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ABSTRACT

Context. Sulphur-bearing species are detected in various environments within Galactic star-forming regions and are particularly abundant in the gas
phase of outflow and shocked regions in addition to photo-dissociation regions. Thanks to the powerful capabilities of millimetre interferometers,
studying sulphur-bearing species and their region of emission in various extreme extra-galactic environments (e.g. starburst and active galactic
nuclei) and at a high-angular resolution and sensitivity is now possible.

Aims. In this work, we aim to investigate the nature of the emission from the most common sulphur-bearing species observable at millimetre
wavelengths towards the nuclear starburst of the nearby galaxy NGC 253. We intend to understand which type of regions are probed by sulphur-
bearing species and which process(es) dominate(s) the release of sulphur into the gas phase.

Methods. We used the high-angular resolution (1.6” or ~27 pc) observations from the ALCHEMI ALMA Large Program to image several sulphur-
bearing species towards the central molecular zone (CMZ) of NGC 253. We performed local thermodynamic equilibrium (LTE) and non-LTE large
velocity gradient (LVG) analyses to derive the physical conditions of the gas where the sulphur-bearing species are emitted, and their abundance
ratios across the CMZ. Finally, we compared our results with previous ALCHEMI studies and a few selected Galactic environments.

Results. To reproduce the observations, we modelled two gas components for most of the sulphur-bearing species investigated in this work. We
found that not all sulphur-bearing species trace the same type of gas: strong evidence indicates that H,S and part of the emission of OCS, H,CS,
and SO are tracing shocks, whilst part of SO and CS emission rather traces the dense molecular gas. For some species, such as CCS and SO,, we
could not firmly conclude on their origin of emission.

Conclusions. The present analysis indicates that the emission from most sulphur-bearing species throughout the CMZ is likely dominated by
shocks associated with ongoing star formation. In the inner part of the CMZ where the presence of super star clusters was previously indicated,
we could not distinguish between shocks or thermal evaporation as the main process releasing the S-bearing species.

Key words. astrochemistry — ISM: molecules — galaxies: abundances — galaxies: active — galaxies: ISM — galaxies: starburst

1. Introduction In the dense gas phase of star-forming regions, most of
the sulphur (S) is locked onto the icy grain mantles and its
most efficient release into the gas phase can occur primarily
, via thermal evaporation in warm regions or non-thermal evap-
hot cores (HCs) and hot corinos (e.g. Blakeetal. 1996; oration throughpshocks (e.g. Minhe%al. 1990; Charnley 1992;
Charnley 1997; van der Tak et al. 2003; Wakelam. et al. 2004a; Bachiller et al. 2001; Hatchell & Viti 2002; Esplugues et al.
Esplugues et al. 2013; Crockett et al. 2014a; Lietal. 2015; 2014; Woods et al. 2015). Once in the gas phase, S-bearing
Drozqovskaya ctal. 2018 Lu.0 etal. 2019, . Codell.a etal. species are known to be extremely reactive, meaning their abun-
ggg’ Bo%scasse etgl' h201§2, ArturBde}llfftHVlllarnllomzez)toall: dance greatly depends on the thermal and kinetic properties

). outflows and shocks (e.g. Bachillereta . > of the gas (Viti et al. 2004). S-bearing species are particularly
Codella et al, .2005; Leflochetal. 2005,  Podio ef al. useful for reconstructing the chemical history and dynamics
2014; HOldShlp etal. 2016, 2019; Kwonetal. 2015; of a variety of objects as they have been used as chemical
Ospma—Zamugho etal. 2019; Taquet et a.l‘ 2029; Feng et al. clocks for the shocked gas and HCs (e.g. Pineau des Foréts et al.
2020; Tychoniec et al. 2021; Artur de la Villarmois et al. 2023), 1993; Charnley 1997; Codella & Bachiller 1999; Viti et al.
photo-dissociation regions (PDRs; e.g. Jansenetal. 1995; 2001; Wakelam et al. éOO4b; Lietal. 2015; Feng ét al. 2020:

g(;)ziif);c.h?? etl\a/}. ,2?10?; Gin?rgoeltgal. 2312; lGoilcoeclhe?iet ali' Taquet et al. 2020; Codella et al. 2021; Bouscasse et al. 2022;
; Riviere-Marichalar et al. ), and molecular clouds an Esplugues et al. 2023).

;((;rle:%s' (%ags:tel\e)\t,aﬁelan; ()e{ 511 1\212832;0_ A?ﬁg?ﬁztilwagggg Thanks to the powerful capabilities of millimetre interfer-
Hil -’Bl | 2622_ S > L 2022 F ’ 1’ ometers such as the Atacama Large Millimeter/(sub-)millimeter

tly-blant et al s >pezzano etal. ; [Fuente et al. Array (ALMA) and the NOrthern Extended Millimetre Array
2023; Fontani et al. 2023). (NOEMA), it is now possible to study many sulphur-bearing
species in the extreme environments of external galaxies — for
example starburst or active galactic nuclei (AGN) — compared to
* Corresponding author; bouvier@strw.leidenuniv.nl our own Galaxy. A variety of sulphur-bearing species have been

Sulphur-bearing species are widely detected in various
environments within Galactic star-forming regions such as
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previously detected in various types of galaxies. For example,
SO and SO; likely trace HCs in the Large Magellanic Cloud
(Sewilo et al. 2022), whilst H,S, SO, SO,, and CS seem to
probe shocks in AGNs (e.g. Scourfield et al. 2020; Kameno et al.
2023). In starburst galaxies, sulphur-bearing species were
found to be associated with PDRs (e.g. Meier & Turner 2005;
Bayet et al. 2009), dense molecular gas (e.g. Martin et al. 2005;
Aladro et al. 2011; Ginard et al. 2015), shocks (e.g. Martin et al.
2003, 2005; Viti et al. 2014; Meier et al. 2015; Sato et al. 2022),
or irradiated gas by forming stars (i.e. hot-core-like regions;
Minh et al. 2007; Sato et al. 2022). However, these studies were
limited by either a low angular resolution (Martin et al. 2005) or
by a low number of available transitions (Minh et al. 2007) to
allow the physical conditions of the gas where S-bearing species
are emitted to be constrained, and hence reveal which environ-
ment they trace in starburst galaxies.

The ALMA Comprehensive High-resolution Extragalactic
Molecular Inventory (ALCHEMI; Martin et al. 2021) large pro-
gramme is the first and broader unbiased imaging molecu-
lar survey performed towards the starburst central molecu-
lar zone (CMZ) of the nearby galaxy NGC 253 beyond the
previous single-dish unbiased surveys by Martin et al. (2006)
and Aladro et al. (2015), giving us access to both high-angular
resolution (1.6” or ~27pc) and a large number of transi-
tions for many molecular species, including sulphur-bearing
species. Several ALCHEMI studies have already been pub-
lished, which derived a high cosmic-ray ionisation rate (CRIR)
towards the NGC 253 CMZ using various molecular species
and abundance ratios (CoH: Holdship et al. 2021; H30*/SO:
Holdship et al. 2022; HCO*/HOC*: Harada et al. 2021, and
HCN/HNC: Behrens et al. 2022), reported the first extragalac-
tic detection of a phosphorus-bearing species, PN (Haasler et al.
2022), characterised various types of shocks throughout the
CMZ (using HNCO and SiO: Huang et al. 2023; methanol
masers: Humire et al. 2022; or HOCO™": Harada et al. 2022),
explored the general physical properties of the CMZ of NGC 253
(Tanaka et al. 2024), and performed a full principal component
analysis (PCA; Harada et al. 2024).

In this paper we aim to use the molecular richness and high-
angular resolution of ALCHEMI to perform a complete investi-
gation of the most abundant sulphur-bearing species in Galactic
star-forming regions (CS, H,S, OCS, SO, H,CS, SO,, and CCS;
e.g. Hatchell et al. 1998; Lietal. 2015; Widicus Weaver et al.
2017; Humire et al. 2020) towards the starburst CMZ of
NGC 253, where the detection of these species has been pre-
viously reported by Martin et al. (2021). We aim to determine
the main process(es) dominating the release of sulphur-bearing
species into the gas phase towards the CMZ of NGC 253, a pro-
totypical starburst environment.

The paper is structured as follows: An overview of the
NGC 253 CMZ structure is presented in Sect. 2 and the obser-
vations are in Sect. 3. Sect. 4 shows the emission distribution of
the targeted S-bearing species and the regions chosen to perform
the analyses. The results of the Gaussian fit and the LTE and
non-LTE analyses are described in Sect. 5 and then are further
discussed in Sect. 6. Finally, the conclusions are summarised in
Sect. 7.

2. The structure of the central molecular zone of
NGC 253

NGC 253 is a nearby starburst galaxy located at a distance
of 3.5Mpc (Rekolaetal. 2005) with an inclination of 76°
(McCormick et al. 2013). The inner kpc region exhibits intense
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star formation with a rate of ~2Myyr~!, which represents
about half of the global star formation activity of the galaxy
(Bendo et al. 2015; Leroy et al. 2015). Within this starburst
nucleus, the CMZ is a ~300 pc x 100pc region containing
ten giant molecular clouds (GMCs) of a size of ~30 pc identi-
fied in both molecular and continuum emission (Sakamoto et al.
2011; Leroyetal. 2015). The CMZ is particularly chemi-
cally rich (e.g. Martin et al. 2006, 2021; Aladro et al. 2015;
Pérez-Beaupuits et al. 2018; Mangum et al. 2019; Krieger et al.
2020a) and relatively turbulent. Indeed, shocks have been iden-
tified in several GMCs lying close to the orbital intersec-
tions of the central bar hosted by NGC 253 (Harada et al.
2022; Huang et al. 2023; Humire et al. 2022), and have been
claimed to explain its global chemical abundances (Martin et al.
2009a). Additionally, the presence of the starburst-driven large-
scale outflow (Bolatto et al. 2013) and superbubbles (due to
expanding HII regions of supernovae; Sakamoto et al. 2006;
Gorski et al. 2017; Krieger et al. 2020b; Harada et al. 2021)
could interact with the CMZ inducing streamers (Walter et al.
2017; Tanaka et al. 2024; Bao et al. 2024) and cloud-cloud col-
lisions (Huang et al. 2023, Tanaka et al. 2024).

At a higher angular resolution, the GMCs located in the inner
160 pc of the CMZ can be resolved into several massive star-
forming clumps called super proto- super star clusters (proto-
SSCs; Andoetal. 2017; Leroy etal. 2018; Rico-Villas et al.
2020; Mills et al. 2021; Levy et al. 2021). These proto-SSCs
are compact (<1pc), massive (M > 10°Mg) and young
(£3Myr). Some of the proto-SSCs host super hot cores
(SHCs; Rico-Villas et al. 2020), which are scaled up versions
of Galactic HCs with high dust temperatures (~200—-300K)
and high densities (~10° cm™3), and show clear outflow signa-
tures (Gorski et al. 2019; Levy et al. 2021). High kinetic tem-
peratures (>300K) were also measured from H,CO observa-
tions at scales <1” (<17 pc), very likely associated with dense
gas heating sources (Mangum et al. 2019). Some studies sug-
gested that the proto-SSCs formed following an inside-out for-
mation (Rico-Villas et al. 2020; Mills et al. 2021) but this sce-
nario seems to be contentious (Krieger et al. 2020a; Levy et al.
2022).

3. Observations, data processing, and line selection

The observations used in this work are part of the ALCHEMI
Large Program (co-PIs.: S. Martin, N. Harada, and J. Mangum).
We give here only a summary of the observations. The
full details of the data acquisition, calibration and imaging
are described by Martin et al. (2021). The observations were
performed during Cycles 5 and 6, under the project codes
2017.1.00161.L and 2018.1.00162.S. The observations covered
Bands 3 through 7, with a frequency ranging between 84.2
and 373.2GHz and were centred at the position o(ICRS) =
00"47m33.26° and S6(ICRS) = -25°17’17.7”; the common
region imaged corresponds to a rectangular area of size 50" x20"”
(850 x 340 pc) with a position angle of 65°, covering the CMZ
of NGC 253. All the data cubes have a common beam size of
1.6” x 1.6” (~27 pc), and a maximum recovered scale of >15"
(2255 pc). The spectral resolution is ~10 km s~!. Finally, follow-
ing Martin et al. (2021), we adopted a flux calibration error of
15%.

We used the continuum-subtracted FITS image cubes pro-
vided by ALCHEMI which contain the sulphur-bearing species
and transitions of interest to this work. We processed the FITS
image cubes using the packages MAPPING and CLASS from
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GILDAS! to produce the velocity-integrated maps, extract the
spectra and perform a Gaussian fitting of the lines. We extracted
the spectra from beam-sized regions (see Sect. 4) and converted
them in brightness temperature using the equation:

2 1”7 144
T(K) = 13.6x(&:}HZ) ( ! )( ! )SV(Jy) (1)

Qmin gmax

where v, Omin, Omax, and S, are the frequency, the minor and
major axis of the beam, and the flux density, respectively.
For each spectrum, we fitted a zeroth order polynomial to the
line-free channels from the continuum-subtracted data cubes
to retrieve the information about the spectral root-mean-square
(rms).

We targeted the most abundant S-bearing species detected
in Galactic star-forming regions, namely CS, H,S, H,CS, OCS,
SO, SO, and CCS (e.g. Hatchell et al. 1998; Lietal. 2015;
Widicus Weaver et al. 2017). All the species used in this work
were previously detected in NGC 253 by Martin et al. (2021).
We also extracted measurements of the detected isotopologues
S0 and H3*S. Isotopologues of CS are also detected but they
will be the focus of a separate study so we do not consider
them in the present paper. For the analysis, the threshold for
line detection was set to 30 for the integrated intensity. We did
not consider lines that are contaminated by more than 15% by
another transition, or lines that are too blended to allow a multi-
ple Gaussian fit to be produced. To assess whether a line is con-
taminated, we used the existing line identification (Martin et al.
2021 and priv. comm.), and performed an additional check using
the CLASS extension WEEDS (Maret et al. 2011). WEEDS
uses the Jet Propulsion Laboratory (JPL; Pickett et al. 1998)
and the Cologne Database for Molecular Spectroscopy (CDMS;
Miiller et al. 2001, 2005) databases. The list of all transitions
used in this work, as well as their spectroscopic parameters, is
presented in Table B.1.

4. Emission distribution and targeted regions

The velocity-integrated line intensity maps of the different
sulphur-bearing species are shown in Figures 1, 2 and 3. The
maps for the isotopologues H%“S and 3*S0, are presented in
Fig. A.1. For each species, we selected a sample of three transi-
tions which are unblended and isolated or next to a line whose
flux does not exceed the level of the flux calibration error of 15%
(see Sect. 3) and integrated the emission over the full line pro-
file ranging within [0;400] kms~'. When possible, we selected
lines covering different upper-level energies to show the varia-
tion of the emission distribution with different excitation levels
reflecting the various excitation conditions. Before describing
the emission distribution of each species, we give an explanation
of how the regions where we extracted the spectra were chosen
and how we named them.

We selected the regions based on where the species show the
most intense emission. Table 1 lists the selected regions and their
associated coordinates. Each of the selected regions have been
named after existing identifications. Regions GMC10, GMC7,
and GMC6 correspond to the Giant Molecular Clouds 10, 7,
and 6, respectively, as previously defined by Leroy et al. (2015).
The S-bearing species have a peak intensity that is shifted
from the GMC9, GMCS8, GMC1 and GMC2 regions defined in
Leroy et al. (2015), but which correspond to the newly defined
regions GMC8a, GM(C9a, GMCla, GMCIlb and GMC2b in

! http://www.iram.fr/IRAMFR/GILDAS

Huang et al. (2023). We did not notice a particular peak of emis-
sion of the S-bearing species towards the position GMC2a and
do not consider this position in this work, as we aim to focus
on where the emission of the S-bearing species is the strongest.
The positions SSC5 and SSC2 have their centre corresponding
to the proto-SSCs 5 and 2, respectively, which were defined in
Leroy et al. (2018). The emission of the S-bearing species peaks
towards these proto-SSCs rather than GMC3 and GMC4. Hence,
we used the coordinates of SSC5 and SSC2 to extract the spec-
tra towards these two positions. It is important to note that as the
ALCHEMI beam encompasses several proto-SSCs, the regions
named SSCS5 and SSC2 include also the SSC4 to SSC7 and the
SSCI1 to SSC3, respectively. Finally, we did not take into account
the GMCS5 region, which is close to the position of the strongest
radio continuum called TH2 (Turner & Ho 1985) and the kine-
matic centre of NGC 253 (Miiller-Sanchez et al. 2010). In previ-
ous studies, it was found that GMC5 shows particular features,
such as absorption, due to the strong radio continuum emission at
this location (Meier et al. 2015; Humire et al. 2022). The study
of GMCS is thus impossible to perform with the analysis pro-
posed in this paper. Finally, the S-bearing species studied in this
paper are not clearly detected in the streamers associated with
the large-scale outflow, except for CS (Walter et al. 2017). We
will therefore not investigate vertical structures or gas properties
along these features.

Overall, we defined ten regions, shown by magenta circles in
Figs. 1,2 and 3. For the rest of the paper, we will refer to the part
of the CMZ containing the regions GMCI10, 9a, 8a, 1a, 1b, and
2b as the ‘outer CMZ’ (between 10” and 16” from the kinematic
centre) , and we will refer to the part of the CMZ encompassing
the regions GMC7 to SSC2 (within ~6” around the kinematic
centre) as the ‘inner CMZ’.

We find that the emission distribution varies depending on
the species and the transitions. CS shows the most extended
emission among the S-bearing species and is detected through-
out the CMZ, with its emission peaking towards the inner CMZ.
The emission distribution of H,S and SO are relatively similar
to that of CS (Fig. 1). For the isotopologues Hg“S and **S0, the
former is detected only towards the inner CMZ whilst the latter
is detected throughout the CMZ (Fig. A.1). However, as H,S is
less intense in the outer CMZ, the lack of detection of its isotopo-
logue in these regions could be due to a lack of sensitivity. On
the other hand, the emissions of OCS and H,CS peak towards
each of the GMCs/proto-SSCs throughout the CMZ rather than
towards the GMCs/proto-SSCs of the inner CMZ (Fig. 2). Both
species also peak towards SSC2 but not towards SSCS5, as found
in the case of the other species. Finally, CCS and SO, are the
species which show most of their emission towards the inner
CMZ, with SO,, in particular, detected only towards the three
innermost regions GMC6, SSCS5, and SSC2 (Fig. 3). For all the
species, lower-energy transitions (E, < 80—100K for H,S and
OCS, E, <50-60K for H,CS and SO, and E, < 25K for CCS)
are extended throughout the CMZ whilst the higher-energy tran-
sitions are more concentrated towards the inner part of the CMZ.

5. Results
5.1. Gaussian fit and spectra

We extracted each spectrum from a circular region of a beam
size (1.6"") centred at the coordinates given in Table 1. The spec-
tra, the line-fitting results of the Gaussian fits and the rms for
each species and region are publicly available on Zenodo®. We

2 https://zenodo.org/records/11351042
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Fig. 1. Velocity-integrated maps of CS, H,S, and SO, which show extended emission throughout the CMZ with their peak of intensity towards
the inner CMZ. The positions of TH2 (Turner & Ho 1985) and the kinematic centre (Miiller-Sdanchez et al. 2010) are labelled by a filled magenta
star and triangle, respectively. The regions where the spectra were extracted are shown by the magenta circles and are labelled in the left-most
panel. The beam is depicted in the lower left corner of each plot. The scale bar of 100 pc corresponds to ~6”. Top: velocity-integrated maps of
CS (2-1), (4-3) and (6-5). Levels start at 30" (1o~ = 46, 150, and 148 mJy.beam™', respectively; white contours) with steps of 30, 30, and 500
(black contours), respectively. Middle: velocity-integrated maps of H,S (1,9—10,1), (220—21,1) and (339—3,,1). Levels start at 30 (1o~ = 79, 50, and
81 mJybeam™!, respectively; white contours) with steps of 15, 40, and 300 (black contours), respectively. Bottom: velocity-integrated maps of
SO (34—-23) and (35—3,4). Levels start at 30 (1o = 50 and 28 mJy.beam™', respectively; white contours) with steps of 7 and 30~ (black contours),
respectively.
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Fig. 2. Same as Fig. 1 but for OCS and H,CS, which show their peak of emission towards each of the GMCs rather than the inner CMZ. Top:
velocity-integrated maps of HyCS (393-202), (71.7=616), and (11;,—10; 19) . Levels start at 30~ (1o~ = 21, 50, and 27 mJy beam™!, respectively;
white contours) with steps of 4, 10, and 40 (black contours), respectively. Bottom: velocity-integrated maps of OCS (8-7), (13—12) and (17-16).
Levels start at 30 (1o~ = 14, 63.7 and 90 mJy beam™!, respectively; white contours) with steps of 7, 4, and 70" (black contours), respectively.

centred each spectrum at the kinematic local standard of rest
(LSRK) frequency of the associated transition before extract-
ing the line parameters. To extract the integrated intensities
( f T dV), we used two methods depending on whether the lines
are blended or not. In the case of non-blended lines, we mea-
sured the direct integration of the channel intensities. This is
because most of the lines do not present a clear single-Gaussian
profile. We nonetheless performed Gaussian fitting to extract the
line widths (FWHM) and the peak velocity (Vi) to have a quan-
titative assessment towards these parameters. For the lines that
are blended with another line, we performed a multi-Gaussian
fit (with two Gaussian components) and we took the integrated
intensity directly from the result of the fit, as well as the FWHM
and Vi If the blending with another line does not allow such a
fit to be performed, the transition has been dismissed from the
analysis. Finally, for the line profiles of CS towards GMC7 and
GMC2b, two velocity components could be used for the fitting.
However, for the rest of the analysis, we selected only the com-
ponent with the highest peak intensity as this component is also
detected in the other species (the other component is too weak

or undetected, i.e. below the 30 threshold). We thus discarded
this component as we would not have a complete data set for
a comparison with the other component and other regions. The
results of the systemic velocities and line widths are discussed
in Sects. 5.1.1 and 5.1.2 below.

5.1.1. Systemic velocities

Figure 4a shows the averaged systemic velocities derived for
each species per region. The uncertainties derived from the
Gaussian fit being usually smaller than the spectral resolution
of 10kms™!, we thus adopted this value for the error bars. First,
it appears that not all transitions of the same species peak at the
same systemic velocity: the low upper-level energy transitions of
CS (E, < 20K), H,CS (E, < 30K), OCS (E, < 100K), *SO
(Ey < 30K) and CCS (E, < 35K) show a different peak com-
pared to the higher upper-level transitions. However, depend-
ing on the species, this difference is not necessarily significant.
Indeed, for CS the difference varies in the range ~14—16 km g1
in most regions. The line widths vary between 65 and 81 kms™.
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Fig. 3. Same as Fig. 1 but for CCS and SO,, which are mostly detected towards the inner part of the CMZ. Top: velocity-integrated maps of CCS
(89=7g), (11;,—10;;), and (18,9—17,3). Levels start at 30 (1o~ = 15.7, 30, and 33 mJy beam™!, respectively; white contours) with steps of 7o (black
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91.5 and 125 mJy beam™', respectively; white contours) with steps of 5, 3, and 30 (black contours), respectively.

The differences in peak velocity are thus less than 1/3 of the
line widths and cannot be considered as significant. Similarly,
the difference in peak velocities for OCS is at most 1/3 of the
line widths. Additionally, and this is particularly visible with the
CS lines, non-Gaussian line profiles could also lead to a shift in
the derived systemic velocity. Therefore, for CS and OCS the
difference in peak velocities between the low- and high-upper-
energy level transitions is not significant. On the other hand, for
H,CS, **S0, and CCS, the difference in peak velocity between
the low- and high upper-level energy transitions varies between
1/3 (CCS) and more than half (H,CS and 3*SO) the line widths
of these species and, hence, can be considered as significant.

A second result is that, within each region, not all species
peak at the same systemic velocity. Throughout the CMZ, a clear
distinction is seen between the velocity peak of the low upper-
energy levels of H,CS and CCS, with that of the other species
and transitions. On average, the difference in peak velocity is
10-20kms™' compared to the low upper-level energy transi-
tions of CS and OCS, and the high upper-level energy transitions
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of CCS. Here again, non-Gaussian line profiles could lead to a
difference in the derived systemic velocities. Such small shifts
in velocity might thus not be significant. A larger difference is
seen compared to H,S, SO, the low upper-level energy transi-
tions of 3*S0O, and the high upper-level energy transitions of CS
and H,CS with a shift of 3040 km s~'. Finally, the most impor-
tant shift in peak velocity (40-50kms™') is seen for SO, and
the high upper-level energy transitions of **SO and OCS, when
comparing with the systemic velocities of the other species and
transitions. If we consider the line widths derived, all these peak
differences are likely significant towards GMC10 where the peak
difference is similar to or greater than the line width of the var-
ious transitions. Towards the regions SSC2 and GMC2b, where
the line widths range between 20 and 60kms~' (see Fig. 4b),
peak velocity shifts higher than 30 kms~! can be considered as
significant. Finally, in the other regions where most line widths
are within the 40-80km s™! range, shifts of at least 40 km g1
can be considered as significant. SSCS is the only region where
all species and transitions peak at almost the same velocity of
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Table 1. Selected regions where the S-bearing species’ emission peaks,
their coordinates, and their position within the CMZ.

Region RA (ICRS) Dec (ICRS) Position
(00"47™) (=25°:17") O/
GMC10 3452360 077836 0]
GMC9a 3451227 1177702 0]
GMC8a 3359359 1077905 0]
GMC7 3336432 1377272 |
GMC6 3383312 15756 I
SSC5 3259811 197710 I
SSC2 3258199 217240 I
GMC2b 3283398 187869 (0]
GMCl1b 3250835 257510 0]
GMCla 3159363 297018 0]

Notes. The letter ‘I’ stands for a position in the inner CMZ whilst ‘O’
stands for a position in the outer CMZ (see text).

~220-230kms~!, without any clear difference between transi-
tions or species.

5.1.2. FWHMs

Figure 4b shows the FWHM analysis results. Towards GMCI10,
GMC2b, and SSC2 line widths are narrower compared to
the other regions. The narrowest FWHMs are found towards
GMC10, with all the species having FWHM < 40kms~!. For
SSC2, the smaller line width (~30kms™!) compared to most
of the other regions is only seen for some species and tran-
sitions: 3*SO, SO, and OCS (E, > 100 K). The rest of the
species and transitions have line widths varying between 40 and
90kms~!. Then, within each region, there is some scatter in
the FWHMs: in the outer CMZ, H,S and CS have the largest
FHWM, except towards GMC10 where only H,S shows the
larger FWHM. In the inner CMZ, CS has the largest line widths
compared to the other species whilst SO, and **SO (E, > 30K)
show the narrowest line widths. No general trend is found for the
other species and transitions. Finally, for species where the low-
(E, < 20-30K for CS, H,CS, and 3*SO; E, < 50K for CCS;
E, < 100K for OCS) and high upper-level energy transitions are
peaking at different systemic velocities (see Sect. 5.1.1), there is
no clear difference in the line widths, except for GMC1b where
the line width of CS (E, < 20K) is larger than that of the other
transitions by ~22km s~!. Although some trends can be seen, it
is important to keep in mind that optically thick lines and pres-
ence of multiple components (which cannot be disentangled at
our current spectral resolution) can induce larger line widths or
non-Gaussian line profiles. The optical depths are derived as part
of the non-LTE LVG analysis (see Sect. 5.2.3) and the results of
both line optical depths and whether the derived trends in line
widths can be trusted will be discussed in Sect. 5.2.3.

5.2. Derivation of physical parameters

To derive the physical parameters of each species and for each
region, we used two different methods. As a first step, we per-
formed rotation diagrams (RDs) without beam correction. As we
cover a large range of E, for most of the species, it can allow
us to identify whether different components with different exci-
tation conditions (temperature and density) are present within
each region studied. In this case, we expect to clearly see differ-

ent slopes (hence different excitation temperatures) in the RDs.
The main assumptions of the RD method are local thermody-
namic equilibrium (LTE) conditions and optically thin emission
of the lines. Although we do not expect these two assumptions to
hold for all transitions and species, the results we obtain can be
used as a first indication of the rotation temperature and beam-
averaged column densities of each species. As examples of the
results we derived from the LTE analysis, we will present below
only those for the species for which we could not perform a non-
LTE analysis as a second step.

We could not perform the non-LTE analysis for CCS, SO,,
and OCS. In the case of CCS, no collisional excitation rates are
available in the online databases. For SO,, the results of the RD
predicted temperatures in the range 55—79 K for the first compo-
nent. The LAMDA database (Schoier et al. 2005) provides two
sets of collisional excitation rates; one for temperatures lower
than 50 K and the other one for temperatures larger than 100 K.
None of the two sets were thus usable to model the physical con-
ditions of the first component of SO;. For the second component,
although we could use the set for which the rates were calcu-
lated for temperatures above 100K, the non-LTE code we use
cannot converge towards a solution if the first 200 levels of a
molecule are populated, which is the case here. Finally, in the
case of OCS, the collisional coefficient rates were initially cal-
culated by Green & Chapman (1978) for the first thirteen levels
and for a temperature up to 100 K. An extrapolation of these
rates is available on the LAMDA database for transition levels
up to J = 99 and for a temperature up to 500 K (Schoier et al.
2005). However, no matter which range of physical conditions
(T, n) we run, the code does not converge and is unable to find
a solution®. We could find a solution by using the rates avail-
able in the BASECOL database (Dubernet et al. 2013) but the
available rates only concern the 13 first levels which corresponds
to the first five transitions that are detected in this work. Con-
sequently, we could not model the second component on the
regions GMC6, SSC5, and SSC2. In this section, we will thus
present the LTE results for OCS, SO,, and CCS. The LTE results
for the other species are publicly available on Zenodo®.

5.2.1. LTE analysis: OCS, CCS, and SO,

Thanks to a large enough (>10 for most species and regions)
number of transitions detected, as well as the wide range of
upper-level energy transitions available per species, we could
perform rotation diagram (RD) analyses. The beam filling fac-
tor was set to 1 as (1) we do not know the size of emission of the
species and (2) the emission is more extended than the beam
size in most cases. We included the calibration error of 15%
and the spectral RMS in the integrated flux (see Sect. 3). The
best-fit was calculated by minimising the reduced chi-square,
x?. Depending on the regions and species, we could fit more
than one rotation temperature. This behaviour can be due to the
presence of multiple components with different physical condi-
tions, or to non-LTE and opacity effects (Goldsmith & Langer
1999). For CCS and OCS, the break in the temperature found
at ~30K and ~100 K for CCS and OCS, respectively, is consis-
tent with the difference in systemic velocity seen in Sect. 5.1.1,
which could favour the multiple component scenario. For SO,,

3 The collisional rate for a same temperature and transition differs by
one order of magnitude between the LAMDA and BASECOL files, even
though both databases are using the Green & Chapman (1978) paper.
We notified the LAMDA database team about this issue.

4 https://zenodo.org/records/11351042
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no clear shift in systemic velocity was found. The various possi-
bilities which could cause the presence of more than one rotation
temperature cannot be distinguished with rotation diagrams only
but this will be investigated during the non-LTE analysis, except
for CCS, SO,.

Figures 5, 6, and 7 show the rotation diagrams OCS, CCS,
and SO,, respectively. The rotation temperatures (T;,) and
beam-averaged column densities (Npeam) derived are reported on
Zenodo (see footnote).

For OCS, two rotation temperature components were needed
in the three innermost regions, GMC6, SSCS5, and SSC2. The
first temperature component includes transitions up to E, =
111K and ranges from Tyt = 10K in GMC10 to Tyt = 65K
in SSC5. The range of the second temperature component is
Tt = 124-312K. The beam-averaged column densities range
between (0.2 and 11) x 10" cm™2.

For CCS, several transitions with upper-level energy ranging
between 20 and 230K were detected. For the regions GMC6,
SSC5, and SSC2, we found the fit was better if we considered
three rotation temperature components (y> = 1.5 vs. y? = 0.8).
As mentioned above, the first break in rotation temperature cor-
responds to the shift seen in the systemic velocity for transitions
at E, ~ 30K (see Sect. 5.1.1). For GMC6 and SSC5, the sec-
ond break in temperature corresponds to E, ~ 5S0K. From the
Gaussian fit, another shift in systemic velocity at this upper-
level energy seem to be occur but the difference being of the
order of the spectral resolution, we could not conclude whether
this shift is significant, and we thus did not report and discuss
it in Sect. 5.1.1. In the outer CMZ, only two transitions were
detected. This resulted in relatively large errors, in particular for
the beam-averaged column densities. Overall, the rotation tem-
peratures range from <10 K in the outer CMZ to 72 K in the inner
CMZ (towards GMC6) and the beam-averaged column densities
are <3 x 10" cm™2.

Finally, SO, was detected towards only the three innermost
regions of the CMZ. Two rotation temperatures components
were needed to fit the observations. The first and sec-
ond components have Ty, = (55-79)K and (115-298)K,
respectively. The beam-averaged column densities are
(1.4-6) x 10 cm™2,
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5.2.2. Methodology of the LVG analysis

As a second step, we performed a non-LTE analysis using the
large velocity gradient (LVG) code grelvg’. The collisional exci-
tation rates used for the non-LTE analysis, as well as the corre-
sponding references and temperature ranges for which the coeffi-
cients are calculated, can be found in Table 2. The collision exci-
tation rates were taken from the BASECOL database, except for
H,CS and SO, for which the rates were taken from the LAMDA
database. For each region and species, we ran a large grid of
models (>10000) varying the column density of the species, the
gas density and the gas temperature. The range of values chosen
are shown in Table 2 and are large enough to cover the physical
conditions in molecular clouds, outflows/shocks and HCs, as we
expect the emission from S-bearing species to be associated with
either of these types of environments. For the gas temperature,
we used the range of temperature for which the collisional rates
were calculated for each species.

As aresult of the LTE analysis (see Sect. 5.2.1 and the online
material on Zenodo), we identified between one and three tem-
perature (Ty,) components, depending on the species and the
region. For each species, we tried to fit all the transitions together
to understand whether all the transitions could probe one same
gas component (and thus the multiple rotation temperature we
identified in Sect. 5.2.1 are due to the presence of non-LTE
and opacity effects) but we could not find models reproducing
simultaneously the low- and high-upper-level energy transitions.
We, therefore, performed the non-LTE analysis for each of these
components individually. We left as free parameters the column
density, Ny, the gas temperature, T'g,,, and the gas density, ngqs.
For components with at least 4 lines available, we left the source
size, 0, as a free parameter. In grelvg the sizes can vary between
0.1” and 150”. Given that the beam size of the observations (6y)
is 1.6”, leaving the source size as a free parameter is equivalent
of varying the beam filling factor defined as 67/(67 + 67) from
0.004 to 1. We could leave the size as a free parameter in most
cases, except when three or fewer transitions were available. In
these cases, we fixed the source size as a first step before vary-

5 Initially developed by Ceccarelli et al. (2003).
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Fig. 5. Rotation diagrams of OCS. The parameters N,, g,, and E, are the column density, degeneracy and level energy (with respect to the ground
state level) of the upper level, respectively. The error bars on In(N,/g,) include the 15% calibration error. The blue line represent the best fits and
the dashed grey lines are the extrapolations of the fit for the full range of E,,.

ing it around the fixed value to see the range of sizes for which
the solution stays the same (same temperature and density range,
and same y?). The choice of the initial fixed size is indicated in
Appendix C for the corresponding species and components. In
some cases, the size could be left as a free parameter, but it did
not result in constrained column densities and the best-fitted col-
umn density provided is in fact the product 65 X Ny This can
happen if multiple gas components are still mixed together and,
thus, our two component assumption was not suitable. Another
possibility is if all the lines are optically thin (7 < 1). In these
cases, we ran again the best-fitting procedure, this time by fixing
the source size to the best-fitted value obtained initially (i.e. the
size associated with the best y? value obtained when leaving the
size as a free parameter). We then varied the source size around
its best-fit value until the degeneracy disappears, hence when the
05 X Ny product does not give the same chi square. We had to
use this method for H,CS, and SO.

Finally, we assumed the geometry to be a semi-infinite slab
(Scoville & Solomon 1974; de Jong et al. 1975). Choosing this
geometry seemed relevant in case S-bearing species are trac-
ing mostly shocks, as in our Galaxy. We nonetheless performed
some modelling using the geometry of a uniform sphere which
led to similar results (not shown). The model takes into account
the cosmic background radiation (CBR) field in the level popu-
lation excitation, with a temperature of 2.7 K. The ortho-to-para
ratio (OPR) for H, is assumed to be set to the statistical value of
3. The assumed line widths are the average ones measured from
the spectral lines for each species (and component in the case
of multiple component identified) in each region. We included a
calibration error of 15% in the observed intensities (see Sect. 3).
The lines optical depths 7;, are also an output of the LVG analy-
sis. Further information concerning the LVG modelling of each
species (e.g. *2S/3*S ratio, OPR of H,S and H,CS) are presented
in Appendix C.
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5.2.3. Results of the LVG analysis

We present the results for individual species, followed by a com-
parison between the species across regions. Figure 8 shows an
overview of the derived gas temperature, gas density, and col-
umn densities for each species analysed in this section, and for
each region. Some regions were found to be relatively similar
in terms of physical conditions derived for each species. In the
outer CMZ, GMC2b shows different results from the other outer
regions. In the inner CMZ, SSC2 shows fairly different results
from the other inner regions. Therefore, Figure 9 and Table 3
summarise the results for GMC9a and GMC2b as representative
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regions for the outer CMZ, and GMC6 and SSC2, as representa-
tive regions for the inner CMZ. The results for the other regions
are shown in Appendix C.

CS. Based on the RD analysis, we modelled two different
components for CS with the LVG code, the first one compris-
ing the N = 2—1 to N = 4-3 levels, and the second one com-
prising the levels N = 5-4 to N = 7-6. The column densities
range between 2 x 10'3 and 1.7 x 10'® cm=2. The lowest values
are found towards GMC10, whilst the highest are found towards
GMC6 and SSCS5. For these regions, only a lower limit for the
column density of the first component could be derived. This is



Bouvier, M., et al.: A&A, 689, A64 (2024)

Table 2. References for the collision rates and range of physical parameters.

Species Tas (K) References

CS 5-305.5 Denis-Alpizar et al. (2012, 2018)
HZS(+H34S) 5-500 Dagdigian (2020a,b)

OCS 10-100 Green & Chapman (1978)

H,CS 10-300 Troscompt et al. (2009), Wiesenfeld & Faure (2013)
SO (+34S0) 10-300 Yang et al. (2020), Price et al. (2021)
Nspecies (cm™) 5% 10"?-10™

Ngas (cm™) 10°-108

Notes. The reference for the calculated potential energy surfaces on which the rates are based are also indicated. The ranges for the gas temperature
are those for which the rates have been calculated. The ranges for the column density and gas density are those chosen for the LVG analysis.

10"
D

E CS1 HyCS 1 ® HS SO1
C m cs2 HyCS 2 + 00s1 ¢ so02
21 |
% 10% e ¢ 4} T Joe
S ,or T
% L ° W l* ﬁ
it - * * + * *
10" 10!
10% 510
F ° S
ST S ¢ ¢ 4107
TE i i ]
‘?1()"% & \lg <P il Emz,
2 F 4 i " i i ¥ )
g r ¢ | )
Z 0% 4 H10°
EI ] 1 1 : i §
o 't H10°
1(?:‘7 mL
17 30 Fig. 8. Results of the LVG analysis for CS
— F ® ¢ R 1 . (square markers), H,CS (starred markers), H,S
' 107 ! + % * + 10 (circle marker), OCS (crossed marker), and
f € . * ° 1 . SO (diamond marker) as a function of the
£ 1 7" regions. The first and second components for
-%wﬁf s + o CS, H,CS, OCS, and SO are labelled “_1”
R + T ' 3 and “_2”, respectively. Lower limits are indi-
= Lol i T + i . cated by upward arrows. The listed sequence
- + of clouds follows the layout of the GMCs of
[ . the CMZ as shown in Figs. 1-3. From top to
N

<

o

So,
SIS
%

7 0
S & &
» > o)

& > < R

because all the observed lines are optically thick, and the emis-
sion becomes that of a black body. In this case, the range of
optical depths derived (7 ~ 4-7) are likely lower limits to the
true optical depths. The first component is very likely optically
thick with high 7, values derived for all the regions whilst the
second component is likely not (r; < 0.8 in all the regions).
Therefore, the possible trend seen in FWHM in Sect. 5.1.2 with
the low upper-level energy transitions of CS having larger line
widths than the other species is likely due to the line’s opti-
cal depth and could thus not be related to the kinematics of the
gas.The high upper-level energy transitions seem to have larger
line widths compared to other species in some of the regions.
The output of the LVG analysis indicates that these transitions
are optically thin. However, if the emission size were to be
smaller, the optical depths could be underestimated. Therefore,
we cannot conclude firmly whether the higher line width for
these transitions is due to the kinematics of the gas or to the line’s

S ¥
S A
™

K K bottom, the results for the gas temperature, gas
3 3

density, and column densities, are shown.

optical depth. The gas temperature derived for both components
is relatively constant throughout the CMZ, with values between
Tos = 5-14K, and between Ty, = 15-110K for the first and
second components, respectively. The highest values are derived
towards GMC6 and SSC2 for the first component. For the sec-
ond component, the lower values are derived towards GMC6 and
SSCS5, where the temperature does not exceed 30 K. The gas den-
sity traced by CS varies depending on the component and the
region. Indeed, for the first component, gas densities traced are
Ngas > 10°-10°cm™ in the outer CMZ, and Ngas < 10°cm™3
in the inner CMZ. For the second component, the gas densities
traced are ng,s > 10° cm™ for all the regions. We could not leave
the size as a free parameter (see Appendix C), which means that
other solutions might be possible. Here, we consider the very
likely extension of CS to arise on scales of GMCs (~30 pc). For
the first component, the lower limit found for the size is ~1-1.5"
for the entire CMZ whilst for the second component, a lower
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Fig. 9. Density and temperature contour plots derived from the LVG analysis for representative regions in the outer CMZ (GMC9a and GMC2b)
and for the inner CMZ ( GMC6 and SSC2). The contours show the 1o~ solutions obtained for the minimum value of the y? in the column density
parameter derived for each species (and components) and region. Derived gas density and parameters for other species (HCN, HNC; HNCO;
SO, H;0*; CCH) studied in previous ALCHEMI studies were plotted for comparison: [1] Behrens et al. (2022), [2] Huang et al. (2023), [3]

Holdship et al. (2022), [4] Holdship et al. (2021).

limit can be as low as ~0.3—0.6"” (~5—10pc) indicating that this
component could arise from a more compact region. Overall, due
to the low number of transitions available for each of the com-
ponent, the results for CS are among the less constrained and
should be taken with caution. In particular, it is not really pos-
sible to distinguish between low temperature/high density and
high temperature/low density solutions for the high upper-level
energy transitions which is a classical problem occurring for lin-
ear molecules.

H,S. We could derive the physical conditions of H,S only in
the inner CMZ and GMCI10. The derived total column densities
range between 8 X 101> and 3x 10! cm~? in the inner CMZ, and
between (0.6 and 3) x 103 cm™2 for GMC10. The gas temper-
atures and densities derived are constant in all the regions with
Tos = 30-159K and ng,s > 10" cm™ (=2 x 10° for GMC?7),
respectively. Concerning the emission size, the LVG model pre-
dicts relatively compact emissions with values ranging between
0.17 and 0.5” (~3—8 pc). Finally, the lines are optically thin in
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GMC10 and GMCT7 (1, = 0.01 — 0.4), whilst they are optically
thick in GMC6, SSC5, and SSC2. In these regions, the H3*S
(110—1p,1) transition is, however, optically thin. As we could not
run the LVG code for the regions GMC8a, GMCla, and GMClb,
we do not have the information on the line optical depths. Hence,
we cannot conclude whether in these regions, the fact that H,S
seems to have a larger line width compared to the other species
is a significant feature or not.

H,CS. Based on the rotation diagrams, we performed the
LVG analysis for two components of H,CS in the inner CMZ.
The two components are comprised of transitions with E,;, < 50
and >50K, respectively. The derived column densities range
between 5 x 10'3 and 7 x 10'7 cm™2. The highest values are
found towards GMC6 and SSC2 for both components. For the
gas temperature, the derived temperature lies in the range 10—
70K for the first component and >35 K for the second compo-
nent. The gas densities are >3 x 10* cm~> and between 7 x 10*
and 107 cm™3, for the first and second components, respectively.
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We could leave the size as a free parameter most of the time and
derived sizes of emission of <0.70” (~12pc) for most regions.
In the inner CMZ, where a second component of H,CS has
been identified, the sizes derived are more compact than for the
first component, with an average best-fit value of 0.20” (~3 pc).
Finally, for the first component, the lines are usually optically
(moderately) thick for all the regions but GMC2b and GM(C9a,
for which the lines were found to be optically thin within the
range of size of emission derived. For the second component the
lines are optically thin towards SSC5 and GMC7 and likely opti-
cally thick towards GMC6 and SSC2.

OCS. As explained in Sect. 5.2.2, we could only use the
first five transitions of OCS to derive the physical conditions of
the gas emitting the first component of OCS. We assume that
the results associated with these first five transitions are repre-
sentative enough for the entire first component of OCS, which
includes transitions up to the level N = 19-18 (E, = 111K).
As we derive gas temperature around Tg,s ~ 14 K in the outer
CMZ, and around 30—-50 K in the inner CMZ, which correspond
to the excitation temperatures found in the rotational diagrams,
our assumption holds and we are likely not underestimating the
temperature for this component of OCS. The total column densi-
ties derived range between 2x10'3 and 5x10'7 cm~2. The highest
values are found towards the regions of the outer CMZ. For the
gas density, only a lower limit of ~2 x 10*cm™ for all regions
except for GMC9a (lower limit of 103 cm™) could be derived.
The size was left as a free parameter, and the best-fit value
of ~0.17” (~3pc) on average is the same for the entire CMZ.
Across the range of sizes derived, the lines could be optically
thick as the range of optical depths lies between 7, = 0.1-3.0,
except for SSC5 for which the lines are always optically thin
(2 = 0.1 — 0.2) over the range of size derived.

SO. Both the RDs of SO and **SO show two components in
the inner CMZ. We thus ran separately the LVG code for the two
components, this first one including transitions with E,;, < 40K.
For the first component, the derived total column densities in the
range (0.1-5) x 10'®cm™2 are highest towards the outer CMZ
(except GMC10) compared to the inner CMZ, where derived val-
ues lie in the range (0.3—5)x 10'> cm~2. The gas temperatures are
also poorly constrained with lower limits of ~30K for most of
the regions. SSC2 and GMC7 have the lower range of derived
gas temperature with Ty, = 15-40K and Ty, = 11-15K,
respectively. For the second component, the gas temperature of
<60 K is found towards GMC6 and SSC2, whilst for GMC7 and
SSC3, Tyas > 50 K are found. In the outer CMZ, the gas densities
all lie around ng,s = 10*~10°cm™ whilst for the inner CMZ,
a lower limit for the two components of ng,s = 10°cm™ s
found. For the emission size, two cases were identified between
the outer and inner CMZ for the first component. In the outer
CMZ, relatively compact sizes of emission were found, with
f; < 0.50” (~8.5pc), whilst in the inner CMZ, the emission
is more extended with 6; > 0.8” (~13.5pc). The second com-
ponent of the inner CMZ is more compact with best-fit values
in the range 6; = 0.20” (~3 pc) on average. Finally, for the first
component, the emission is optically thin towards the inner CMZ
and GMC 10 (7 < 0.1) whilst potentially optically thick in the
outer CMZ where 7 ranges between 0.1 and 1.6. For the second
component from the inner CMZ, the emission could be (moder-
ately) optically thick with 7, = 0.1-1.4 except for GMC7, for
which the emission is optically thin (7 < 0.2). The **SO transi-
tions are always optically thin.

Different physical conditions were found for the gas emitting
the various S-bearing species. In the outer CMZ, the first com-

ponent of CS shows the coldest temperature with Ty, < 10K,
followed by OCS with Ty, < 20K, and H,CS with T, < 50K,
except in GMC2b where the gas temperature goes up to 70 K.
Such cold temperatures for CS were already derived in a pre-
vious study performing an LVG analysis but with lower angu-
lar resolutions (Bayet et al. 2009). The second component of CS
and the SO show the warmest gas temperature with Tg,s > 30 K.
In terms of gas densities, within each region, the lower ones are
usually derived for HyCS with ng, > 10°-10*cm™3 except for
GMC2b, for which the lower values are found for SO (ng,s =
[1.5-2]x10* cm~3). Then, OCS has larger density values derived
with lower limits around 2 x 10*cm™, followed by CS with
Ngas = 10°-10° cm™).

In the inner CMZ, the situation is different. First, comparing
the gas densities, the lowest values are found for OCS and the
first component of CS and of H,CS with ng,s > 10°-10*cm™
on average. H,S shows the largest gas density derived with ng,, >
107 cm™ (nges > 106cm™ in GMC7). Within the inner CMZ,
smaller densities are found towards GMC7 for H,S and the first
component of CS and H,CS. A striking result concerns the gas
temperatures derived with values below ~50K (<100K for the
second component of CS) towards the region SSC2. In the remain-
ing inner regions, the first components of CS and H,CS have the
lowest gas temperatures (7,5 < 40 K) whilst H,S and the second
components of SO and H,CS have the highest ones (T'gss > 45 K).

Comparing with the outer CMZ, OCS, H,S, H,CS, and the
second component of CS show relatively constant gas density
throughout the CMZ, whilst the first component of CS is emitted
from a less dense gas in the inner CMZ compared to the outer
CMZ but this result could be a result of fixing the emission size
and, hence, possibly underestimating the density of CS in the
regions. Concerning the gas temperature, the first components
of CS and H,CS, and SO in the case of GMC7, show the coldest
gas temperatures within each region. Finally, when comparing
the temperatures derived in the inner CMZ to those from the
outer CMZ (see Tables 3 and C.1), the derived gas temperatures
are higher in the inner CMZ for CS (first component) and OCS,
the same for CS (second component) and H,CS, and lower for
SO in the case of SSC2 and GMC7.

6. Discussion

For the purpose of the following discussion and to ease the read-
ing, we will refer to the ‘low-E,’ component when we discuss
the component corresponding to the low upper-level energy tran-
sitions of the species, and the ‘high-E,” component when we dis-
cuss the component associated with the high upper-level energy
transitions of the species. For CCS where we identified 3 compo-
nents, we will refer as the ‘low-’, ‘mid-’, and "high-E,” compo-
nent, respectively. Table 4 summarises the range of upper-level
energies associated with each component of each species, as well
as the derived physical conditions (7gss, Mgas) across the CMZ.

6.1. Comparison with previous ALCHEMI studies

A first step towards understanding what the S-bearing species
trace is to compare the physical conditions of the gas from
which they emit with the conditions derived from other species.
Previous ALCHEMI studies derived physical conditions of
the gas emitting C,H (Holdship et al. 2021), H30" and SO
(Holdship et al. 2022), HCN and HNC (Behrens et al. 2022), and
SiO and HNCO (Huang et al. 2023). From these studies, it was
found that C,H, SO, H;0* and the HCN/HNC abundance ratio
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Table 3. Best-fit results and 1o~ confidence level range from the non-LTE LVG analysis for GMC9a, GMC6, SSC2, and GMC2b, respectively
(from top to bottom).

Species Component Neot Range Ny Twin Range Ty, N Range np, Size () Range 6; Range 7, ®)
(cm™) (cm™) (K) (K) (cm™) (cm™) ) @
GMC9a
CS 1 2 x 10 (0.8-5) x 10" 6 5-7 >1.5 x 10° 1.60 @ >1.20 0.6—-1.6
2 2x10%  (0.8-15)x 10™* 60 15-70 . >3 x 10° 1.60 @ >0.44 <0.5
H,CS 1 13x 10" (0.8-27)x 10™ 16 11-35 6 x 10* (3-17) x 10* >0.35 <0.3
OCS 1 1x107  (0.1-1.5)x 10" 15 14-16 >10° 0.18 0.15-0.40 0.1-2.0
SO 1 1.5%x 10  (0.3-5)x 10'® 170 45-300© 3x10* (2.5-6)x 10* 0.17 0.13-0.34 0.3-1.0
GMC6
CS 1 1.5 % 10 >5x 101 12 11-14 6x10* (1.1-80)x 10* 1.60 @ >1.60 <6.0
2 2x 109 0.6-7)x 10" 23 22-27 . >3.5 % 10° 1.60 @ >1.00 <0.8
H,S 1 2 x 10" (1.4-3)x 107 70 68-91 3x 107  (1.5-7)x 107 0.26 0.24-0.32 0.2-19
H,CS 1 4x 10  (0.2-20)x 10'® 19 16-38 5.5x10* (0.1-70) x 10° 0.22 0.21-0.70 0.1-2.8
2 4x 10"  (0.3-70)x 10'® 100 50-300© 7x10° (0.3-10)x 10° 0.11 0.10-0.30 0.01-1.5
OCS 1 7 % 10'® (3-15) x 10'° 65 50-100@ >6 x 10* 0.17 0.13-0.25 0.2-1.0
SO 1 1x 10" (0.8-5) x 10" >30 >8 x 10* >0.80 <0.1
2 5% 10 (2-10) x 10'° 48 45-56 >1.5 x 10° 0.26 0.17-0.42 0.1-0.8
SSC2
CS 1 8 x 101 (4-17) x 10 12 11-14 5% 10* (2-15) x 10* 1.60 @ 1.50-2.00 3.0-4.0
2 9x 10 (5-15) x 10" 90 40-101 5x10° (0.4-10)x10° 1.60@ >1.50 <0.3
H,S 1 12x 107  (1-1.6)x 107 48 45-54 >3 x 107 0.20 0.18-0.22 0.2-2.5
H,CS 1 1.2x 10  (0.4-2) x 10'° 11 10-13 >5.5 x 10* 0.30 0.25-0.45 0.5-1.3
2 4x10" (2.7-9.3) x 10'® 40 35-50 5% 10° (3-19) x 10° 0.10 0.10-0.12 0.2-1.5
OCS 1 7x10%  (2.5-15)x 10'® 40 30-50 >2.5x 10* 0.17@ 0.12-0.25 0.2-3.0
SO 1 7 x 104 (4-20) x 10 17 15-40 >1.5%x10° >1.00 <0.05
2 1.5%x 10 (0.3=70) x 10> 30 27-46 >6.5 x 10° >0.20 <14
GMC2b
CS 1 1.5x 10" (0.5-1.7)x 10" 6 5-7 5x100 (23-12)x10° 1.60 @ >1.50 <1.7
2 1.5%x10% (1.3-8)x 10 35 15-95 4x10° (1.5-80)x10° 1.60@ 0.60-2.00 0.01-0.4
H,CS 1 6.7 x 108  (0.5-27) x 10" 30 14-70 4x%x10*  (3.8-20) x 10* >0.3 <0.3
OCS 1 1 x 10" (0.3-1) x 10" 13 12-14 . >3 x 10* 0.18 0.15-0.25 0.3-1.8
SO 1 5% 10 (2-30)x 10" 200 70-300©@ 1.5x10* (1.5-2)x 10* 0.30 0.26-0.46 0.1-0.8

Notes. “Initial fixed size assumed before exploring the range of similar solution (see text Sect. 5.2.2). ) Average value for the optical depths of
all the transitions over the range of size 6,. “Maximum limit due to the maximum temperature for which the collisional rates are available.

were all sensitive to cosmic rays (CRs), C;H, SO and H;0%
being enhanced with the CRIR, and the HCN/HNC abundance
ratio being anti-correlated with the CRIR. On the other hand,
Huang et al. (2023) studied the low- and high-velocity shock
tracers, HNCO and SiO, respectively, and found that shocks
were present in most of the GMCs. To compare this with the
S-bearing species, we reported the derived gas density and tem-
perature of C;H, H30* and SO, HCN and HNC, and HNCO in
Figures 9 and C.1. The physical conditions of the gas from which
SiO is emitted could not be compared with our results, as the gas
density is usually lower (~10°—10* cm™3) and the gas tempera-
ture much higher (~500-600 K) than what we derived here for
the S-bearing species.

In the outer CMZ, the derived gas density and temperature
for SO usually correlates well with that derived for HCN and
HNC. For GMC 10, the gas density traced by SO is reaching
that of HCN and HNC at the very high range of the gas temper-
ature (T'gas > 200K). No clear trend is seen between the other
S-bearing species and HNCO. For C,H and H30*/S0O,, studies
were performed only for GMC3 to GMC7.

In the inner CMZ, the gas properties traced by the S-bearing
species are quite different between regions. First, OCS and H,S
trace the same gas conditions than HNCO, except for SSC5 in
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the case of OCS. However, the result towards SSC5 could have
been impacted by the fact that we had to fix the emission size
due to the low number of OCS lines available (because of blend-
ing) in this region. The low-E, component of CS and H,CS
also show the same gas physical conditions across the inner
CMZ and do not seem to consistently trace the same type of
gas of any of the tracers from the previous ALCHEMI stud-
ies. Then, towards GMC6 and SSCS5, the high-E, component
of CS does not trace the same gas as any other tracer whilst
same physical conditions with multiple tracers are found towards
SSC2 and GMC7 (e.g. C,H, HNCO). The high-E, component
of H,CS and SO also shows different behaviour as they probe
the same gas conditions as HNCO in SSC2, SSC5, and GMC6
but not towards GMC7. Finally all the S-bearing species and
components in SSC2 show similar physical conditions to those
of HNCO, which could indicate that this region is largely gov-
erned by slow shocks. The region seems to be indeed located
at the position of the south-west (SW) streamer associated with
the large-scale outflow of the galaxy (e.g. Walter et al. 2017;
Zschaechner et al. 2018; Krieger et al. 2019). Enhancement of
shocks at the position of SSC2 are likely occurring coherently
with the location of the base of the SW streamer (e.g. Bao et al.
2024).
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Table 4. Range of physical conditions derived towards the CMZ of
NGC 253 for each species and component.

Species E, [K] Tas [K] Ngas [cm™]
H,S 28-169 30-159 >2 x 10°
CS low-E, 7-23.5 5-14 >3 x 10°
CS high-E, 35-66 15-110 >1.5%10°
SO low-E, 9-34 15-300 >5x10°
SO high-E, 35-86 27-260 >3 % 10°
OCS low-E,  16-111 12-100 >2 x 10*
OCS high-E,  161-254 124-312@ .
H,CS low-E,  10-38 10-70 >10°
H,CS high-E,  59-120  50-300  7x10*-10’
CCS low-E, 20-37 3-14@

CCS mid-E, 37-65 19-32 @

CCS high-E, ~ 65-227  33-72@

SO, low E, 8-123  55-79@

SO, high E,  123-416 115-298 @

Notes. Each component is associated with a range of upper-level ener-
gies. The ranges for the temperature and density cover all the positions.
@The temperature is the rotation temperature Ty

We note the discrepancy between the physical parameters we
derive for SO towards GMC7 and SSC2 and what was previously
found in Holdship et al. (2022). This could result from the fact
that we performed different LVG analyses (SO versus H;0"/SO)
and that we did not take into account the SO transitions with
Aij ~ 1070 57! as they could not be well reproduced by the LVG
models (see Sect. C.3).

Overall, from comparing the physical conditions of the gas
traced by the various S-bearing species with that of previous
ALCHEMI studies, we can get a first hint of the type of gas
traced by some of the S-bearing species. Indeed, in the outer
CMZ, SO traces the same type of gas (same gas density and tem-
perature) as HCN and HNC which are well probing the GMCs of
NGC 253 (Leroy et al. 2015). In the inner CMZ, SSC2 could be
a region where shocks are relatively prominent compared to the
other regions, leading to the release/formation of the sulphur-
bearing species mostly via non-thermal desorption due to the
shocks. Throughout the inner CMZ, H,S and OCS show simi-
lar gas density and temperature as the low-velocity shock tracer
HNCO. This is also the case for the high-E, component of H,CS
and SO (also the low-E,; component of SO but the solutions are
unconstrained in GMC6 and SSCS5), except in GMC7. As none
of the S-bearing species trace the same gas as SiO, it is likely
that strong and high-velocity shocks are not at the origin of the
release of S-bearing species but rather low-velocity and milder
shocks (traced by HNCO; Huang et al. 2023). None of the S-
bearing species seems to trace consistently the same gas as CoH.

6.2. Comparison with Galactic environments

A second step towards understanding the origin of emission of
the S-bearing species in the CMZ of NGC 253 is to compare
our results with what is found in different Galactic envi-
ronments. In this work, we focused on the most abundant
S-bearing species typically found in Galactic star-
forming regions (e.g. Hatchell etal. 1998; Lietal. 2015;
Widicus Weaver et al. 2017; Humire et al. 2020). As other S-
bearing species than those investigated in this work are detected
towards NGC 253 (e.g. NS, SO*; Martin et al. 2021), we cannot

determine the total S-budget of NGC 253. Therefore, we cannot
accurately determine the level of S depletion in NGC 253 and
assess how it compares to what is found in various Galactic
environments. In order to remove this uncertainty, we compare
various S-bearing abundance ratios.

We selected the abundance ratios depending on the region
of emission of the S-bearing species constrained by the LVG
analysis in Sect. 5.2.3. For H,S, OCS (low-E, component),
H,CS (both low- and high-E, components), and SO (both low-
and high-E, components, in the outer and inner CMZ, respec-
tively), we derived a range for the emission size relatively sim-
ilar, in the range (~0.1”-0.5"). To compare with the Galactic
environments, we investigated all the possible abundance ratios
involving these six species or their low-/high-E,, components and
selected those which showed the most interesting trends help-
ing us understand their region of emission. The selected ratios
are: [HyS)/[OCS], [H,SI/[SOI, [H>S]/[H,CS], [OCS]/[H2CS],
[OCS]/[SO], and [H,CS]/[SO]. For the other species, CS (both
low- and high-E, components), SO (low-E, component in the
inner CMZ), CCS, SO;, and OCS (high-E, component), the
emission size were either unconstrained, or assumed to be
extended (for the RDs). For these species, after investigating
the various abundance ratios available, we selected the follow-
ing ones: [CS]/[CCS], [SOJ/[SO:], [CS]/[SO], [OCS]/[SO,], and
[OCS/CS]. The range of values for each abundance ratios and for
each region of NGC 253 are shown in Table D.1.

For the choice of Galactic regions, we selected those most
relevant to compare with the starburst CMZ of NGC 253. This
includes regions dominated by shocks and outflows, HCs, PDRs,
and molecular clouds. We would like to raise a word of caution
as we are comparing GMC-size scales in NGC 253 with par-
sec and sub-parsec scales in the various Galactic environments.
Nonetheless, by performing this comparison, we aim to perform
a first order comparison of the abundance ratios found towards
the CMZ of NGC 253 and those derived in different Galactic
environments. We selected the regions for which the column
densities or abundances of several S-bearing species relevant to
this work were available.

For the shocks’ and outflows’ dominated regions, we
selected the prototypical L1157-B1 bow shock, a well-known
shocked region within the protostellar outflow of L1157-mm,
and the Orion-KL (Kleinmann-Low) Plateau regions located in
the well-studied Orion high-mass star-forming region, which is
a mixture of shocks, outflows, and interactions with the ambient
cloud (Blake et al. 1987; Wright et al. 1996; Lerate et al. 2008;
Esplugues et al. 2013). These two different shocked/outflow
regions are representative of two different shock scenarios: the
L1157-B1 bow shock could be representative of sporadic shocks
due to star formation, whilst the Orion-KL plateau could be rep-
resentative of the interaction between outflows and an ambient
cloud, hence faster (up to 100km s~! for Orion Plateau; e.g.
0O’Dell 2001; Goddi et al. 2009 vs. 20-40kms~! for L1157-B1;
e.g., Lefloch et al. 2010; Viti et al. 2011; Benedettini et al. 2013,
2021) and more turbulent shocks. These two scenarios are part
of the three shock scenarios Huang et al. (2023) proposed to
explain the SiO and HNCO emission in the CMZ of NGC 253.
If the abundance of S-bearing species varies between these two
types of shocked regions, we could put constraints on which of
the shocked scenarios proposed by Huang et al. (2023) is the
more likely to happen in the CMZ of NGC 253.

Concerning the HCs, we selected the Orion KL (Feng et al.
2015; Luo et al. 2019), Sagittarius B2 N core (Neill et al. 2014),
and Cyg X-N12 (El Akel et al. 2022). For Cyg X-N12, we used
the column densities derived for the warm chemistry (Table 5
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in El Akel et al. 2022). Cyg X-N12 is close to another HC, Cyg
X-N30, for which abundances of sulphured species were also
derived. However, the authors classified Cyg-X N30 as a “non-
traditional” HC as the molecular richness towards this source
are likely the result of the combination of processes rather than
only the HC chemistry (van der Walt et al. 2021). We thus did
not include this source in our comparison.

For PDRs, we included only highly UV-irradiated PDRs.
These types of PDRs are particularly relevant for our study as
we expect high-UV irradiation to occur towards the CMZ of
NGC 253 due to the intense star formation. The presence of
strong PDRs was deduced by Harada et al. (2021) using the
HCO*/HOC™" abundance ratios. We thus selected the Orion Bar
PDR (Jansen et al. 1995; Leurini et al. 2006) and Monoceros R2
(Mon R2; Ginard et al. 2012) PDRs.

Finally, for the molecular clouds, we selected two different
types of clouds. On the one hand, we selected prototypical dark
clouds such as L1544 (Vastel et al. 2018), LL483 (Lattanzi et al.
2020), and B1-b (Fuente et al. 2016). On the other hand, we
compare with Galactic Centre clouds (towards Sgr B2 and A
molecular complexes; Nummelin et al. 2000; Martin et al. 2005
and references therein, Armijos-Abendafio et al. 2015). Choos-
ing these two types of clouds allows us to compare our results
with cold (Tiin ~ 10K) and dense (ng,s > 10° cm™) quiescent
clouds (Dark clouds) and with Galactic Centre clouds which
are much warmer (T = 50-200K) with an average density of
Ngas ~ 10*cm™ (Giisten & Philipp 2004).

Figure 10 shows the various abundance ratios derived for
the S-bearing species in NGC 253 as a function of the selected
regions and for various Galactic environments described above.
For CCS and SO,, as we could not confirm whether the mul-
tiple temperature component is correct are not due to non-LTE
or optically thick effects, we used the lowest and highest value
for the beam-averaged column density derived across the com-
ponents to calculate the abundance ratios. We listed below the
main results from this comparison:

— The [H,S]/[OCS_1] abundance ratios of the inner regions
are similar to those found in HCs, PDRs, and the two out-
flows/shocks regions. The ratio seems to increase towards
SSCs.

— The [H,S]/[SO_2] and [H,S]/[H,CS_2] abundance ratios
are similar to what is found in the L1157-B1 shock, HCs,
and clouds (only the case for [H,S]/[H,CS_2]). Whilst
[H,S1/[SO_2] remains constant across the inner regions,
[H,S]/[H,CS_2] is the highest towards SSC5 and the low-
est towards GMC7.

— The [OCS_1]/[H,CS_1] ratio seems to increase towards the
inner CMZ. In the outer CMZ, the ratios derived agree with
what is found in most Galactic regions. In the inner CMZ,
the ratio is different to what is found in GC clouds in GMC7,
whilst it is different to what is found in the L1157-B1 shock
towards SSCS.

— The [OCS_1]/[SO_1] ratio mostly agrees with what is found
in HCs and GC clouds.

— The [H,CS_1]/[SO_2] ratio decreases towards SSC5, where
the ratio is similar to what is found in the Orion KL Plateau
region. In GMC6 and SSC2, the ratio is similar to those
found in the Galactic regions, except the Orion KL Plateau
region. In GMC7, the ratio is higher than what is found in
the Galactic environments.

— The [CS_2]/[CCS] ratio is unconstrained in the outer regions
due to the lower limit in beam-average column density
derived for CCS (see Sect. 5.2.1). However, in the inner
regions, this ratio is constant and agrees well with what
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is derived in the L1157-B1 shock and the molecular cloud
regions.

— The [SO_1]/[SO,] ratio in NGC 253 is similar to most of the
Galactic regions, except for the dark clouds and the Orion
KL Plateau region.

— The [CS_1]/[SO_1] abundance ratio agrees well with what
is found in PDRs and GC clouds.

— The [OCS_2]/[SO,] and [OCS_2]/[CS_2] ratios are both
constant in the three innermost regions of NGC 253. The
[OCS_2]/[SO;] ratio agrees with all Galactic regions, whilst
the [OCS_2]/[CS_2] ratio mostly agrees with dark clouds
and the L1157-B1 shock (only towards GMC6).

6.3. Assembling the puzzle: Regions traced by S-bearing
species

After comparing the physical conditions of the gas emitting the
S-bearing species in Sect. 6.1 and comparing their abundance
ratios with prototypical Galactic regions in Sect. 6.2, we can
attempt to understand what S-bearing species trace in the CMZ
of NGC 253.

6.3.1. Primary shock tracers

First, from Sect. 6.2, we found that the [H,S]/[OCS_1] and
[H,S]/[SO_2] abundance ratios all agree with the abundance
ratios found in the L1157-B1 shock and HCs. This suggests that
H,S, the low-E, component of OCS, and the high-E, component
of SO emit from either a shocked gas due to star formation or a
warm gas due to the presence of proto-SSCs in the inner CMZ.
In HCs, we expect temperatures of a few hundred Kelvins,
much higher than the temperatures derived in this study for H,S
and the low-E, component of OCS. Additionally, the gas tem-
perature derived for these species is lower than their desorption
temperature (Tges) (Tqes > 100 K for HpS and Tges ~ 150K
for OCS; e.g. Collings et al. 2004; Jiménez-Escobar & Caro
2011; Jiménez-Escobar et al. 2014; Cazaux et al. 2022) in most
regions. If we assume that H,S and the low-E, component of
OCS trace the same gas component in all the regions of the
CMZ, then we can conclude that thermal desorption is not
the main process explaining the H,S emission in the CMZ of
NGC 253. On the other hand, the physical conditions of H,S and
the low-E, component of OCS are similar to those of HNCO
(only in the inner CMZ for OCS) and the derived emission
size of these two species, which is a few parsec (3-8 pc) scale,
are consistent with a shock origin. This scenario can be fur-
ther strengthened for OCS: the derived gas temperatures are
lower in the outer CMZ (Tgs < 20K) compared to the inner
CMZ (Tgs = 30-50K), indicating that the shocks traced by
OCS could be older in the outer CMZ as the gas needs time
to cool down after the shock passage, consistent with the shock
timescale derived by Huang et al. (2023), where older shocks
are present towards the outer CMZ and younger shocks towards
the inner CMZ. Finally, although the physical conditions of the
gas emitting OCS and HNCO are different in the outer CMZ,
this discrepancy could be explained by a difference in the cool-
ing timescale of the two species. Indeed, since the gas densities
derived for HNCO are, on average, lower than those derived for
OCS (ngs < 2% 10*cm™ vs. >2 x 10*cm™  for OCS), the
gas traced by HNCO would cool slower than the gas traced by
OCS. Hence, HNCO would thus trace a warmer gas than OCS,
as in the case of the outer CMZ. Another scenario to explain the
difference in gas physical conditions of OCS and HNCO in the
outer CMZ could be that the two species probe different types
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Fig. 10. Abundance ratio of the S-bearing species in each region of NGC 253 (red shaded area), and in various Galactic environments. For
NGC 253, the listed sequence of clouds follows the layout of the GMCs of the CMZ as shown in Figs. 1-3. The ratios are between species for
which the emission size is similar, and is constrained (fop panel) or unconstrained/extended (>1.6"; bottom panel). The underscore numbers 1 and
2 refer to the low- and high-E, component, respectively. For the outflows and shocks (blue shaded area), we compare with the prototypical shock
L1157-B1 (Holdship et al. 2019, and references therein) and the Orion KL Plateau (Persson et al. 2007; Tercero et al. 2010; Esplugues et al. 2013;
Crockett et al. 2014a,b; Gong et al. 2015). The hot cores (HCs; yellow shaded area) are Orion KL (Feng et al. 2015; Luo et al. 2019), Sgr B2 (N)
(Neill et al. 2014), and Cyg X-N12 (El Akel et al. 2022). The PDRs (green shaded region) are the Orion Bar (Jansen et al. 1995; Leurini et al.
2006) and Mon R2 (Ginard et al. 2012), two high-UV irradiated PDRs. Finally, the molecular clouds category (purple shaded area) comprises dark
clouds on the one hand (L1544, L483, and B1-b; Fuente et al. 2016; Vastel et al. 2018; Lattanzi et al. 2020), and Galactic Centre (GC) Clouds
on the other hand (Nummelin et al. 2000; Martin et al. 2005 and references therein, Armijos-Abendaio et al. 2015). Lower and upper limits are
marked with filled triangles. The legend on the bottom part of the plot is associated with NGC 253. For Galactic environments, the same colour

code applies.

of shocks (e.g. sporadic shocks, outflow-induced shocks, cloud-
cloud collision), as proposed by Huang et al. (2023).

Then, we can also conclude that there is a shock origin for the
high-E, component of SO. The LVG analysis showed that this
SO component has a high density (10°=10° cm™3). The gas tem-
perature is either lower than ~60 K (GMC 6 and SSC2) or higher
than 60 K (GMC7 and SSC5). Finally, the species arise from a
compact region (~ 3 pc on average) and the physical conditions
are usually similar to those derived for HNCO in most regions.
SO is known to be a post-shocked gas tracer as it is a product of
the subsequent reaction of H,S with OH in the gas phase (e.g.
Pineau des Foréts et al. 1993; Charnley 1997; Viti et al. 2001).
More recently, Taquet et al. (2020) suggested that SO could be
abundant both in the front shock and behind the shock. The
absence of this component in the outer CMZ would indicate that
SO is present in the front shock and has not yet been fully con-

verted to SO,. Additionally, SO is thought to co-desorb with
H,O from the ice grain mantles (e.g. Viti et al. 2004) so ther-
mal desorption of SO is unlikely to occur in GMC6 and SSC2
where the gas temperature is lower than 100 K. If we assume SO
is tracing the same feature throughout the inner CMZ, then this
SO component is likely tracing shocks.

Finally, we also propose that the low-E, component of H,CS
traces shocks. As OCS, H,S, and the high-E, component of SO,
the low-E, component of H,CS emits on ~3 pc scales. In the
outer CMZ, the physical conditions traced by H,CS are close to
that of OCS, although H,CS shows a lower density most of the
time (2104 cm™ for OCS and ~10°=10°cm™3 for H,CS) and
a larger range of gas temperature (7g,s = 10-70K for H,CS
versus Tgys = 12—-16K for OCS). However, whilst OCS and
H,S are known to trace mainly front shock events as they would
directly come off the ice mantles of grains (e.g. Hatchell et al.
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1998; Podio et al. 2014; Taquet et al. 2020), H,CS rather traces
post-shocked gas as it would be formed in the gas phase after the
release of H,S and OCS (e.g. Millar & Herbst 1990; Charnley
1997; Hatchell et al. 1998; Codella et al. 2005). The abundance
ratios [OCS_1]/[H,CS_1] and [H,CS_1]/[SO_2] do not give
much constrain as the ratios are similar to those found in most
Galactic regions, but they indicate that the amount of low-E,
component of HyCS decreases towards the inner CMZ, where
shocks are younger (Huang et al. 2023), which is consistent with
H,CS tracing the post-shocked gas rather than the front shocked
gas. The difference seen in the systemic velocities of the low-
E, component of H,CS compared to the rest of the species (see
Sect. 5.1.1), also strengthens this scenario.

In summary, H,S, the low-E, component of OCS and H,CS
and the high-E, component of SO likely trace shocks, although
they do not seem to trace the same shock component or event
based on the information we could gather. However, none of
these S-bearing species are probing fast and, thus, strong shocks
since they do not trace the same gas as SiO, a well-known
fast shock tracer (e.g. Schilke & Walmsley 1997; Gusdorf et al.
2008; Kelly et al. 2017), and as most of the abundance ratios
investigated here agree on average with what is found in the
L1157-B1 shock rather than in the Orion KL Plateau. In the
region SSC5, however, some of the ratios agree better with what
is found towards the Orion KL Plateau which could indicate the
presence of stronger shocks (likely due to a more intense star
formation activity) compared to the rest of the regions. Overall,
our results seem to agree with a scenario where H,S, the low-
E, components of OCS, H,CS, and the high-E, component of
SO probe shocks which are likely associated with star forma-
tion in both the outer and inner CMZ, although star-formation is
known to be particularly intense in the inner CMZ where most
of radio continuum sources are located (Ulvestad & Antonucci
1997). Our results are consistent with previous low-angular
resolution studies of S-bearing species which concluded that
S-bearing species are associated with low-velocity shocks simi-
lar to those found in the Sgr B2 molecular cloud complex, where
star-formation is ongoing (Martin et al. 2003, 2005). Nonethe-
less, performing chemical modelling will be crucial to confirm
these results and assess more accurately the nature of the shocks
traced by these species.

6.3.2. Primary molecular cloud tracers

The [OCS_1]/[SO_1] abundance ratio derived in the outer CMZ
is constant and agrees consistently with what is found in HCs
and GC clouds. However, we just determined that the low-E,
component of OCS arises likely from shocks, indicating that the
low-E, components of OCS and SO do not trace the same gas.
The physical conditions of the gas emitting the low-E, compo-
nent of SO correlate well with that traced by HCN and HNC
(Behrens et al. 2022), which are well-known dense gas tracers
of the GMCs of NGC 253 (Leroy et al. 2015). From the LVG
analysis, this component of SO emits from a warm (>40 K) and
moderately dense (ng,s ~ 10*—10° cm™) gas in most regions.
The physical conditions derived are similar to that of the high-
density component of the NGC 253 GMCs (T, ~ 85K and
Ngas ~ 10* cm™3) derived by Tanaka et al. (2024) suggesting that
SO traces the dense clouds, in particular the compact regions
(20.3-0.4" or <5-7pc) as derived with the LVG analysis in
the outer CMZ. This conclusion agrees with a previous study
of SO towards NGC 253 by Holdship et al. (2022), who con-
cluded that the SO abundance was unlikely driven by PDRs or
shocks. Finally, the physical conditions of the low-E, component
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of SO in the inner CMZ being different than those in the outer
CMZ (cooler gas temperature and larger emission region) could
either indicate a different origin of emission of SO in the inner
CMZ or could result from the influence of the higher concentra-
tion of CRs in the inner towards the inner CMZ (Mangum et al.
2019; Behrens et al. 2022), which are known to destroy SO
(Bayet et al. 2011; Holdship et al. 2022).

The low-E, component of CS also very likely traces the
dense gas from molecular clouds. The [CS_1]/[SO_1] abun-
dance ratio is similar to that found in the PDRs and GC clouds.
The low-E, component of CS emits from a cold (<20K) and
dense (>10*cm™) gas on GMC scales (6, > 1” or ~ 17pc)
which would favour the molecular cloud origin rather than the
PDR one. These results needs to be taken with caution as they
originate from the fact that we initially fixed the emission size
to 1.6” (see Sect. 5.2.3). If the emission region were smaller,
the physical conditions derived could differ. Nonetheless, our
results suggest that the low-E, component of CS traces the dense
GMCs of NGC 253, thus agreeing with previous observations
(e.g. Bayet et al. 2009; Martin et al. 2009b; Aladro et al. 2011;
Leroy et al. 2015; Holdship et al. 2022).

6.3.3. Shocks, proto-SSCs or molecular clouds:
Unconstrained origin

For some of the species or components, we cannot constrain the
region of emission. However, it is still possible to propose some
hypotheses based on our results.

For the high-E, component of H,CS and OCS, and SO,, we
derived temperatures high enough to be consistent with thermal
desorption (Tges > 100KS; e.g. Collings et al. 2004; Viti et al.
2004; Kanuchova et al. 2017; Vidal & Wakelam 2018). These
hot components are only present towards GMC6, SSC2, and
SSC5 (also GMC?7 in the case of H,CS) and could thus arise
from the proto-SSCs. This hypothesis could be strengthened
by the fact that such high temperatures for H,CS and SO,
were found in higher angular resolution observations towards
the proto-SSCs of NGC 253 by Krieger et al. (2020a). How-
ever, we cannot rule out a possible shock origin. Young shocks
create dense and warm environments by compressing and heat-
ing the surrounding gas before cooling (e.g. Frank et al. 2014).
In the example of the L1157 outflow, the younger shock posi-
tion called BO is much warmer (T > 120K) than the older
shock positions B1 and B2 (T < 80K; e.g. Lefloch et al. 2012;
Feng et al. 2022). If both the low-E, and high-E|, components of
OCS trace shocks in the inner CMZ, then the high-E,, component
would trace hot young shocks in the inner CMZ whilst the low-
E, component traces older cooled shocks. In the case of H,CS,
this species is efficiently formed on the grains at high densities
(e.g. Jiménez-Escobar & Caro 2011; Drozdovskaya et al. 2018;
Laas & Caselli 2019) and strong enough shocks could directly
sputter H,CS into the gas phase. The higher concentration of the
fast shock tracer SiO towards the inner CMZ (Huang et al. 2023)
could indicate the presence of stronger shocks in these regions.
In Sect. 5.1.1, we found a significant difference between the sys-
temic velocity of the low- and high upper-level energy transi-
tions of H,CS, suggesting the two components being emitted
from two different gas or from different shock events. Finally,
SO; is a well-known post-shocked gas tracer due to the reac-
tion between SO and OH in the gas phase, which takes place

 New calculations of the binding energies of SO, (Perrero et al. 2022)
indicate that SO, can sublimate at a lower temperature (Bianchi et al.
2023).
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Origin of emission of S-bearing species towards the CMZ of NGC 253
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Fig. 11. Schematic (not to scale) showing the proposed origin of emission of the S-bearing species towards the CMZ of NGC 253 (Sect. 6.3)
and summarising the main results for the physical properties (T'gas, 1ges) Of the gas emitting the S-bearing species (Sect. 5.2). We illustrate two
scenarios, for a giant molecular cloud in the outer (left) CMZ and inner (right) CMZ. The timescale for the shocks induced by star-formation are
from Huang et al. (2023). The temperatures and densities reported are averaged over the regions and variations could be present in some of the

regions.

within 10* yr (e.g. Pineau des Foréts et al. 1993). The sole detec-
tion of SO, in the inner CMZ could be explained by the fact
that for timescales >3 x 10* yr, SO, is converted to atomic
sulphur (e.g. Pineau des Foréts et al. 1993; Hatchell et al. 1998;
Wakelam et al. 2004b; Fengetal. 2015). Since Huang et al.
(2023) derived that the shocks in the outer CMZ have ~10° yr
time scales. SO, could have been already converted to atomic
sulphur. The [H,S]/[H,CS_2] and [OCS_2]/[SO,] abundance
ratios do not give further constrain on the possible region of
emission of these species as the values are similar to that of most
Galactic environments.

Finally, for the high-E, component of CS and CCS, we
cannot distinguish between a molecular cloud origin or a
shock/outflow origin. The [OCS_2]/[CS_2] abundance ratio is
consistently similar to those found in dark clouds through-
out the three innermost regions of the CMZ. We mentioned
that the high-E, component of OCS could either arise from
shocked regions or proto-SSCs. The abundance ratio indicates
that the high-E, component of CS and OCS are not aris-
ing from the same gas or the same shock event, if they both
trace shocks. If CS traces shocks, it would likely trace a
post-shocked gas following the destruction of OCS and H,S
(e.g. Charnley 1997; Wakelam et al. 2004b, 2005; Codella et al.
2005; Vitietal. 2014; Goémez-Ruiz et al. 2015; Taquet et al.
2020). On the other hand, the physical conditions of the high-E,

CS component (7 > 10° cm™ and Tgys ~ 20—100K) could indi-
cate that it traces more compact and dense regions of the GMCs
than the low-E, transitions. As mentioned already, the physical
conditions of CS need to be taken with caution as we had to fix
the source emission size for the LVG analysis.

The [CS_2]/[CCS] abundance ratio agrees well with the
ratios found in the L1157-B1 shock and the molecular cloud
regions. Since we mentioned the high-E, component of CS
traces either dense molecular gas or post-shock gas, CCS could
also trace these types of regions: On the one hand, CCS is
widely detected in the galactic young and cold dark clouds
(e.g. Suzukietal. 1992; Rathborne et al. 2008; Hirota et al.
2009; Roy et al. 2011; Marka et al. 2012; Tatematsu et al. 2014;
Seo et al. 2019; Koley 2022) and the excitation temperatures
derived for the various components (Tex ~ 10—72K) could cor-
respond to cold dark clouds but also to GMCs (for which the
temperature can be several tens of Kelvins). On the other hand,
CCS could originate from shocked gas. In the L1157-B1 shock,
Holdship et al. (2019) also derived two different excitation tem-
peratures (~6 and 5S0K) which are within the range of what
we derived in this work. Additionally, the low-E, component
of CCS seem to be well correlated with the systemic velocity
and line width of that of the low-E, component of H,CS (see
Sect. 5.1) which could strengthen the shock origin of the emis-
sion of this species. Additionally, if CCS mainly traces shocks,
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its concentration towards the inner CMZ could be explained
by the fact that its lifetime is thought to be around 10*yr
(de Gregorio-Monsalvo et al. 2006) which is lower than the age
of the shock induced star formation derived by Huang et al.
(2023) towards the outer CMZ (~10° yr). It is also possible that
the various components of CCS are emitted from different gas.
This would agree with the difference in systemic velocity seen
between the low- and high- upper-level energy transitions in
Sect. 5.1.1.

In summary, we found that most of the S-bearing species
could be associated with shocks due to star formation activity
within the CMZ of NGC 253. Figure 11 shows a schematic of
the proposed scenario for the outer and inner CMZ, as well as
a summary of the average physical conditions traced by each
species. In the inner CMZ, the presence of stronger and younger
shocks due to an intense star forming region would lead to the
emission of most S-bearing species, although we cannot exclude
that the presence of proto-SSCs contributes to thermally des-
orb some of the S-bearing species. In the outer CMZ, shocks
could also account for the emission of most of S-bearing species,
although they are likely to be less strong or older (due to less
intense/older star formation) than those from the inner CMZ.
Performing chemical modelling will be the next crucial step
to disentangle the various possible scenarios for these species
(Bouvier et al., in prep.).

6.4. Other considerations from the general morphology of
the CMZ

We mainly discussed the emission and origin of sulphur-bearing
species in the context of ongoing star formation, since these
species are known to be enhanced in these regions in the Milky
Way. However, the CMZ of NGC 253 is relatively turbulent and
other physical effects could be involved in the enhancement of
S-bearing species.

First, as mentioned in Sect. 2, shocks could be caused by
large-scale cloud-cloud collisions, induced by orbital intersec-
tions between the central bar and the spiral arms (Harada et al.
2022; Humire et al. 2022; Huang et al. 2023), the streamers from
the large-scale outflow (Walter et al. 2017; Tanaka et al. 2024;
Bao et al. 2024), or the superbubles from supernovae remnants
(e.g., Sakamoto et al. 2006; Gorski et al. 2017; Krieger et al.
2020b). Orbital intersections are thought to happen at the north-
east and SW part of the CMZ, that is, close to the posi-
tions we labelled as GMC 1a, 1b, 8a, 9a, and 10 (see e.g.,
Sorai et al. 2000; Das et al. 2001; Levy et al. 2022 for more
details of the various bar orbits). Previous ALCHEMI studies
explained the enhancement of HOCO* and HNCO (Harada et al.
2022; Huang et al. 2023), and the presence of CH3;OH masers
(Humire et al. 2022) with potential cloud-cloud collisions hap-
pening in these regions. Among the S-bearing species analysed
in this study, OCS is the species for which the emission distribu-
tion is the most resembling that of the above-mentioned species.
However, our analysis showed that in the outer CMZ, hence
where these cloud-cloud collisions occur, OCS and HNCO do
not trace the same gas (as we also mentioned in Section 6.3.1),
which could indicate that these two species are likely not trac-
ing the same shock event or type. Further investigations about
the type of shock using chemical modelling (Bouvier et al., in
prep.) are needed to conclude whether cloud-cloud collisions are
responsible for the OCS emission in the outer CMZ.

Then, studies performed on the large-scale outflow of
NGC 253 and its link with the CMZ showed the presence
of molecular streamers emerging from the centre of the CMZ
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(Bolatto et al. 2013; Walter et al. 2017; Krieger et al. 2019), one
of them, in the SW being particularly prominent. These stream-
ers are powered by the ongoing star formation occurring inside
the inner GMCs and the presence of strong shocks is detected
in these GMCs, as well as at the base of the streamers, near
the GMCs 7, 6, and 3 (corresponding to our region SSC2)
(e.g. Walter et al. 2017; Krieger et al. 2019; Huang et al. 2023;
Bao et al. 2024). The present analysis of the S-bearing also indi-
cates the possibility of stronger shocks happening in the inner
CMZ (see Sects. 6.3.1 and 6.3.3, and Fig. 11.), due to more
enhanced ongoing star formation in the inner CMZ.

Finally, in the inner CMZ, other types of sources associated
with star formation are present, due to the inflow of gas along
the bar which triggers star formation inside the GMCs. Several
supernovae explosions, supernovae remnants (SNRs), and HII
regions were identified in the inner CMZ (Ulvestad & Antonucci
1997), which could contribute to shocking and heating the
molecular gas. Whilst GMC6 is bright in all the S-bearing
species, differences can be seen between the positions SSCS
and SSC2. Indeed, the emission of CS, H,S, and CCS seems
to be slightly more intense towards SSC5 compared to SSC2
(see Figs. 1 and 3). Behrens et al. (2022) showed that a higher
number of HII regions was located towards SSC5 (GMC 4 in
their study) compared to the other inner GMCs. Enhancement
of CS, H,S, and CCS due to the presence of these HII regions
is however unlikely, as we showed in Sect. 6.3 that the emis-
sion of S-bearing species is not associated with PDRs, powered
by HII regions. On the other hand, Behrens et al. (2022) showed
that SNRs are more numerous towards GMC 6 compared to the
other GMC:s studied in this paper, but there is no distinct patterns
seen in the gas properties or column densities of the S-bearing
species that could indicate a specific enhancement in GMC 6 due
to the presence of SNRs.

7. Conclusions

We investigated the origin of the emission of the most abun-
dant sulphur-bearing species (CS, H,S, SO, SO,, H,CS, OCS,
and CCS) detected in Galactic star-forming regions towards the
CMZ of the nearby starburst galaxy NGC 253. Thanks to the
high sensitivity and broad frequency range of ALCHEMI, we
had access to a variety of transitions for each species, allowing
us to perform rotational diagram and LVG analyses. We then
first compared our results with other various species from previ-
ous ALCHEMI studies, and we then compared several molecular
abundance ratios found in NGC 253 with those found in various
Galactic regions. We summarise the main results below.

- CS, H,S, SO, SO,, H,CS, OCS, and CCS show different
emission distributions and peaks. The low upper-level energy
transitions of CS and H,S show the most extended emis-
sion throughout the CMZ. On the other hand, SO, is con-
centrated within the 6” region around the kinematic centre
of the CMZ. OCS and H,CS emissions peak towards each of
the GMCs rather than towards the centre of the CMZ as the
other species.

— We performed Gaussian fits to derive the line widths and sys-
temic velocities. We found significant differences in the sys-
temic velocity peak of the low and high upper-level energy
transitions of H,CS, 3*S0, and CCS, indicating differences
in the emission which are likely due to excitation condi-
tions, and between the low upper-level energy transitions of
H,CS and CCS with the other species and their higher upper-
level energy transitions. The narrowest line widths for each
species were found towards GMC 10.
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— We performed both LTE and non-LTE LVG analyses to
derive the physical conditions of the gas emitting the
sulphur-bearing species. We found that towards the inner
CMZ, we need at least two gas phase components (asso-
ciated with low and high upper-level energy transitions) to
reproduce the observed line intensities indicating the pres-
ence of different excitation conditions between the inner and
the outer CMZ

— Across the CMZ, the low upper-level energy transitions of
CS and H,CS trace the coldest gas (Tgis < 50 K). In the
outer CMZ, the highest gas temperatures were derived for
SO and the high J transitions of CS; whereas, in the inner
CMZ H,S and the high upper-level energy transitions of SO
and H,CS show the highest gas temperature. Towards SSC2,
the overall gas temperature is colder (T, < 50 K) than in
the other inner regions. The highest density is traced by H,S
(Ngas > 10°—107 cm™3) throughout the CMZ. SO and the low
upper-energy level transitions of CS trace higher densities in
the inner CMZ; whereas, for the other species, the density
stays relatively constant.

— We found that most of the sulphur-bearing species investi-
gated in this work are likely tracing shocks throughout the
CMZ. We also found that they are not likely probing strong
shocks as SiO would do. Only the low upper-level energy
transitions of SO and CS are tracing dense molecular gas. In
the inner CMZ, where the proto-SSCs are located, we could
not always disentangle whether the S-bearing species are
released through shocks or thermal evaporation. Chemical
modelling will be a crucial next step to distinguish between
the two possibilities (Bouvier et al., in prep.).

We investigated the region of emission of various S-bearing
species assuming that they are emitting from the same gas
throughout the CMZ, or distinguishing between the inner and
outer part of the CMZ. However, as seen with the LVG analysis
(Sect. 5.2.3), the physical condition of a species could differ in
some regions compared to the others, like in the case of SSC2
(see Sect. 6.1). Harada et al. (2024) also concluded that the var-
ious GMCs of the CMZ were distinct following their PCA anal-
ysis. Therefore, our conclusions could be not entirely valid and
further investigation would be needed for these specific regions.
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Appendix A: Velocity-integrated maps

In this section, the velocity integrated maps of Hg“S and 3*S0O are shown.
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Appendix B: Targeted species and transitions

Fig. A.l. Same as Fig. 1 but for H3*S and
330. Top: Velocity-integrated maps of SO (2;-
1,). Levels start at 30 (1o =50, 28 and 10.4
mJy.beam™', respectively; white contours) with
steps of 7, 3, and 5o (black contours), respectively.
Bottom: Velocity-integrated maps of Hg“S (110-
1o1). Level starts at 3 o (1o = 56 mJy.beam™';
white contours) with steps of 7o (black contours).

Table B.1. Species and transitions detected and used in this work, as well as their spectroscopic parameters.

Species  Transition Rest Frequency E, Aj Ju
(MHz) (X) ™)

o-H,S“ 10— Lo 168762 279 2.65x10° 9

330 — 32,1 300505 168.9 1.01x107* 21

p-H,S¢ 22,0 - 21,1 216710 84.0 4.83x1073 5

o-Hg“S“ lio— 1o 167910 28.0 2.64x10™ 9

Cs? 2-1 97980 4.9 1.68x10> 5

3-2 146969 141 6.07x107° 7

4-3 195954 235 149x10* 9

5-4 244935 353  2.98x10™* 11

6-5 293912 494  523x107* 13

7-6 342883 65.8 839x10™* 15

0CS? 7-6 85139 163 1.71x10°° 15

87 97301 21.0 2.58x107 17

9-8 109463 263 3.70x10°° 19

11-10 133785 38.5 6.82x107° 23

12-11 145946 455 8.88x107% 25

13-12 158107 53.1  1.13x107° 27

14 - 13 170267 613  1.42x107° 29

16 — 15 194586 794  2.13x107° 33

17 - 16 206745 80.3  2.56x107 35

18 — 17 218903 99.8  3.04x107° 37

19 - 18 231060 110.9 3.58x107 39

23 -22 279685 161.1 6.37x107° 47

24 - 23 291839 175.1 7.25x107> 49
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Species Transition Rest Frequency E, Aj Ju
(MHz) (XK) ™)

26 — 25 316146 204.9 9.23x107° 53

29 — 28 352599 2539 1.28x10™* 59

o-H,CS? 313—212 101477 229 1.26x107° 21

312—21. 104617 232  1.38x107° 21

413-312 139483 29.9 3.57x107° 27

S515—414 169113 375  6.66x107° 33

717 =616 236727 58.6 191x10™* 45

817—Tis 278886 734  3.17x10™* 51

918 —817 313716 88.5 4.56x107* 57

1010 -9 3 348534 105.2 6.30x107* 63

]11,11 - 101!10 371847 1203  7.70x10™* 69

p-H,CS 303 — 202 103040 9.9 1.48x107° 7

404 =303 137371 16.5 3.64x10° 9

60,6 — 50,5 205987 346 127x10™* 13

725 — 624 240548 98.9 1.88x10™* 15

CCS¢ 76 — 65 86181 233 2.82x107° 13

T3 — 67 93870 19.9 3.80x107° 17

87— 76 99866 28.1 4.46x10™° 15

8s — 77 103640 31.1  5.05x107° 17

89 — 7g 106347 25 5.56x107° 19

9g — 87 113410 33.6  6.63x107° 17

1010 — 99 129548 429 1.00x10™* 21

1071 — 919 131551 370 1.06x107* 23

1119 — 109 140180 464 1.27x10™* 21

11, - 10 144244 439 1.41x107* 25

1213 =111 156981 515  1.82x10™* 27

131, — 12 166662 61.8 2.16x10™* 25

1313 - 12 168406 65.3  2.24x107* 27

1314 — 1243 169753 59.6 2.31x10™* 29

CCS¢ 1514 — 1443 192961 79.7 3.38x107* 29

1516 — 1445 195961 77.8  3.53x10™* 33

1616 — 1515 207260 933 421x10™* 33

171 — 1617 221071 984 5.14x10™* 37

1817 — 1745 232201 1112 5.94x10™* 35

1815 — 1717 233159 1150 6.02x10™* 37

1819 — 1713 233938 109.6 6.10x10™* 39

1915 — 187 245244 123.0 7.01x10™* 37

2159 — 2019 271292 1484 9.52x107* 41

215 =20y 272592 147.0  9.69x10™* 45

2454 — 2393 310837 1952 1.44x1073 49

2655 — 2574 336258 2228 1.82x1073 51

2655 — 2574 336722 2269 §.83x1073 53

So¢ 2, — 14 86093 193 525x10° 5

54— 44 100029 38.6 1.08x10°° 9

3, -2 109252 21.1 1.08x10° 5

3;-2, 129138 255 225x107° 7

65 — 55 136634 50.7 1.75x10°¢% 11

3,23 138178 159 3.17x10° 9

45 -3, 158971 287 4.23x107° 7

44 — 33 172181 33.8 5.83x10° 9

45— 34 178605 244  7.02x107° 11
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Table B.1. Continued.

Species Transition Rest Frequency E, Aj Ju
(MHz) X) )
55 —4y 215220 44.1  1.19x107* 11
56 —4s 219949 350  1.34x10™* 13
95 — 83 254573 99.7  4.24x10°° 17
76 — 65 296550 649 3.23x10™* 13
Tg — 67 304077 62.1 3.61x10™* 17
2-1; 309502 193  142x10° 5
33-23 339341 255  1.45x107° 7
8 =77 344310 87.5 5.19x107* 17
3507 2 -1 84410 192 4.95x10° 5
23-1; 97715 9.1 1.07x107 7
33-2, 126613 253 2.12x107° 7
45 — 34 175352 240  6.65x107° 11
65 — 54 246663 499 1.81x107* 11
67 — 56 256877 46.7  2.15x107* 15
T3 — 67 298257 61.0 3.41x10™* 17
8 =T 337582 86.1 4.89x10™* 17
SO, 313 =202 104029 7.7 1.01x107° 7
1019 — 100,10 104239 547  1.12x1075 21
1028 — 1028 129514 60.9 2.50x107° 21
121!11 - 120’12 131014 76.4 1.86x10™° 25
14212 — 14113 132744 108.1 2.93x107 29
624 —015 140306 292 2.53x107° 13
322-313 158199 153 2.53x107° 7
220 - 11 192651 126 6.56x10 5
24321 — 2452 200287 302.3  9.87x1075 49
18315 — 182,16 204246 180.6 9.27x107° 37
1100 = 11111 205300 702 5.32x107° 23
320 - 211 208700 153 9.72x107° 7
28325 — 28226 234187 403.0 1.45x10™* 57
524 —413 241615 23.6  8.46x107° 11
15214 — 15115 248057 1193 8.06x107 31
28424 — 28325 267719 4159 2.16x10™* 57
72,6 —61,5 271529 355 1.11x10™* 15
18117 = 17216 288519 163.1 1.57x107* 37
SO, 26224 — 26125 296168 340.6  1.87x107* 53
431 - 322 332505 31.3  3.29x10™* 9
86 —T17 334673 43.1  1.27x107* 17
23321 =232 336089 276.0 2.67x107* 47
19110 — 180,18 346652 168.1 5.22x10™* 39
533 =42 351257 359  3.36x107* 11
1248 — 1239 355045 111.0 3.40x10™* 25
13410 — 13311 357165 123.0 3.51x10™* 27
154120 — 15313 357241 149.7  3.62x107* 31
20020 — 191,19 358215 1853 5.83x107™* 41
19416 — 19317 359770 2143 3.85x10™* 39
21418 — 21319 363159 252.1 4.00x107* 43
633 — 524 371172 414  3.55x107* 13

The detected species have an integrated intensity above a 30 level (see Section 3). The spectroscopic parameters are taken from CDMS, except
for H,CS and CCS for which the parameters are from JPL. “The quantum numbers given are J(K,, K;,) *The quantum numbers given are J “The
quantum numbers given are N(J) “The quantum numbers given are J(K).
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Appendix C: LVG modelling and results

We give in this section detailed information about the LVG modelling of each species. The list of collision coefficients used to
perform the analysis are presented in Table 2 with their corresponding references. The results of the non-LTE analysis for the
regions GMC10, GMC8a, GMC7, SSC5, GMCla, and GMCl1b are displayed in Figures C.1 and in Table C.1.

C.1.CS

From the LTE analysis, two components were found, the first one including the transitions J=2—1 to J=4-3 and the second one
including the transitions J=5-4 to J=7-6. For each component, only three lines were available. Hence, we fixed the size of the
emission to be able to constraint the other parameters (Nio, Tgas, Ngas). As we do not have information on where the CS could be
emitted from we chose to fix the size of the emission to the beam size of 1.6”, which corresponds in having a beam filling factor of
0.5. The resulting reduced y* were good enough (,\/fe 4 ~ 0.1 = 1.9) to be considered as possible solutions. It is important to note,
however, that other solutions with emission size more compact could be possible.

C2 H,S+H*S

In the case of H,, we also included the line of Hg“S at 167 GHz that we detect in several regions. We assumed a value of 10 for

the 32S/34S ratio, as derived in Martin et al. 2021. We could perform the LVG analysis for the inner CMZ and GMC10 where we
detect at least two transitions. Except for GMC10 where only two transitions were available, we left the size as a free parameter.
For GMC10, we took the size found for GMC7 (0.34""), assuming the emission comes for the same component in the two regions.
Finally, as we detected both ortho- and para- transitions of H,S, we had to assume an ortho-to-para ratio (OPR). The value usually
taken in the literature is the equilibrium value of three. However, as some studies found that the OPR could be lower in the case of
H,S, and in particular in Orion where a value of 1.7+0.8 has been measured in Orion (Crockett et al. 2014), we ran two types of
models, one with an OPR of three and the other with an OPR of one. We found that the best OPR reproducing the observations in
all the regions is one.

C.3. SO+*S0

From the rotation diagram analysis, we found one component in the inner CMZ, and two components in the outer CMZ for SO and
350. We thus modelled the two components separately. As for H,S, we used the 32S/3*S ratio of 10 derived in Martin et al. 2021 to
include the 3*SO lines in the model. This ratio was reproducing well the observations for the first component in the inner CMZ but
for the second component, we found that a lower ratio of 8 was necessary to reproduce the observations. In the outer CMZ, only the
99 GHz line of *SO is detected. We found that including this line was driving the fit to very low temperatures. We do not have the
main isotopologue of this line and its E, of 9K is lower than that of the other detected transitions. Hence, this transition could trace
a different component and we thus chose to not include it in the LVG modelling.

For most of the regions we had enough lines to leave the size as a free parameter, except for the second component of GMC7
where we had only three lines. In this case, we fixed the size to 0.2”” assuming the emission comes from the same component as for
the other regions in the inner CMZ (for which we derived sizes between 0.15 and 0.3 ”’). On the other hand, for some components of
regions, the best fit provided by the LVG analysis provided the product 8, X Ny, because of a degeneracy between the size and column
density. This happened because the all the lines of SO are optically thin (7 << 1). We used the method described in Sec. 5.2.2 to
constrained the column density. Finally, we could not include the SO lines at 100, 136 and 254 GHz with A;; ~ 107 57!, as for the
LTE analysis, as these lines are not well reproduced by the LVG model when including them with the other lines. These lines are
probably tracing a third component that we could not model due to the poor number of lines.

C.4. H,CS

From the LTE analysis, up to two components were found in the inner CMZ. We thus modelled the two components separately in
these regions. As for H,S, H,CS is detected in both ortho- and para- forms. We assumed an OPR ratio of 3, which reproduces well
the observations. For most regions, enough lines were available to leave the size as a free parameter but the column density was not
always constrained. In these cases, we used the method described in Sec.5.2.2 to better constrain the column density. For the region
GMCI10, and the second component in GMC7, there are only three lines available, preventing us from leaving the size as a free
parameter. In the case of GMCI10, we fixed the size to both extended emission and 0.2" as these two values were found as best-fit
values in the other regions. We adopted the solution with the best y2_ ., which is with a size of 0.2”. For GMC?7, we fixed it to 0.12”,

red’
which is the average size found in the best-fit of the other regions for this component.

C.5. OCS

From the rotation diagram analysis, we found up to two components in the inner CMZ. In all the regions but SSC5 and SSC2, we
left the source as a free parameter. For SSC5 not enough lines were available whilst for SSC2, no y*> minimum was found. For these
sources, we then fixed the size to 0.17”, which corresponds to the average best-fit found in the other sources.
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Fig. C.1. Density and temperature contour plots for GMC10, GMC8a, GMC7, SSC5, GMCla, and GMC1b. The contours show the 1o solutions
obtained for the minimum value of the y? in the column density parameter derived for each species (and components) and region. Derived
gas density and parameters for other species (HCN, HNC; HNCO; SO, H;0*; CCH) studied in previous ALCHEMI studies were plotted for
comparison: [1] Behrens et al. (2022), [2] Huang et al. (2023), [3] Holdship et al. (2022), [4] Holdship et al. (2021).
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Table C.1. Best-fit results and 1o confidence level range from the non-LTE LVG analysis for GMC10, GMC7, SSC5, GMCla, and GMC1b,
respectively (from top to bottom).

Species Component Neot Range Ny Tkin Range Tiin N Range ny, Size (6;) Range 6; | Range b
(cm™) (cm™) XK (K (ecm™) (cm™) @ @
GMC10
CS 1 1.7x 10" (1.5-3)x 10" 8 7-9 >3 x 10° 1.60¢ >1.00 <25
2 5108 (02-15)x10"| 20 18-110 >3 % 10° 1.60¢ >0.30 <03
H,S 1 1.2x 10" (0.6-3)x10% [ 40 30-82 ... >9 x 10° 0.34* 0.20-0.50|0.01 -0.1
H,CS 1 8x 10"  (5.3-40)x10™ | 10 10-33 >2.5x 10* 0.20¢ 0.13-0.60{0.02-0.8
0oCS 1 1.5%x 10 (03-3)x 10 | 13 12-14 >2.2 % 10* 0.13 0.11-025] 03-14
SO 1 4x 10" (03-15%x10"[200 62-300° | 6 x 10* (5-10)x 10* >0.25 <0.1
GMC8a
CS 1 1.5 x 10 (0.5 = 5)xP 7 6-38 1x10® (0.2-6)x10° 1.60¢ >1.00 <24
2 1.5x10% (1.2-6)x 10" |100 20-105 | 3x10° (0.3-10)x10° | 1.60° >0.60 <03
H,CS 1 4x10% (02-20)x10"°| 19 16-53 .. >3 x 10° 0.12 0.11-030| 0.2-4.0
OoCS 1 1x10"7 (0.2-1.5x%x10"] 15 14 -16 >2 x 10* 0.16 0.14-030] 09-1.9
SO 1 1.5%x 10 (0.5-4)x10'® {250 40-300° | 9x10° (6 -20)x 10° 026 020-042] 0.1-1.6
GMC7
CS 1 9x10° (4-15x10P 9 6-10 4x10* (03-15)x10*| 1.60° >1.50 <43
2 8§x 10 (3-15)x10™ |90 20-100 >3 % 10° 1.60¢ >1.00 <04
H,S 1 1x 10" (0.8-1.4)x10"[ 25 22-159 [1.2x107 (0.2 -4)x 107 034 028-0.38]0.05-04
H,CS 1 4x10" (2-93)x10"% | 15 13-27 [1.5%x10* (0.5-35)x10*| 020 0.19-0.26| 0.6-5.4
2 6.7x10% (4-93)x10% |90 75-200 | 1x10° (0.7-1)x10° 0.20* 0.15-0.25{0.03-0.3
oCS 1 5% 10 (03-15)x10°| 40 31-60 >1.9 x 10* 020 0.13-0.25] 0.1-1.0
SO 1 5x10%  3-15x10"% [ 12 11-15 >5 % 10° >1.50 <0.1
2 5% 108  (0.4-10)x 10 [140 78 -300 | 7x10° (5-20)x 10° 0.20¢ 0.15-0.80{0.01 -0.2
SSC5
CS 1 1.5 x 10'® >2 % 101 10 9-11 1x10° (0.3-5 x10° 1.60¢ >1.60 <17.0
2 1.3x10% (0.5-3)x10% |25 22-27 >5 % 10° 1.60¢ >1.00 <0.7
H,S 1 2x107  (14-3)x10"7 | 70 57-96 >1.5x 107 020 0.17-023] 0.1-1.6
H,CS 1 2x 10" (13-80)x10™ |12 10-15 >1.3x 10° >0.25 <09
2 6.7x 10 (0.7-20)x 10 | 90 50-300° | 1x10° (0.5—-10)x 10° 0.16 0.10-0.50]0.02-0.5
0oCS 1 3x 10 (25-35 %10 35 29-38 >2.5x 10* 0.17¢ 0.16-0.18| 0.1-0.2
SO 1 7x 10"  (5-20)x 10 |200 27 -300° >8 x 10* >1.00 <0.1
2 8x 10 (6-10)x10' | 80 55-260 | 1x10% (0.3-10)x 10° 0.15 0.13-0.17| 0.1-1.0
GMCla
CS 1 1.5x 10" (0.4 -4)x10® 7 6-38 >1.5x 10° 1.60¢ >1.00 <3.0
2 3x10%  (1-35)%x10% | 75 50-85 >3 x 10° 1.60¢ >1.50 <0.1
H,CS 1 2x 10 (0.5-53)x 10" 12 11-33 .. >4 x 10° 0.16 0.15-0.20] 0.7-2.2
OoCS 1 1.5x 107 (03-15)%x10"] 14 13-16 >3 x 10* 0.17 0.15-0.25| 1.0-3.0
SO 1 1.5%x 10" (0.8-3)x 10" | 47 30-300° [1.5%x10* (0.5-2)x 10* 030 024-040| 0.1-1.6
GMCl1b
CS 1 1.3x 10" (0.3-2)x 10" 6 5-8 >1.7 x 10° 1.60¢ >1.00 <13
2 1.5%x10% (05-6)x10" | 85 35-92 2x10° 2 -5 x10° 1.60¢ >0.60 <0.15
H,CS 1 1.3x 10" (0.5-53)x 10| 16 15-43 7x10° (0.3 -20)x 10* 0.16 0.13-020| 0.6-2.4
0oCS 1 1x 107 (0.2-50)x 10" | 14 13-15 >2.2 % 10° 0.17 0.15-025] 02-24
SO 1 1x 10 (0.6-5)x10"% [170 35-300° |1.5%x10* (0.6 —3)x 10* 028 024-036] 02-1.2

Notes. “Initial fixed size assumed before exploring the range of similar solution (see text Sec.5.2.2) ® Average value for the optical depths of all the
transitions over the range of size ;. “‘Maximum limit due to the maximum temperature for which the collisional rates are available.

C.6. Results

The physical parameters derived from the non-LTE LVG modelling for the regions GMC10, GMC8a, GMC7, SSC2, GMCla, and
GMC1b are displayed in Table C.1 and their temperature-density contour plots are shown in Figure C.1. The abundances derived
for these regions are also indicated in Table C.1.

Appendix D: Molecular abundance ratios
The abundances ratios used in Fig. 10 for NGC 253 are shown in Table D.1.
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