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SOLID PHASE WITH SIMULATED SPECTRA OF JWST INSTRUMENTS
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Abstract. In star forming regions, S-bearing species in the gas-phase (SO, SO2, CS, HCS™, C2S and C39)
represent only a fraction (<1%) of the cosmic sulfur abundance. We expect that most of the sulfur in the
interstellar medium (ISM) is locked within the solid-phase, whether in ice mantles or in the (semi-)refractory
material. The search for solid sulfur in the ISM is still elusive: only OCS has been solidly detected and SO2
tentatively detected. Yet, the estimated column densities of these two molecules would only represent about
5% of the cosmic sulfur abundance, leading to more than 90% still hidden within a non-identified form.

Chemical models struggle to implement the sulfur chemistry as compared to other elements, despite
recent efforts to update the chemical networks. Models predict that a large fraction of the S-bearing volatile
species in dense cores is within the ice mantle, but identifying a unique reservoir is no easy task: most
of these species are highly dependent on the physical conditions and chemical age of the cloud. Recent
observations suggest that the sulfur depletion and S-bearing species distribution in ices is strongly affected
by the dynamical and chemical history of the cloud, leading to very different ice compositions.

In this work, we update CS2 band parameters and present for the first time the near-infrared (IR) Ss
spectrum. We then present a synthetic IR ice spectra generator based on the James Webb Space Telescope
(JWST) instrumentation and built around a simple approximation from laboratory spectra. This tool is
used to study the detectability of S-bearing species (in particular HaS, CS2, SO2 and Sg) in ice mantles
within the JWST wavelength range (0.6-28.3 pm). Multiple flat continuum of different intensities are tested
to derive the column densities needed to reach a 5o detection for each species within three different scenarios
(dense cloud, LYSO and MYSO).

We conclude that the detection of the selected S-bearing species is challenged by the ice composition and
ice processing in different environments, suggesting that solid sulfur might remain hidden from us.

Keywords:  Astrochemistry, Infrared: ISM, solid state: volatile

1 Introduction

Sulfur is the tenth most abundant element in the Universe (Asplund et al.|2009) and is believed to play an
important role in the chemistry of star forming regions. In the gas-phase, atomic S is the main atomic electron
donor at low Av (3.7 - 7 mag), regulating the gas ionisation fraction (Fuente et al.[2023). On surfaces, small
S-bearing molecules, such as HsS, play a catalyst role in the formation of complex molecules (Moore et al.
2007). However, despite recent observational efforts, it is estimated that the S-bearing species, both in gas-
and solid-phase, only represents about 5% of the total sulfur cosmic abundance (assuming S/H ~ 1.5 x 1075
in diffuse cloud mainly in the form of S*, Jenkins|2009)). In prestellar cores, multiple S-bearing molecules have
been identified (mainly SO, SO,, CS, HCST, H,CS, C3S and C3S) but only account for < 1% of the cosmic
abundance (Agundez & Wakelam!2013; [Vastel et al.[[2018). While in the solid-phase, only the 4.9 um feature in
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the IR spectrum has been associated to OCS (C-S stretching) toward background stars (McClure et al.|2023]),
embedded objects (Palumbo et al.[[1995]), protostar (Palumbo et al.|[1997), class 0-1 (Gibb et al.|2004; |Aikawa,
et al.|2012) and MYSO (Boogert et al.[[2022)). SO- possible feature at 7.7 um has been classified as “likely”
in a recent study (Rocha et al.[2023), towards a low-mass class 0 protostar and a high-mass protostar. So
far, no other S-bearing molecules has been identified in ISM ices. From in situ observations of the coma of
comet 67P/Churyumov-Gersimenko (Calmonte et al.|2016|), atomic S, HaS, SO2, OCS and SO were identified,
suggesting that these species could already be present in the cold regions of the ISM. Additionally, [Calmonte
et al|(2016) inferred the presence of S7 and S} in the coma, introducing the possibility that the sulfur might
be locked in S-allotropes, also supported by ab initio calculations and lab experiments (Cazaux et al.|[2022).

Since we are lacking observational constraints, the non-detection of S-bearing species challenges the astro-
chemical models, where multiple problems were highlighted and partially corrected in|Vidal et al.|[(2017)). Recent
modelling efforts, such as|Laas & Caselli| (2019) and Navarro-Almaida et al.| (2020) have been trying to identify
the main sulfur reservoirs in the solid-phase, but show that the ice composition and exact main carrier of these
species is highly dependent on the physical conditions. Overall, the models agree that most of the sulfur (>
99%) is depleted into the grain (ices and (semi-)refractories) in cold molecular regions. The comparison between
observations and models is however very limited.

Considering the available observations, modelling results and laboratory experiments, we identified several
S-bearing species to be searched for in the ices (HaS, OCS, SO, CSs, S-allotropes), thanks to the better
sensitivity and better spectral resolution offered by the JWST instruments, NIRSpec and MIRI. To do so, we
use the Synthetic Ice Spectrum generator (SynthlceSpec, Taillard et al, in prep) to test the detectability of
these S-carriers in different objects (dense cloud, LYSO and MYSO), supported by new laboratory data and
chemical modelling results.

2 CS; and Sg band parameters

In order to look for the different S-carriers, we need their vibrational modes band parameters, ideally found
in the JWST wavelength range (0.6-28.3 pm). For this study, we were lacking CSs and Sg data. We carried
an experiment in a ultra high-vacuum chamber where we deposited a CSs ice sample on a Csl substrate at 8
K using the SPACE TIGER experimental setup at the Center for Astrophysics (CfA, Harvard & Smithsonian,
USA). With the new spectrum, we computed the band strength and width of the main feature knowing the
approximate CSy column densities deposited on the sample. The band strength was estimated at 1.3 x 10716
cm~! for the 6.6 um feature. We also made an estimation of the band strength of the Sg main feature at 21.3
pm. The experiment was carried out at the Centro de Astrobiologia (CAB, CSIC-INTA, Spain), where a Sg
pellet was introduced in a Fourier-Transform IR spectrometer, resulting of a band strength of 1.5 x 10719 cm™!.

3 SynthlceSpec

To test the detectability of the selected species, we used a synthetic ice generator (SynthlceSpec, Taillard et al,
in prep.) to derive iteratively the needed column densities to obtain a 50 detection. The code uses a simple
approximation that the molecular vibrational band can be reproduced by a Gaussian or a sum of Gaussian. The
optical depth is obtained by multiplying the assumed column density by the band strength, integrated under
the distribution profile with a given full width half maximum (bandwidth). The code takes in consideration
the different JWST instrumental parameters (spectral resolution, wavelength range...) and we add a synthetic
noise all over the spectrum, extracted from actual data published in (McClure et al.|[2023). The absorption
spectra is multiplied by an imaginary astronomical source spectrum, constant all over the range of wavelength,
with three different levels (1, 0.1 and 0.01 mJy), representing a bright, faint and very faint source.

3.1 Ice mixing: major ice species mixed

We add H20O, CO, CH3OH and CO alongside the sulfur species. All the band parameters of the chemical
species present in the study are extracted from diverse bimolecular mixing with water. When available, we also
extracted new band parameters for the sulfur species, mixed with water. The overall composition is discussed
and described in Taillard et al, submitted. Considering the shift in position, altered band strength and new
vibrational modes available when mixed with water, we look first at the position of the features of the four
sulfur species present on the NIR wavelengths. We present in Figure. [I] the position of each of the features of
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S-bearing species, with OCS and SO; features being relatively isolated while HoS and CS, are overlapping with
neighbour features implying the difficulty to identify and detect them.
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Fig. 1. Synthetic ice spectra of a “simple” ice composition, containing only the major ice species and S-bearing molecules
on part of the NIRSpec wavelengths (left) and on a part of the MIRI range (left).

3.2 Model limitations

At the moment, SynthIceSpec lack major features that can impact the overall aspect of the bands such as: grain
growth, minor ice features (such as 13COs, dangling O-H, HDO...), ice thermal processing, radiative transfer,
mixing (other than with water). The continuum also plays a central role in the column densities determination
in real data analysis, that we simplify here with a flat and constant one. It is then expected that the different
thresholds we derive are underestimated as compared to what could be observed.

4 Detectability of S-bearing molecules

Now that the positions are known, we test different ice composition, corresponding to data extracted from
(Boogert et al.|2015) review. The three ice composition correspond to a cold core, LYSO and MYSO environ-
ments. For each case, we iteratively add to the column densities of the four species to reach the values needed
for a 50 detection. We list the different thresholds for each species at each continuum in Table. [I]

4.1 H,S, OCS, SOy and CS;

In each case, the four species are detected with low column densities for a constant flux of 1 mJy, while it
gradually gets harder and less realistic as the flux decreases. The ice composition plays a major role in the
identification of each species and except OCS that was already detected, the detection of the three other species
(H2S, SO2 and CS,) is challenging. A favourable chemistry could help with producing the high and medium
flux column densities (at 1 and 0.1 mJy), but no scenario are expected to be reached to form the column
densities predicted at 0.01 mJy for all species. Overall, the detection of any of the species listed here would be
a milestone, it would benefit the astrochemical models and our comprehension of the sulfur chemistry but as
shown in the study, it will remain difficult to constraint the sulfur abundance in the ISM.

4.2 The Sg case

With the new band parameters for Sg feature at 21.3 pum, we also tested the column density needed to get a 5o
detection. The band strength being extremely low and distributed on a large band, even with the sulfur cosmic
abundance distributed over the allotrope, it would still be impossible to detect the molecule. We computed that
we would need almost 10 times the cosmic value to get a bo detection.

5 Conclusions

With our study, we showed that the search for identifying the solid sulfur reservoir is difficult with the JWST.
We consider a few hypothesis that explain why no major reservoir has been identified so far. Following
let al| (2019) and |Cazaux et al|(2022) suggestion of the sulfur being locked on the grains during the translucent
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phase and being transformed into S-chains, the detection of the allotropes is simply impossible considering our
laboratory data of Sg. Another hypothesis is that sulfur is distributed in ices, so well that the different species
column densities are not enough to allow the detection with considered band strength. Then, there might not
be a “main” ice reservoir or it is not detectable in the NIR spectrum (for e.g., SH, SO, CS, sulfur salts...).

Table 1. Column densities used in each synthetic spectrum, in parenthesis the abundance relative to water. The 5o
detection thresholds are listed for each S-carrier at each continuum level for all three environments. These thresholds

are computed from the rms value derived from [McClure et al.| (2023).
Column density (cm~2) (% H20)

Molecule Cold core LYSO MYSO
(assuming rms level derived from McClure et al.|(2023),
of 0.003 and 0.005 mJy for NIRSpec and MIRI respectively)
H,S (1 mJy) 6.5x10% (0.7%)  1.1x10'" (2.2%) 6.5x1010 (1.3%)

H,S (0.10 mJy)
H2S (0.04 mJy)
OCS (1 mJy)

(
5.1x10'7 (5.5%)
9.0x10'7 (9.7%)
6.5x10%5 (0.07%)

5.2x10'7 (10.5%)
6.6x1017 (13.2%)
5.0x10% (0.1%)

4.3x10'7 (8.6%)
8.2x10'7 (16.5%)
5.0x10% (0.1%)

OCS (0.1 mJy) | 1.4x10'¢ (0.15%) 3.0x10'6 (0.6%) 3.0x10'¢ (0.6%)
OCS (0.04 mJy) | 2.8x10'6 (0.3%)  6.5x10'6 (1.3%) 6.0x10'6 (1.2%)
€Sy (1 mJy) 0.9x10'6 (0.1%)  1.0x10'6 (0.2%) 1.0x10% (0.2%)
CS2 (0.1 mJy) 4.6x10' (0.5%)  4.5x10% (0.9%) 4.5x1016 (0.9%)
CS; (0.04 mJy) | 1.3x10'7 (1.4%)  1.0x10'7 (2.0%) 1.1x10%7 (2.1%)
SOz (1 mJy) 1.8x10%6 (0.2%)  2.5x10'6 (0.5%) 2.0x10% (0.4%)
SOz (0.1 mJy) 1.2x10'7 (1.3%)  1.5x10'7 (3.0%) 1.1x10%6 (2.2%)
SOs (0.04 mJy) | 2.3x10'7 (2.5%)  2.6x10'7 (5.2%) 2.1x10'7 (4.2%)
Ss Undetectable assuming all cosmic S abundance locked in the ices
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