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e Sulfuristhe 10" most abundant element in 0. SULFUR: A TROUBLESOME ELEMENT

the Universe (Asplund+2009)

1.5x10°
e IntheISM, small molecules (e.g. H,S)
believed to act as a catalyst
1.5x10°
e  Sulfur abundance s still uncertain in some
regions of the ISM by several orders of
magnitude 1940
e Main molecules detected in gas-phase: -

S0, 50,,CS, HCS*, H,CS, C,S and C.S

HIl regions
Diffuse medium

Sulphur
depletion
Comets
Starless cores
?2?




Colloque du programme national PCMI - 28-31/10/24 %

pCcmi

In-situ observations from 67P comet

H2S
56.59%

Image credits: ESA/Rosetta/NAVCAM

Calmonte et al. 2016
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In chemical models ?

101
HEl Models (Navarro-Almaida et al, 2020)
Bl Models (Laas & Caselli, 2019)
B Comet 67P (lower values)
Comet 67P (upper values)
Cold core upper-limits (McClure et al, 2023)
e Morethan 95% locked inices 100,
. . L Q
e Varies alot depending of initial = /
=
parameters 2
R
. -1
e H.,S,SO and OCS are the main molecules .
predicted *
102 I e

H>S 0CS CS, S0,
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Ice detection so far

MYSO YSO
'I"‘I"'I"'I"'Ii‘

CH,0H:0CS=20:1

e Only TWO species identified with only
one solidly detected: OCS

I

LA AL BLELEL

e Their abundances would account for less
than 5% of the total sulfur

l|||

flux (a.u.)

A RS S P PR N

Where is the rest ?

'
>
NG Sy b M s
N R T

'1]1] l‘l]lll]l’lll

Py
"I_LJ]JIJL‘III‘II

RN y - ~—— HCOOH:H,0:
s 1,0H:H,0 —— CH3CHO:H,0
SHO:CO:H2CO:CH3sOH  —— CH3COOH:H;
7.4 7.6 7.8
‘] S TG TS WA MR P N (WO O A T (5 o ol A [pm]

2080 2060 2040 2020 2000
wavenumber (cm™')
FiG. 7b
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What reservoirs are we considering ?

\ & +
ce e 1w o nd gy
_C - o Q S— C — .S. ;i ") S3(Cz) Sa(Dan) J/Q(D ) ;.(sz) ‘fss(cs) H/r\{””H _S—H
\o\ \ Q { J /);\ H
.'S'- S J*“rJ ‘\/)- 5 f - J‘—‘/f)
- / \ . S6(Cav) Sg Branched (C1) i Sg Chain (C) S Stack (Dan) S; Branched (Cs)
oo .o L f _;//tj
“Simple” Allotropes Salts
molecules (S,n>2) Vitorino et al. 2024
Cazaux et al. 2022 Slavicinska et al. 2024

e Locked inice mantles or (semi-)refractory components ?
e We arestill missing ~ 95% of the sulfur... Can JWST help us ?
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What reservoirs are we considering ?

o . 1 e P O 3 _\(*
:.C: . O:C:S $:0.) S(Cr) S5(Da) S:(0z0) $4(Ca 85(C)

L f“f[‘/wfj R
AN N gl gl .

-L,

!
o LY o
“Simple” Allotropes
molecules (S, n>2)

e Locked inice mantles or (semi-)refractory components ?
e We arestill missing ~ 95% of the sulfur... Can JWST help us ?
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Salts
Vitorino et al. 2024
Slavicinska et al. 2024



Data from the lab

We compiled the available
band parameters from
literature

New measurements were
done for Sg and CS, by our
team
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Wavelength (um)
4.5 4.6 4.7

W aveBngth (m ) 0.0 6.5 7.0 7.5
208 213 217 22 " "
028 1+ 1 i
0.020f — 8K 0.4
—_— 50 K
oo v — 60K ‘
E 0.015 70 K b 0.3
g 00 2 ---- 80K 1
E § 0.010 110 K 0.2
< <
082 o
~ 0.005 0.1
020
. ' ' 0.000 0.01
450 AT p 408 o 2250 2200 2150 2100 1700 1600 1500 1400 1300
Yaenmberen) Wavenumber (cm™1)
Mtesiits Wavemirlnber Wavelength  Band strength Medes Refetence
(cm™) (um) (cm/molecule)
H,S» 2590.0 4.02 240 x 10717 S-H stretch Cazaux et al. (2022)“
H»>S 2547.0 3.94 1.69 x 1077 S-H stretch Yarnall & Hudson (2022)
CS 1270.0 7.87 - C-S sym. stretch Bohn et al. (1992)
CS, 1502.0 6.66 1.06 x 107'®  C-S asym. stretch This work
CS, 2145.0 4.66 2.09 x 10°'®  C-S combination This work
oCS 514.0 19.46 1.80 x 10°'8 C-S bending Hudgins et al. (1993)
OCS 2025.0 4.94 1.50 x 107'¢  C-O sym. stretch Hudgins et al. (1993)
SO, 1335.0 7.49 1.47 x 10717 S-O asym. stretch Garozzo et al. (2008)
SO, 1149.0 8.70 220 % 10718 S-0O sym. stretch Garozzo et al. (2008)
SO 1130.0 8.85 220x 10718 S-0 stretch Garozzo et al. (2008)
S3 680.0 1471 ~250x 1077 S-S stretch  Estimated value (see the text)
Sy 665.0 1504 ~5.00x 1077 S-S stretch  Estimated value (see the text)
Sg 471.0 21.23 1:50 %1071 S-S stretch This work”
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Synthetic Ice Spectra generator synthicespec, raittard et at, in prep)

0.05

Component 0
i Component 1
Component 2
Component 3
Component 4

—— Laboratory
—— Model fit 0.04

=}
o

=
o

Absorbance

e Based on simple approximations:
o  Eachvibrational mode can be represented by a
Gaussian (or a combination of Gaussians)

o
IS

3600 3650 3700 3750 380
eeeeeeeeee

o
w

Absorbance

—— Laboratory-Model

2
N

0.0] e e

Residuals

o  Superimposed on the IR spectrum of a background

o)
-

object N
+ S||icates features included 2800 3000 320&[ 34oobasoo 3800 a000 %2800 3000 320\?‘/ 34oobzsoo 3800 4000
(@)
. . . . . HCOOH NH;
Intensity of each band is obtained by multiplying the H,CO 50,
. . g CHsCHO H;CQ HCOOH
assumed column density N by the corresponding 10
{band strength and FWHM} (tau)
CH50H
1 4x107!
N = — T O
A band 3x 1071
5:5 6.0 6.5 7.0 7.5 8.0

Wavelength / um
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Considering a H20:CH30H:C02(9:1:2) mixing x6x107 :
. o). L | —— Total signal (Mixing)
(Ehrenfreund+1999), we adjusted the band position, o Bascsymicespec
width and shape of these four species in SynthlceSpec e
4 %1071 N
. . .. . ' i : ocs
In a similar way, we used mixing with H,O for all the o5 =5 % 5 e =l
other molecules present . Wavelength / um
. . 100 f——< -
o  The bands widths/positions/strengths are affected W
o  Speciesoverlapin avery simple ice composition
Adding noise based on real JWST observations §9 x 107
(McClure+2023) x
- \ ]75’1000-
—-=-=- Basic Synthlce‘Spec /,’
8 x 10_1 : :c;tgl signal (Mixing) /,0'975
—— CH30H
- A R SR
5.5 6.0 6.5 7.0 7.5 8.0

Wavelength / um 10



Detectability in 3 science cases (data from Boogert+2015)
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Column density (molecule/cm™)

(% H>0)

Molecule Dense cloud LYSO MYSO

H,0 9.3x10"™ 5.0x10™ 5.0x10™

CO 2.3x10'8 (25.0%) 1.3x10'8 (25.0%) 3.5x10'7 (7.0%)
CO, 2.4x10"8 (26.0%) 1.3x10'® (26.0%) 9.5%10'7 (19.0%)
CH;OH 7.4x10'7 (8.0%)  3.0x10' (6.0%) 4.5%10'7 (9.0%)
NH; 0 3.5%10"7 (7.0%) 3.5x10'7 (7.0%)
NH; 0 4.0x10'7 (8.0%) 5.5%10'7 (11.0%)
CH4 0 1.5x10'7 (3.0%) 1.0x10'7 (2.0%)
OCN- 0 2.0x10'7 (4.0%) 3.0x10' (0.6%)
HCOOH 3.7x10"7 (4%) 1.0x10'7 (2.0%) 2.0x10'7 (4.0%)
CH;CHO 0 5.0x10"7 (1.0%) 2.7%x10'7 (5.5%)
H,CO 0 1.0x10"7 (2.0%) 2.5%10" (5.0%)

pcmi
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Dense cloud environment - 1 mJy

1.2 1.2
—— H35 50 threshold —— Ice composition containing S-bearing species and noise —— (S, 50 threshold
—— Ice composition without noise and without S-bearing species
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X X
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>
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12



Colloque du programme national PCMI - 28-31/10/24 %‘

Dense cloud environment - 0.1 mJy
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Dense cloud environment - 0.04 mJy

—— Ice composition containing S-bearing species and noise
—— Ice composition without noise and without S-bearing species
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5 sigma detection thresholds % to water

Column density (molecule/cm™)

(% H>0)
Molecule Dense cloud LYSO MYSO
H,0 9.3x10™ 5.0x10" 5.0x10"
Detection thresholds of sulfur species
(assuming rms level derived from McClure et al. (2023),

of 0.003 and 0.005 mJy for NIRSpec and MIRI respectively)
H,S (1 mly) 6.5x10' (0.7%)  1.1x10' (2.2%) 6.5x10'° (1.3%)
H>S (0.10 mJy) 5.1x10'7 (5.5%) 5.2x10'7 (10.5%) 4.3x10'7 (8.6%)
H,S (0.04 mly) | 9.0x10'7 (9.7%) 6.6x10'7 (13.2%) 8.2x10'7 (16.5%)
OCS (1 mly) 6.5x10" (0.07%)  5.0x10" (0.1%) 5.0x10% (0.1%)
OCS (0.1 mJy) | 1.4x10' (0.15%)  3.0x10'® (0.6%) 3.0x10' (0.6%)
OCS (0.04 mly) | 2.8x10'6(0.3%)  6.5x10'® (1.3%) 6.0x10'° (1.2%)
CS, (1 mly) 0.9%10' (0.1%)  1.0x10'® (0.2%) 1.0x10'6 (0.2%)

CS, (0.1 mly)
CS, (0.04 mly)
SOZ (1 mJy)
SO; (0.1 mly)
SO, (0.04 mly)

4.6x10' (0.5%)
1.3x10'7 (1.4%)
1.8x10'¢ (0.2%)
1.2x10"7 (1.3%)
2.3x10'7 (2.5%)

4.5%10'° (0.9%)
1.0x10"7 (2.0%)
2.5%10'® (0.5%)
1.5%10"7 (3.0%)
2.6x10'7 (5.2%)

4.5%10' (0.9%)
1.1x10"7 (2.1%)
2.0x10'° (0.4%)
1.1x10'® (2.2%)
2.1x10"7 (4.2%)

pCcmi

15
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5 sigma detection thresholds % to water

Decreasing
flux

Column density (molecule/cm™)

OCS (0.1 mly)
OCS (0.04 mJy)
CS, (0.1 mly)
CS, (0.04 mly)
SO, (1 mly)
SO; (0.1 mly)

SO, (0.04 mJy)

1.4%10'° (0.15%)
2.8%10' (0.3%)
0.9%10' (0.1%)
4.6x10'° (0.5%)
1.3x10'7 (1.4%)
1.8%10'6 (0.2%)
1.2x10'7 (1.3%)
2.3%10'7 (2.5%)

3.0x10' (0.6%)
6.5%10'° (1.3%)
1.0x10' (0.2%)
4.5%10' (0.9%)
1.0x10'7 (2.0%)
2.5%10'° (0.5%)
1.5%10'7 (3.0%)
2.6x10'7 (5.2%)

(% H,0)
Molecule Dense cloud LYSO MYSO
H,O 9.3x10"® 5.0x10" 5.0x10"®
Detection thresholds of sulfur species
(assuming rms level derived from McClure et al. (2023),
of 0.003 and 0.005 mJy for NIRSpec and MIRI respectively)
H,S (1 mly) 6.5x10' (0.7%)  1.1x10' (2.2%) 6.5x10'° (1.3%)
H,S (0.10 mJy) | 5.1x10'7 (5.5%) 5.2x10'7 (10.5%) 4.3x10'7 (8.6%)
(H,S (0.04 mly) | 9.0x10"7 (9.7%)  6.6x10"7 (13.2%) 8.2x10'7 (16.5%))
OCS (1 mly) 6.5x10% (0.07%)  5.0x10" (0.1%) 5.0x10% (0.1%)

3.0x10'° (0.6%)
6.0x10' (1.2%)
1.0x10' (0.2%)
4.5%10' (0.9%)
1.1x10"7 (2.1%)
2.0x10' (0.4%)
1.1x10'® (2.2%)
2.1x10"7 (4.2%)

pcmi

Increasing
column density

Crushing hope
and dreams

16
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Model limitations

Orion BN

Flux [Jy]

Optical Depth

150 K MgSiOs; and H20 Ice Mixture
s 150 K H30 Ice

w10 K + 150 K MgSiO; and H,0 Ice Mixture
=== 10 K + 150 KH20 ke

250 2.75 3.00 3.25 350 3.75 4.00
Wavelength [micron]

Scattering and/or
ice thermal processing

Potapov+2021 17



Optical Depth Flux [Jy]

Optical Depth

Model limitations

Orion BN

0.0
-0.4
-0.8
-1.2
-1.67 == 150 K MgSiOs and H20 Ice Mixture
~ 150 K H,0 Ice

4.8

=1.6 = 10 K + 150 K MgSiO3 and H,0 Ice Mixture
=== 10K + 150 K H20 Ice

250 2.75 3.00 3.25 350 3.75 4.00
Wavelength [micron]

Scattering and/or Photospheric lines
ice thermal processing

Potapov+2021 McClure+2023
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Flux [Jy]

o
o

Optical Depth

—0.81

Model limitations

Orion BN

150 K MgSiOs; and H20 Ice Mixture
s 150 K H30 Ice

J

=== 10 K + 150 KH20 ke

w10 K + 150 K MgSiO; and H,0 Ice Mixture ‘

250 2.75 3.00 3.25 350 3.75 4.00
Wavelength [micron]

Scattering and/or

ice thermal processing

Potapov+2021
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4.8

Photospheric lines

McClure+2023

- -~ HCOOH:H,0:
1,0H:H,0 —— CH3CHO:H,0
JHO:CO:H2CO:CH3OH  ——— CH3COOH:H;
7.4 7.6 7.8
A [um]

Crowded area w/
abundant species

Rocha+2024
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Flux [Jy]

o
o

Optical Depth

—0.81

Model limitations

Orion BN

150 K MgSiOs; and H20 Ice Mixture
s 150 K H30 Ice

J

=== 10 K + 150 KH20 ke

w10 K + 150 K MgSiO; and H,0 Ice Mixture ‘

250 2.75 3.00 3.25 350 3.75 4.00
Wavelength [micron]

Scattering and/or

ice thermal processing

Potapov+2021

Colloque du programme national PCMI - 28-31/10/24 %

pcmi

4.8

Photospheric lines

McClure+2023

| 1

- -~ HCOOH:H,0:
1,0H:H,0 —— CH3CHO:H,0
JHO:CO:H2CO:CH3OH  ——— CH3COOH:H;
7.4 7.6 7.8
A [um]

Crowded area w/
abundant species

Rocha+2024

35 4.0
Wavelength (um)

Grain growth

Dartois+2024 20
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What about allotropes ? (S , n>2)
1.05
e Allotropes are believed to be asolid S i
reservoirs, with possibly S, and S, detected '
in coma (67P, Calmonte+2016)...
] - 1.005
e The solution? Maybe, but not detectable ! =4 Zoom without noise
x 1.000
e Evenifwe added all the cosmic abundance T 590,
and locked it in 58, we would STILL not be 0.995; - :
. 0.5 21.0 21.5 22.0
able to detectiit !
—— No Sg
—— Al Sulfurin Sg (N ~ 3 x 107 cm™2)
—— Sg 50 threshold (N ~ 3 x 108 cm~2)
0.80 - . : :
18 19 20 21 22 23

Wavelength / um

21
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So what does it mean ?

Hypothesis 1 : Sulfur all locked during the translucent phase

inS_ (Cazaux+2022) or silicates
o Little sulfur left to deplete from the gas-phase in later phases
o 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.
o  There might not be a “main” ice reservoir, we would have
already detected it.

Ice species left to identify : salt, S _, ions...
o Need to identify the precursors from the gas phase ?

Probably a mix of these

— Limited to impossible detections with JWST

% wrt H,0

102

10*

10°

1071

1072

1073

\

pcmi

H2S

- Detection threshold - 0.04 mjy
Detection threshold - 0.1 m)y

Detection threshold - 1 mJy

Models (Navarro-Almaida et al, 2020)
Models (Laas & Caselli, 2019)

Comet 67P (lower values)
Comet 67P (upper values)

Cold core upper-limits (McClure et al, 2023)

ocs

s02

Cs2
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< NIRSpec/NIRCam ><

McClure+2023
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SynthlceSpec principles (Taillard et al in prep)

L
e R

'/}\ Extinction

SynthiceSpee . .~ . -
lce x silicates

spectium star spectra

instrument resolution
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Extinction &
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Final synthetic spectra |
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W avekngth @um )
208 213 217 22
1 1

028

Sg new band strength

026

e Hector measured S; band strength, width and position in

the following experiment (at CAB):
o Hector made a 6 mg pellet (pastilla) of S that he
introduced in a Fourier-Transform IR spectrometer 002 -
o Mainfeature detected at 21.36 um (468 cm™)
o He measured the column density and deduced the band
strength following the equation:

Absoibance
=
b3
1

020

l 480 4;0 460 450
N=- f T, dv, W avenum ber (cm 1)
band
19 Fig. 1: Main IR feature corresponding to a Sg pellet measured at
Band strength computed : 1.00 x 10"*” cm/molecule the Centro de Astrobiologia (CAB-CSIC, Spain)
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CS, band strength

e Rafamade an experiment to compute the
band strength, width and position of CS,
(at CfA, Harvard & Smithsonian USA):

o  Rafaused a ultra-high-vacuum chamber to
deposit CS, ice sample on a Csl substrate at
8 Kand warmed it upto 130 K
No difference in spectra until 60 K
Shows transition from amorphous to
crystalline

o Features compared to 77 K ice sample from
Yamada & Person 1964

o New measurements: 1.1x10°1¢ (6.65 um)
and 2.1x107*8 (4.65 um) cm/molecule
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Wavelength (um)
45 4.6 4.7

0.0204 — &K 0.4
—_— 50 K

— K
60 i 0.3

Q

g 0.015 s 5

£ ---- 80K :

20.010 110 K 0.2

<

o

= 0.005 0.1
0.000 0.0

2250 2200 2150 2100 1700 1600 1500 1400 1300
Wavenumber (cm™)

Fig. 2: Temperature evolution of the ~4.65 um (left panel) and
~6.65 pm (right ?ancl) CS; IR features. The ~6.85 pm feature
corresponding to '*CS, was observed in the red wing of the main
CS, IR band (right panel). Transition from amorphous (solid
lines) to crystalline (dashed lines) structure was observed above
60 K.
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