018).
Moreover, in the warm gas, the high abundance observed for
OCS is likely caused by a combination of gas chemistry and the
thermal desorption of OCS from the icy dust grains, formed in
the cold envelope, as suggested by the laboratory experiments.

6. Conclusions

To improve our knowledge of the sulphur chemistry in star-
forming regions, we studied the cold and hot chemistries in a
rich molecular complex of our Galaxy, Cygnus X. Two protostars
from this complex were targeted based on their high luminosity,
mass, and relative isolation from other sources. The observations
were supported by laboratory experiments focusing on the H,S
chemistry. The main findings of this paper are summarized as
follows:

1. H,S shows a high reactivity when exposed to CO and H in a
cold environment without any additional source of energy,
leading mainly to the production of one organo-sulphur:
OCS. Moreover, its reaction efficiency is not highly sensitive
to variations in temperature over a range of 10-50 K.

2. H,S appears to be a possible starting point of the reaction
chain of sulphur chemistry and therefore is considered as the
primary component for the S-chemistry. Being at the start
of chemical reaction chain, its initial abundance can only be
derived from its products. Thus, it cannot be considered a
good tracer for the cold chemistry of a star-forming region:
the focus should instead lie on its product, for instance, OCS.

3. The cold envelope hosts a large diversity of S-species, mostly
organo-sulphurs. Only OCS of the observed organo-sulphurs
is also expected to be formed on the icy dust grains, as
suggested by the laboratory experiments, from H,S reacting
with CO and H. The remaining organo-sulphurs correspond
to products from expected later stages of reactions of the CS

chain. The diversity of organo-sulphurs we detected is a clear

indicator that the sulphur chemistry has had time to evolve.

4. The highest S-species abundance in the cold envelope is
observed for CS, which is expected to be efficiently produced
by different routes in the gas phase, but also on grain sur-
faces (cf. Fig. 9). The S-chemistry in the cold envelope is
primarily led by reaction chains from CS, and this species
is considered the main molecular tracer of the cold envelope
regarding the S-chemistry.

5. An unexpectedly high abundance of SO and SO, was
observed in the cold envelope, although these are typically
used for tracing warm chemistry, that is, the hot core and
outflows. Their high abundance and the low diversity of S-
O molecules reveal that these molecules are produced in the
cold envelope, but do not react with the surrounding envi-
ronment and are seen in hotter regions due to the collapsing
envelope.

6. Although SO and SO; could clearly be detected in the obser-
vations, the diversity of the sulphur sample in the hot core is
poor. Only three organo-sulphurs, OCS, H,CS, and CS, are
detected toward both sources. Although the abundance of the
other organo-sulphurs (CCS, C3S, and CH3SH) is too low
to be detected toward N12, these species should have been
detected toward N30 if the chemistry is similar toward both
N12 and N30. This in turn suggests that the abundance of
these species decreases toward the hot core of N30.

7. We observed high abundances of the organo-sulphurs OCS
and H,CS, which might also be considered good tracers of
the warm chemistry. It is likely that the high abundance of
OCS in the hot core is due to its nonthermal and thermal
desorption from the icy dust grains. Their high observed
abundance compared to CS arises because they are produced
on the surface but also in the gas phase of the hot core and
are not easily destroyed (cf. Egs. (6a), (7), and (8b)).

8. The spatial distribution of S-species within the hot-core
region depends on the targeted object. For the typical hot
core of a protostar, no differentiation is expected among the
S-species, while for more massive objects with a nontradi-
tional hot core (i.e., Cygnus X-N30), the spatial distribution
provides information on the type of S-species and on the
physics and chemistry within the hot core.

In conclusion, this study allowed us to confirm for the first
time from a laboratory perspective that OCS is more likely to
be a solid-state S-reservoir than H,S, the latter being expected
to be a key solid-state reactant of the sulphur chemistry in pro-
tostellar envelopes. The observational spectral surveys covering
a large bandwidth provided us with a complete outlook on the
S-species in different regions of intermediate-mass protostars.
This allowed us to point out similarities and discrepancies among
the warm and cold S-chemistry of these astrophysical objects.
Moreover, we determined that the chemical S-inventory and the
derived abundances are dependent on and characteristic of the
environmental temperatures, while its spatial extent depends on
the type of object that is targeted. Extending this analysis to
a larger set of protostars is required to confirm that the trends
observed in Cygnus X-N12 and N30 are characteristic of pro-
tostars. Such an extension would naturally also benefit from an
increase in sensitivity, that is, detecting more species in the hot
cores, and in angular resolution to follow the sulphuric gas flows
near the protostars.
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Appendix A: Laboratory temperature desorption
profile

This appendix shows one of the temperature-programmed des-
orption profiles we used for this study. It provides an overview
of the mass decomposition observed by the QMS. In Figure A.1
we show the hydrogenation of the H,S at 10 K during 15 min.
The data were rebinned by a factor of 4 for clarity, such that the
temporal resolution is 4 sec as opposed to 1 sec (in tempera-
ture units, this difference 0.8 K vs. 0.2 K). Results are shown for
values of m/z of 32 (S), 34 (H,S), 36 (Hg“S), 64 (S,), and 66
(H,S; or $**S). The secondary peak for m/z =34 (H,S) at ~ 140
K is likely caused by a small amount of H,S that is trapped in
H,O, which desorbs at this temperature. For m/z = 64 and 66,
the spectra were multiplied by a factor of 3 to illustrate the non-
detections at high temperature. Both molecules have desorption
temperatures below 240 K (Jiménez-Escobar et al. 2014).
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Fig. A.1. Temperature-programmed desorption profiles obtained after
hydrogenation of H,S at 10 K for 15 min. The TPD is performed from
40 K to ~220 K, and the values of m/z are shown for each spectrum
(see the main text for the species to which they correspond). The spectra
have been rebinned by a factor of 4 for clarity, and are offset from one
another by 80 counts s~!.

Appendix B: Line identification

Tables B.1-B.4 list all the molecules we detected toward CygX-
N12 and N30 in the cold and warm chemistries, as well as their
transition and upper-level energy.

Appendix C: Line spectra

The spectra of the cold envelope and hot core of CygX-N12 are
shown in Figures C.1-C.4 and C.8-C.9, respectively. The spectra
of the hot core of N30 are displayed in Figures C.5-C.7. The
detected S-species are shown in all the spectra.
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Table B.1. Detected S-species toward CygX-N12. Cold chemistry
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Molecule Transition Frequency [MHz] E,, [K] Aj s

C-S Family
OCS 6-5 72976.779 12.3 1.07 x 107°
0oCsS 7-6 85139.103 16.3 1.7146 x 107°
OCS 8-7 97301.208 21.0 2.5813 x 1076
OCS 9-8 109463.063 26.3 3.6988 x 107°
0oc3*s 8§-7 96076.055 20.7 2.4854 x 1076
CS 20-10 97980.953 7.1 1.6792 x 107>
13cs 2-1 90926.026 6.5 1.3419 x 107>
Bcs 20-10 92494.308 6.7 1.4125 x 107>
c*#s 20-10 96412.950 6.9 1.5997 x 1073
c3s 20-10 97172.064 7.0 1.6378 x 107
H,CS 322-221 103039.902 62.6 8.2453 x 1076
H,CS 303-202 103040.447 9.9 1.4841 x 1073
H,CS 321-220 103051.842 62.6 8.2482 x 107°
H,CS 313-212 101477.805 22.9 1.2601 x 107
H,CS 312-211 104617.027 23.2 1.3806 x 1073
H,C*S 313-212 99774.0749 22.76 1.1977 x 107
H,C3*S 322-221 101283.379 62.4 7.8306 x 107°
H,C*Ss 303-202 101284.314 9.7 1.4095 x 1073
H,C*S 312-211 102807.3384 23.05 1.3103 x 1073
CCS 65-54 72323.789 19.2 1.5963 x 1073
CCS 66-55 77731.711 21.8 2.0346 x 1073
CCS 76-65 86181.391 23.3 2.7778 x 107>
CCS 77-66 90686.381 26.1 3.2918 x 1073
CCS 78-67 93870.107 19.9 3.744 x 1073
CCS 88-717 103640.759 31.1 4.9786 x 1073
CCS 89-78 106347.726 25.0 5.4839 x 1073
CCS 98-87 113410.186 33.6 6.5343 x 107
C3S 13_12 75147 25.25 3.2633 x 107
C3S 15-14 86708.379 33.3 5.0378 x 107>
C3S 18 — 17 104048.455 474 8.751 x 1073
cchcs 15-14 86708.522 333 5.0378 x 107>
cches 16 - 15 92488.645 37.7 6.1255 x 107
CH;SH 3030-2020 75862.859 7.3 3.6145 x 107°
CH;SH 3031-2021 75864.405 8.7 3.6176 x 107°
CH;SH 4040-3030 101139.111 12.1 8.8825 x 1076
CH;SH 4041-3031 101139.632 13.6 8.89 x 1076
HSCN 826-725 91746.785 74.3 4.4001 x 1073
HSCN 808-707 91750.636 19.8 4.6944 x 107>
HSCN 928-827 103210.4015 79.27 6.3938 x 107
HCS* 2-1 85347.890 6.1 1.1096 x 107>

O-S Family
SO 22-11 86093.950 19.3 525 % 107°
SO 23-12 99299.870 9.2 1.1252 x 1073
SO 54-44 100029.640 38.6 1.0825 x 107°
SO 32-21 109252.220 21.1 1.0803 x 1073
#*s0 23-12 97715.317 9.1 1.0728 x 107
SO, 606-515 72758.243 19.2 2.7685 x 107°
SO, 313-202 104029.418 7.7 1.0059 x 1073
SO, 1019-10010 104239.295 54.7 11217 x 1073

N-S Family
NS 3134-2-123 115153.935 8.8 2.3295 x 107
NS 3133-2-122 115156.812 8.8 1.9567 x 107>
NS 3132-2-121 115162.982 8.8 1.7472 x 1073
NS 3132-2-122 115185.336 8.8 5.5914 x 10~°
NS* 2-1 100198.474 7.2 2.2056 x 1073
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Table B.2. Detected S-species toward CygX-N12. Warm chemistry

Molecule Transition Frequency [MHz] Ey, [K] Aj [s71]
C-S Family
OCS 28-27 340449.2733 23695 115x107%
0CS 29-28 352599.5703 253.88 128 x 10™*
oc*s 28-27 336163.734 23397 11x10™*
0oCc»s 29-28 348161.174 250.68 1.24x 1074
0oC*s 30-29 360157.731 26796 137 x 10
oc*s 28-27 332129.6702 231.16  1.07 x 107*
oc*s 29-28 343983.2336 24767 119 x 107
oc*s 30-29 355835.9326 26475  1.32x 1074
CS 70-60 342882.8503 65.83 8.4 x 107
c*s 70-60 337396.459 64.77 8.0x 107
Cc¥3s 70-60 340052.5755 65.28 8.19 x 107*
H,CS 10110-919 338083.1953 102.43 577 x 10™*
H,CS 10010-909 342946.4239 90.59  6.08 x 107*
H,CS 1029-9238 343322.0819 14331  5.86x 107
H,CS 1038-937 343409.9625 209.10 5.56 x 107*
H,CS 1037-936 343414.1463 209.10 5.56 % 107*
H,CS 1028-927 343813.1683 143.38  5.88 x 107
H,CS 1019-918 348534.3647 10519 6.32x107*
O-S Family
SO 87-76 340714.155 81.25 499 x 107*
SO 88-77 344310.612 87.48 5.19 x 107
SO 89-78 346528.481 78.78 5.38 x 107*
50 87-76 333900.9827 79.86  4.69 x 10
3430 88-77 337580.1467 86.07  4.89x107*
430 89-78 339857.2694 77.34 5.08 x 107
SO, 21220-21121 332091.4311 21953  1.51x 1074
SO, 431-322 332505.2415 31.29 3.29 x 107*
SO, 18414-18315 338305.9931 196.80 327 x 107*
SO, 20119-19218 338611.8103 198.88 2.87x 107*
SO, 13212-12111 345338.5377 9298  238x 107
SO, 16412-163 13 346523.8784 16446 339 x 107
SO, 19119-18018 346652.1691 168.14  522x107*
SO, 14410-143 11 351873.8732 135.87 343 x 107
SO, 1248-1239 355045.5169 11.00  3.40 x 107*
SO, 1148-1139 357387.5795 9995  338x107*
SO, 844-835 357581.4486 7236  3.06x 107*
SO, 642-633 357925.8478 5858  2.6x107*
SO, 20020-191 19 358215.6327 185.33 5.83x 107
SO, 19416-193 17 359770.6846 21426 3.85x107*
330, 21220-21121 330667.565 21858  145x 1074
3450, 23321-23222 332173.573 27474 254 x 1074
3450, 16412-163 13 332836.225 16290  3.02x 107*
350, 14410-14311 338785.6873 13434  3.08 x 107
3450, 533-422 342208.8572 35.10 3.1x 1074
330, 20119-192 18 342231.6332 198.24  3.06 x 107*
330, 1248-1239 342332.0131 109.51  3.06 x 1074
350, 1046-1037 344245.3459 8838  296x107*
330, 13410-133 11 344807.9147 12146  3.17x10™*
3450, 15412-153 13 344987.5847 148.13 327x107*
3450, 1148-1139 344998.1602 98.48  3.05x 1074
330, 21418-21319 352082.921 25042  3.65%x107*
350, 15214-14113 358987.9711 11872  292x 107
N-S Family
NS 8-17565-716.555 345824.13 69.69  721x107*
NS 817585-7-16575 346220.137 69.84 739 x 10
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Table B.3. Detected S-species toward CygX-N30. Warm chemistry
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Molecule Transition Frequency [MHz] E, [K] Aj [s1
C-S Family
0OCS 28-27 340449.2733 23695 1.15x107%
0CS 29-28 352599.5703 25388  1.28 x 107
oc*s 28-27 336163.734 23397 11x10™*
0oc»s 29-28 348161.174 250.68  1.24 x 107*
0oc»s 30-29 360157.731 26796  1.37 x 107*
0oc*s 28-27 332129.6702 23116  1.07 x 107*
oc*s 29-28 343983.2336 24767 119 x 107
0oc*s 30-29 355835.9326 26475  1.32x 107
CS 70-60 342882.8503 65.83 8.4 % 10
c*#s 70-60 337396.459 64.77 8.0x 10
Cc3s 70-60 340052.5755 65.28 8.19 x 107*
H,CS 10110-919 338083.1953 10243 577 x107*
H,CS 10010-909 342946.4239 90.59 6.08 x 107
H,CS 1046-945 343309.8296 301.07  5.12x107*
H,CS 1029-928 343322.0819 14331  5.86x 107*
H,CS 1038-937 343409.9625 209.10 5.56x107*
H,CS 1037-936 343414.1463 209.10 5.56x107*
H,CS 1028-927 343813.1683 14338 588 x 107
H,CS 1019-918 348534.3647 10519 6.32x107*
O-S Family

SO 21-10 329385.477 15.81 142 x 107
SO 1110-1010 336553.8112 142.88  6.12x 107°
SO 33-23 339341.459 25.51 1.45 x 1073
SO 87-76 340714.155 81.25 4.99 x 1074
SO 88-77 344310.612 87.48 5.19 x 107
SO 89-78 346528.481 78.78 5.38 x 107
50 87-76 333900.9827 79.86 4.69 x 1074
450 88-77 337580.1467 86.07 489 x 1074
3450 33-23 337892.2466 2531 1.40 x 1073
S0 89-78 339857.2694 77.34 5.08 x 10~
330 8755-7645  337199.3711 80.54 4.65%x 1074
350 889.5-778.5  340839.6391 86.75 5.03 x 107
350 8985-7875  343087.2979 78.03 5.09 x 107
SO, 1166-1257 331580.244 148.957 4.35x107°
SO, 21220-21121 332091.4311 219.53 151 x10™*
SO, 431-322 332505.2415 31.29 329 x 1074
SO, 826-717 334673.3526 43.15 1.27 x 1074
SO, 23321-23222 336089.2284 276.02  2.67x107*
SO, 1679-17612  336669.581 24512 584 x107°
SO, 18414-18315 338305.9931 196.80 327 x107*
SO, 20119-19218 338611.8103 198.88  2.87 x 1074
SO, 28226-28127 340316.4059 391.80 2.58 x 107*
SO, 21814-22715 341275.5244 369.14  6.86 x 107
SO, 551-642 345148.9708 75.14 9.81 x 10°°
SO, 13212-12111 345338.5377 92.98 2.38 x 107
SO, 164 12-163 13  346523.8784 16446  3.39x 10
SO, 19119-18018  346652.1691 168.14 522x107*
SO, 24222-23321 348387.80 29274 191 x 1074
SO, 1064-1157 350862.756 138.85  4.40x 107°
SO, 533-422 351257.2233 35.89 3.36 x 107*
SO, 14410-14311 351873.8732 135.87 343 x107*
SO, 1248-1239 355045.5169 11.00  3.40 x 107*
SO, 1579-16610  356040.6442 23040 6.40x 1075
SO, 1046-1037 356755.1899 89.83 328 x 1074
SO, 13410-133 11  357165.3904 12297  3.51x107*
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Table B.4. Table B.3 continued

Molecule Transition Frequency [MHz] Ey, [K]  Aj [s~1]
O-S Family
SO, 15412-153 13 357241.1932 149.68 3.62x 107*
SO, 1148-1139 357387.5795 9995  338x107*
SO, 844-835 357581.4486 7236  3.06x 107
SO, 946-937 357671.8206 80.64  320x107*
SO, 744-735 357892.4422 65.01 2.87 x 107*
SO, 642-633 357925.8478 58.58  2.6x10™*
SO, 17414-173 15 357962.9049 180.11  3.73x 1074
SO, 542-533 358013.1536 53.07  2.18x107*
SO, 440-431 358037.8869 48.48 1.45 x 107
SO, 20020-19119 358215.6327 18533  5.83x107*
SO, 25323-25224 359151.1581 32093  3.10x 10~*
SO, 19416-193 17 359770.6846 21426 3.85x107*
SO, 20812-21715 360721.8287 349.82 772 % 1073
330, 826-717 330191.103 42.77 1.19 x 1074
330, 21220-21121 330667.565 218.58  1.45x 1074
330, 23321-23222 332173.573 27474 254 %107
3450, 16412-163 13 332836.225 16290 3.02x 107*
34350, 13212-12111 338320.3564 92.45 2.27 x 107*
330, 14410-14311 338785.6873 13434  3.08 x 107
3450, 533-422 342208.8572 35.10 3.01x 1074
330, 20119-192 18 342231.6332 198.24  3.06 x 107*
330, 1248-1239 342332.0131 109.51  3.06 x 107*
350, 1046-1037 344245.3459 88.38 296 x 10™*
350, 19119-18018 344581.0445 16741  5.16 x 107*
3450, 13410-133 11 344807.9147 12146 317 x10™*
330, 15412-15313 344987.5847 14813 327 x10™*
330, 1148-1139 344998.1602 0848  3.05x107*
330, 844-835 345168.6641 70.94 2.75 x 107
3350, 946-937 345285.6199 7920  2.88x 107*
3450, 744-735 345519.6563 63.61 2.59 x 107
330, 642-633 345553.0927 57.19 2.35x 107
3450, 542-533 345651.2934 51.69 1.96 x 107
330, 440-431 345678.7871 47.10 1.31 x 107*
350, 17414-173 15 345929.349 17851  337x107*
3450, 19416-193 17 348117.4691 21261  3.50 % 107
330, 21418-21319 352082.921 25042  3.65%x107*
3450, 25323-25224 356222.25 31952 297 x 10
330, 20020-19119 357102.1824 18455 5.81x107*
350, 23420-23321 358347.3159 29193  3.86x 107*
3450, 15214-14113 358987.9711 11872 2.92x107*
330, 24222-23321 359651.7298 202.00 220x107*
350, 16412-163 13 339480.7723 163.66 171 x 10°°
3350, 3212-12111 341723.1266 92.71 1.99 x 107°
330, 14410-14311 345133.1204 135.08 323 x 107
3350, 19119-18018 345584.7147 16777 519 x 1074
330, 1248-1239 348491.9464 11023 3.19x 1074
350, 1046-1037 350303.689 89.09  3.01 x 107
350, 13410-133 11 350788.1698 122.19 327 x10™*
350, 20020-191 19 357658.8622 18493 5.80x 107*
N-S Family

NS 8-17565-716.555 345824.13 69.69  721x107*
NS 817585-7-16575 346220.137 69.84  7.39x 10
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Fig. C.1. Spectrum in the range 72.2-86.9 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.
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Fig. C.2. Spectrum in the range 90.62-99.8 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.
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Fig. C.3. Spectrum in the range 100-113.7 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.

A100, page 26 of 32



M. el Akel et al.: Unlocking the sulphur chemistry in intermediate-mass protostars of Cygnus X

<
o

Flux [Jy/beam]
f=]

o
o

] ’wwmm«NﬂmwanMMMWWNMW[/WUMJWWWWJ[MMWUIWW
115.00 115.05

I
NS

! HLM Iy i

MWWWWWMwﬂnpﬁumwmHWHWMHWWW

115.10 115.15

11520
Frequency [GHz]

115.25 115.30 11535

Fig. C.4. Spectrum in the range 115-115.4 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.
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Fig. C.5. Spectrum in the range 329.2-340 GHz toward the source CygX-N30. Transitions of the sulphur species are identified.

A100, page 28 of 32



M. el Akel et al.: Unlocking the sulphur chemistry in intermediate-mass protostars of Cygnus X

151
10 i 33 50, )CS *o 350
5 - MW'/ \rm \/\'
0 wmw/}\wwmwmwww \*wmww/\w Sttt \wwww“f\ Wb oot | oty st ety
340.2 340.4 340.6 340.8 341.0
101 |
5 4 50, WW/J /\\ P50,
01 WWMMMWWMMW by W gas e biope | SMANT Mt s i bty
3412 3414 341.6 341.8 342.0
10 i P50, ﬂ\‘ S HyCS
5 | }
01 ettty | W»«W WWMWMWMWUWWWWNJ\MMWW Yyt sty Wbt
342.2 342.4 342.6 342.8 343.0
10
%50 1,C8 2CS HyCS s
o
0t HMMMNWMMWWW WWWM MNMWMW,W*MWWWMMWWWWM WMWW»WWM*«WW ot
15343.0 3432 3434 343.6 343.8 344.0
10 i 80, 150, 150, P50,
| j W
01 MWWM« : gy WM{W WWWWWWMWMwM ‘ WWM»WWW
344.0 3442 344.4 344.6 344.8
15, } H
10 i 1350, 350, | 0, P50, P50, P50, \ NS 430,
] Py \‘ww/J W \N/\W ‘ /\/\/
01 ‘WMWNWW\VIJ WW : W ‘ W [ ‘ w
345.0 345.2 3454 345.6 345.8
151 J
1 0 ] S S0, 0 802
| W
0L M ool ; ‘ it Yo st oty
346.0 346.2 346.4 346.6 346.8
151
10 1 50, 0CHs S0, 50, H,CS
54
348.0 348.2 348.4 348.6 348.8
151
10 i 1350, 1350, 50,
0 WWWMWWWMWWWW / WWWMW’NMWWNMW J MY
350.2 350.4 350.6 350.8
§ 151 |
10 i 50, 80,
2 | l
2 | w W U&M
T 04 ‘WWWMWWW - W{”\WW ‘ VA
351.0 351.2 3514 351.6 351.8
Frequency [GHz]

Fig. C.6. Spectrum in the range 340-352 GHz toward the source CygX-N30. Transitions of the sulphur species are identified.
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Fig. C.7. Spectrum in the range 352-361 GHz toward the source CygX-N30. Transitions of the sulphur species are identified.
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Fig. C.8. Spectrum in the range 330-344 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.
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Fig. C.9. Spectrum in the range 344-360.5 GHz toward the source CygX-N12. Transitions of the sulphur species are identified.
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