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Introduction - The missing sulfur problem

● Sulfur is the 10th most abundant element in 

the Universe (Asplund+2009)

● In the ISM, small molecules (e.g. H
2

S) 

believed to act as a catalyst

● Sulfur abundance is still uncertain in some 

regions of the ISM by several orders of 
magnitude

● Main molecules detected in gas-phase: 
SO, SO

2
, CS, HCS+, H

2
CS, C

2
S and C

3
S

2
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In-situ observations from 67P comet
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Calmonte et al. 2016
 Image credits: ESA/Rosetta/NAVCAM 
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In chemical models ?

● More than 95% locked in ices

● Varies a lot depending of initial 
parameters
 

● H
2

S, SO and OCS are the main molecules 
predicted
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● Only TWO species identified with only 

one solidly detected: OCS

● Their abundances would account for less 

than 5% of the total sulfur

5

Ice detection so far

W33A - Palumbo et al. 1995 IRAS 2A - Rocha et al. 2024

MYSO  YSO

Where is the rest ?
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What reservoirs are we considering ?

● Locked in ice mantles or (semi-)refractory components ?

● We are still missing ~ 95% of the sulfur… Can JWST help us ? 

6

“Simple” 
molecules

Allotropes
(S

n
, n>2)

Cazaux et al. 2022

Salts
Vitorino et al. 2024

Slavicinska et al. 2024
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Data from the lab

● We compiled the available 

band parameters from 

literature

● New measurements were 

done for S
8

 and CS
2

 by our 

team

8
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Synthetic Ice Spectra generator (SynthIceSpec, Taillard et al, in prep) 

● Based on simple approximations: 
○ Each vibrational mode can be represented by a 

Gaussian (or a combination of Gaussians)

○ Superimposed on the IR spectrum of a background 

object 

+ Silicates features included

○
Intensity of each band is obtained by multiplying the 

assumed column density N by the corresponding 

{band strength and FWHM} (tau)
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Adding a bit of mixing

● Considering a H
2

O:CH
3

OH:CO
2

(9:1:2) mixing 

(Ehrenfreund+1999), we adjusted the band position, 

width and shape of these four species in SynthIceSpec

● In a similar way, we used mixing with H
2

O for all the 
other molecules present 

○ The bands widths/positions/strengths are affected

○ Species overlap in a very simple ice composition

● Adding noise based on real JWST observations 

(McClure+2023)

10
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Detectability in 3 science cases (data from Boogert+2015)
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Dense cloud environment - 1 mJy
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Dense cloud environment - 0.1 mJy
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Dense cloud environment - 0.04 mJy
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5 sigma detection thresholds % to water
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5 sigma detection thresholds % to water
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Decreasing 
flux

Increasing
column density

Crushing hope 
and dreams
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Model limitations

17

Scattering and/or 
ice thermal processing

Potapov+2021
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Model limitations
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Scattering and/or 
ice thermal processing

Potapov+2021

Photospheric lines

McClure+2023
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Model limitations
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Scattering and/or 
ice thermal processing

Potapov+2021

Photospheric lines

McClure+2023

Crowded area w/ 
abundant species 

Rocha+2024
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Model limitations

20

Scattering and/or 
ice thermal processing

Potapov+2021

Photospheric lines

McClure+2023

Crowded area w/ 
abundant species 

Rocha+2024

Grain growth

Dartois+2024
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What about allotropes ? (Sn, n>2)

● Allotropes are believed to be a solid S 
reservoirs, with possibly S

3
 and S

4
 detected 

in coma (67P, Calmonte+2016)…

● The solution ? Maybe, but not detectable ! 

● Even if we added all the cosmic abundance 
and locked it in S

8
, we would STILL not be 

able to detect it !

Cosmic abundance ~ 1.5 x 10-5 / H in a core with 
N

H2
 = 1.9 x 1021 cm-2, Av = 40

Conversion in column densities :
(1.5 x 10-5/8) * 1.9 x 1021 *40

21
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So what does it mean ?

● Hypothesis 1 : Sulfur all locked during the translucent phase 
in S

n
 (Cazaux+2022) or silicates

○ Little sulfur left to deplete from the gas-phase in later phases
○ If it’s the case : undetectable and will remain as such

● Hypothesis 2 : Sulfur is well distributed in the ices, so well 
that it is near impossible to detect any of these molecules 
because of band strength and/or low column density.
○ There might not be a  “main” ice reservoir, we would have 

already detected it.

● Ice species left to identify : salt, S
n 

, ions… 
○ Need to identify the precursors from the gas phase ?

● Probably a mix of these 

→ Limited to impossible detections with JWST
22



Thank you very much for your attention!
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H2O:NH3 (15:1)

H2O:H2CO -  8:1

H2O:CH3OH:CO2 - 9:1:2
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Observations

Synthetic 
spectra

MIRINIRSpec/NIRCam

McClure+2023
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SynthIceSpec principles (Taillard et al in prep)
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S8 new band strength

● Hector measured S
8

 band strength, width and position in 

the following experiment (at CAB):
○ Hector made a 6 mg pellet (pastilla) of S

8
 that he 

introduced in a Fourier-Transform IR spectrometer 

○ Main feature detected at 21.36 um (468 cm-1) 

○ He measured the column density and deduced the band 

strength following the equation: 

Band strength computed : 1.00 x 10-19 cm/molecule

27
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CS2 band strength

● Rafa made an experiment to compute the 
band strength, width and position of CS

2 
(at CfA, Harvard & Smithsonian USA): 

○ Rafa used a ultra-high-vacuum chamber to 
deposit CS

2
 ice sample on a CsI substrate at 

8 K and warmed it up to 130 K
○ No difference in spectra until 60 K
○ Shows transition from amorphous to 

crystalline
○ Features compared to 77 K ice sample from 

Yamada & Person 1964 
○ New measurements : 1.1x10-16 (6.65 um) 

and 2.1x10-18 (4.65 um) cm/molecule
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