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The sulfur plume in the Horsehead nebula: New detections of S;H, SH, and CO™
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ABSTRACT

Sulfur is essential for life, but its abundance and distribution in the interstellar medium remain
uncertain, with over 90% of sulfur undetected in cold molecular clouds. Sulfur allotropes (S,) have
been proposed as possible reservoirs, but the only detected interstellar molecule with a disulfide bond
is SoH in the Horsehead Nebula, making the estimation of sulfur chains abundances difficult. Here we
present total-power ALMA images of H,S, SoH, SOz, CO*, and SHT towards the Horsehead nebula.
These observations, with unprecedented sensitivity (rms ~ 1.5 mK), provide the first detections of
SH* and CO™ in this region, together with the identification of a new SyH line. The comparison of
the spectroscopic images of HyS, SoH, SO2, CO* and SH* shows that the S;H emission originates
from a warm gas layer adjacent to the photodissociation front. The emission peak of SoH is offset from
those of reactive ions such as SH*, CO*, and SO, suggesting that gas-phase reactions involving SH*
and HsS are not the dominant formation pathway of S;H. Instead, we propose that SoH is desorbed
from irradiated grain surfaces by non-thermal processes. The SHT detection indicates that sulfur is
not significantly depleted at the UV-irradiated edge of the molecular cloud, arguing against a major
refractory sulfur reservoir in the interior of molecular clouds.
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Figure 1. Zero-moment images of the HoS 1(1,0)—1(0,1), SoH 14(1,14)—13(0,13), SO2 4(2,2)—3(1,3), CO" N=2—1,
J=5/2—3/2 , SO J=15/2—13/2, Q=1/2, 1=e, and SH* N=0—1, J= 1—-0, F=3/2—1/2 lines. The H,S line is taken from
Fuente et al. (2017). Units are K km s~* for H2S and Jy/beam x MHz for the ALMA maps presented in this work. In colors,
we indicate the regions selected to extract the spectra shown in Fig. 2. The beam is drawn in the left-bottom corner. Two
contours of the H>S 1(1,0)—1(0,1) are drawn in all panels for reference.
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Table A.1l. Line list
Species Transition Frequency (GHz) log(Ai;) (s7') Eu (K) gu. HPBW(")
(1) (2) (3) (4) (5) (6) (7) 0.01 [ ]
2023.1.00737.8 B T
H,S 2(2,0)—2( 1,1) 216.71044 -4.31 83.98 5 29.8 - .
A l A A 1 A 1 1 1 l 1 1 1 1 1 Ll I
Ss 5(5,1)—4( 4,0) 218.36217 -4.89 2942 11 29.5
ocs 1817 218.90336 -4.52 99.81 37 29.5 0.1 1 10
SO 6(5)—5(4) 219.94944 -3.87 34.98 13 29.3
SoH 4(1,4)—=5(0,5), J=7/2—9/2, F= 3—4 220.49380 -4.75 21.96 7 29.2 Av (mag)
4(1,4)—=5(0,5), J=7/2—9/2, F= 4—5 220.49400 -4.76 21.96 9 29.2
SoH 14(0,14)—13(0,13), J=29/2-27/2, F=14—13 220.60385 -4.09 79.39 29 29.2 Figure 3. The N(CO+)/N(SH+) ratio as a function Of vi-
14(0,14)—13(0,13), J=29/2-327/2, F=15-14 220.60388 -4.00 79.39 31 29.2 3 ; : :
0S54 231.22069 -3.60 3320 22 279 sual extinction as predicted by the Meudon PDR code using
Ss 21(6,16)—21(5,17) 232.38209 -5.03 98.30 43 27.7 5 5
SoH 15(1,15)—14(1,14), J=31/2—29/2, F=15-314 235.02596 -4.00 103.86 31 27.4 the parameters shown in Table A.3. Different colors cor-
15(1,15)—14(1,14), J=31/2-329/2, F=16—15 235.02597 -4.00 103.86 33 27.4 respond to different values of the sulfur elemental abun-
SO, 4(2,2)—3(1,3) 235.15172 41 19.02 11 27.4 e 6
co+ N=2-1, J=3/2—51/2 235.789641 -3.46 16.96 4 27.4 dance: S/H=1_5 x 10~ (red), S/H=1_5 x10~ (blue), and
co+t N=2-1, J=5/2—3/2 236.062553 -3.38 1699 6 27.4 -7 : i
CH30H  5(-1,4)—4(-2,3) 216.94552 -4.91 55.87 44 29.7 S/H=1.5X 10 (blaCk). SOhd a-nd daShed lmes Correspond
HaC0 0SS sotot comsss 288 2096 T 18 to Go = 60 and 186 Mathis field, respectively. The blue band
SHY  N= 01, J= 10, F=3/2-41/2 345.94442 -3.64 1660 2 188 indicates values of N(CO*)/N(SH*)=0.08—0.30, consistent

sot J=15/2—13/2, Q=1/2, l=e 347.74001 -3.65 70.07 16 18.7

with our observations towards the IF assuming an uncer-
tainty of a factor of ~2. Only S/H > 1.5x10"° can fit our
estimations.
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Figure 1. Fractional importance of volatile (blue) and refractory (red) reservoirs of sulfur, as measured in environments sampling different stages of the star and planet
formation process (Wasson & Kallemeyn 1988; Dutrey et al. 1997; Wakelam et al. 2004; Jenkins 2009; Fuente et al. 2010; Dutrey et al. 2011; Ginsicke et al. 2012;
Anderson et al. 2013; Xu et al. 2013, 2017; Calmonte et al. 2016; Martin-Doménech et al. 2016). The normalizations of the panels are, from right to left, the highest,
super-solar gas-phase abundance in the diffuse ISM (Jenkins 2009); the reference sulfur abundance in early-type stars as determined from young open clusters (Fossati
et al. 2011; Martin et al. 2017); and solar S/H, to which we scale via silicon for dust and oxygen for ices (Asplund et al. 2009), assuming refractories have a solar
abundance of Si and cometary ices have solar O. White arrows covering solid bars indicate upper limits.

Kama et al. (2019)
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Solar C/O ratio in planet-forming gas at 1 au in a
highly irradiated disk.
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Abstract

The chemical composition of exoplanets is thought to be influenced by the com-
position of the disks in which they form. JWST observations have unveiled a
variety of species in numerous nearby disks, showing significant variations in the
C/O abundance ratio. However, little is known about the composition and C/O
ratio of disks around young stars in clusters exposed to strong ultraviolet (UV)
radiation from nearby massive stars, which are representative of the environ-
ments where most planetary systems form, including ours. We present JWST
spectroscopy of d203-504, a young 0.7 Mg star in the Orion Nebula with a 30
au disk irradiated by nearby massive stars. These observations reveal spectro-
scopic signatures of CO, H,0, CH;", and PAHs. Water and CO are detected
in absorption in the inner disk (» < 1 au), where the estimated gas-phase C/O
ratio is 0.48, consistent with the Solar value and that of the Orion Nebula. In
contrast, CH3+ and PAHs are found in the extended surface layers of the disk.
These results suggest that gas in the inner disk is chemically shielded from UV
radiation while the surface layers of the disk experience UV-induced chemistry,
potentially depleting their carbon content.
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Fig. 1 JWST NIRSpec/IFU and MIRI/MRS combined spectrum of the d203-504 proplyd. The

vertical lines indicate the position of HI (dashed), He I (dotted) and H, (continuous) emission lines.
Fine structure lines of atoms are labeled directly on the figure. Three close-up views are displayed
in framed insets: water absorption at 2.7 pm in blue ( a)), CO absorption and emission at 4.7 pm in
purple ( b)) and CH;" emission at 7.2 pm in orange ( c)). Emission bands from PAHs are highlighted
in green.
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Table 1 Summary of d203-504 disk main properties

Parameter Value(s) Origin
D Distance 390 pc 3
T Stellar type, temp. K5.5, 4160 K 2
Tw Stellar radius 0.7 Rg 2
M, Central star mass 0.72 Mg 2
Vays Systemic velocity 25 km s—1 1
Go Radiation field <8x10% 1
Viet Jet velocity 130 km s—1 1
Mpg Photoevaporation rate 2.5 — 7.9 x 10_7MO yr—t 1,24
Macc Accretion rate 8.2x1079Mg yr—! 4
rd Disk radius 31 au (0.08") 4
Ey Disk thickness 46 au (0.12") 4
i Disk inclination 2 54° 4
F344 Dust flux at 344 GHz 7.4 mJy 4
M g5k Disk mass 1.3-5.6 M,y 4

1: [38], 2: [40], 3: [41], 4: this work.
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Fig. 2 Analysis of PAH, CH;" and H, emissions in d203-504. a) Continuum subtracted PAH
spectrum (Fpag(A), see Methods) in arbitrary units, for d203-504 (gray) and the Orion Bar PDR
(green). b) Continuum subtracted spectrum of d203-504 (F,ps(A) — Feont(A), see Methods) in the
spectral region of CH;" emission, in dark gray and the best fit model in blue. ¢) Comparison between
the observed (blue) and modeled (orange) H, line intensities using the Meudon PDR model. Error
bars represent a total uncertainty of 50% used in the minimization to obtain the best fit model.
The instrumental uncertainties are smaller than the point size and given in Table Extended Data 4.
Notations of H, transitions on the x-axis are abbreviated. The corresponding quantum levels are
given in Table Extended Data 3.
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Fig. 4 Chemical structure in the solar-type d203-504 Proplyd. a) Sketch of the inner disk (< 1 au),
composed of hot dust grains and water vapor heated by accretion processes. This heating sets the
position of the snowline, that is, the radius at which the water vapor can freeze-out on dust grains,
at 7 ~ 0.7 au (vertical dashed line). b) Sketch of the outer disk (2 1 au). The surface layers host a
photodissociation region with photo-chemistry involving CH*, CH3", OH and PAHs driven by the
FUV photons from nearby massive stars. This PDR triggers mass-loss by photoevaporation.
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Fig. 5 Fraction of the available cosmic carbon abundance locked in PAHs. Those fractions are
measured at different times of the stellar evolution (from older to more recent, left to right). The
Orion Bar and NGC 7023 are photodissociation region in star-forming regions. HST10 is a proplyd in
Orion, situated closer to the Trapezium cluster with respect to d203-504 with Gy ~ 2 x 105. Ryugu
is a type C asteroid and is used as an approximation for the Solar System. See Methods for details
on the derivation of PAH abundances presented in this figure.
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Fig. 4. Overview of our models for gas disk and particle evolution in different disk regions. The blue and yellow particles represent silicates with
and without refractory carbon. The light blue particles represent icy pebbles. The pink particles show the oxygen atoms that are formed by the
destruction of oxygen molecules because of the FUV radiation which is described as red arrows. The light blue dashed line is the snow line. Icy
pebbles enclosing many small silicates drift to the snow line (blue dashed line) from the outer region. Orange upper and lower layers are FUV-
exposed regions, where oxygen atoms exist.
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PRODIGE - envelope to disk with NOEMA

V. Low 12C/13C ratios for CH;O0H and CH;CN in hot corinos
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ABSTRACT
Context. The '2C/'3C isotope ratio has been derived towards numerous cold clouds (~20-50K) and a couple protoplanetary disks N O E I\/l A D P R O R D | G E | a rge p ro g ram® Eﬁ: ;/H\lJ

and exoplanet atmospheres. However, direct measurements of this ratio in the warm gas (> 100 K) around young low-mass protostars
remain scarce, but are required to study its evolution during star and planet formation.

Aims. We aim to derive '2C/'3C ratios from the isotopologues of the complex organic molecules (COMs) CH;OH and CH;CN in the IN=

warm gas towards seven Class 0/I protostellar systems to improve our understanding of the evolution of the '>C/3C ratios during star C | ass O / | }E [mE== O) C H 3 O H & C H 3 C N 0)
and planet formation. s

Methods. We used the data that were taken as part of the PRODIGE (PROtostars & DIsks: Global Evolution) large program with the ]. 2 C / ]. 3 C % Eﬁ, //H\lJ

Northern Extended Millimeter Array (NOEMA) at 1 mm. The '*C isotopologue of CH;OH was detected towards seven sources of the
sample, the ones of CH3CN towards six. The emission spectra were analysed by deriving synthetic spectra and population diagrams
assuming conditions of local thermodynamic equilibrium (LTE).

Results. The emission of CH;0H and CH;CN is spatially unresolved in the PRODIGE data with a resolution of ~1” (~300 au) for
the seven targeted systems. Rotational temperatures derived from both COMs exceed 100 K, telling us that they trace the gas of the
hot corino, where CH3CN probes hotter regions than CH3:OH on average (290K versus 180 K). The column density ratios between
the '2C and "*C isotopologues range from 4 to 30, thus, are lower by factors of a few up to an order of magnitude than the expected
local ISM isotope ratio of ~68. We conducted astrochemical models to understand the origins of the observed low ratios. We studied
potential precursor molecules of CH3;OH and CH3CN, since the model does not include COMs, assuming that the ratio is transferred
in reactions from the precursors to the COMs. The model predicts '>C/3C ratios close to the ISM value for CO and H,CO, precursors
of CH30H, in contrast to our observational results. For the potential precursors of CH;CN (CN, HCN, and HNC), the model predicts
low '2C/'3C ratios close to the protostar (< 300 au), hence, they may also be expected for CH;CN.

Conclusions. Our results show that an enrichment in '3C in COMs at the earliest protostellar stages is likely inherited from the COMs’
precursor species, whose '2C / 3C ratios are set during the prestellar stage via isotopic exchange reactions. This also implies that low
12C /13C ratios observed at later evolutionary stages such as protoplanetary disks and exoplanetary atmospheres could at least partially
be inherited. A final conclusion on '2C/'3C ratios in protostellar environments requires observations at higher angular and spectral
resolution that simultaneously cover a broad bandwidth, to tackle current observational limitations, and additional modelling efforts.

Key words. astrochemistry — ISM: molecules — stars: formation
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Fig. 1. Literature '>C/'*C ratios towards sources at different evolu-
tionary stages using different isotopologues. Simple O- and N-bearing
species (<6 atoms) share a light blue and light yellow colour, respec-
tively, but have different markers. Black rectangles around the orange
triangle (N) and coloured circles (O) indicate complex organics (=6
atoms). Arrows indicate lower limits. References to the values can be
found in Table A.9.
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SZE$ : Low 12C/13C of COMs in a young FU Ori disk ?

In the warm molecular layer (~ 30 K) with C/O > 1,
gas-phase isotope-exchange reaction can enhance the
13CO abundance (e.g., Yoshida et al. 2022)
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Table 1. List of sources from the PRODIGE sample towards which '*C isotopologues of CH;OH and CH3CN have been detected.

ID*  Source Other names R.A. Dec Class? Lool© Thoi? 0 Vsys
(J2000) (J2000) (Lo) K) (") (kms™)
008 IRAS2A Per-emb-27  03:28:55.57 +31:14:37.03 0/1 31.0+0.7 69.0+1.6 0.2/ 7.50
010 IRAS4B Per-emb-13  03:29:12.02 +31:13:08.03 0 6.50+0.5 280+1.0 042 7.80
011 Bl-c Per-emb-29  03:33:17.88 +31:09:31.82 0 6.00 +0.7 480+1.0 0.2/ 6.55
012 L1448-IRS2 Per-emb-22  03:25:22.41 +30:45:13.26 0 5.90+0.8 430+20 05° 4.25
002 SVSI3A Per-emb-44  03:29:03.76 +31:16:03.81 0/1 53.1+11.6 188.0+9.0 0.3% 8.00
004 BI1-bS 03:33:21.36  +31:07:26.37 0 1.10+0.2 177+1.0 04° 6.75
005 L1448C L1448-mm 03:25:38.88  +30:44:05.28 0 13.7+25 470+7.0 0.52 5.35
Per-emb-26
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Table 2. The '>C/*C column-density ratios for CH;OH and CH;CN
isotopologues derived from the Weeds models.

Source NGOl NGRSO NCHPON
IRAS 2A 26+ 13 28 +23 28+ 13
IRAS 4B 4+1 24 + 8 11+3
L.1448C 17+2 19+5 14+6
B1-bS 9+8 6+2 4+2
L1448-IRS2 12+3 7+1 7+1
Bl-c 24 + 12 14+6 12+8
SVS13A 30+6 23 +21 23+21
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Fig. 6. Column density ratio between '*CH;OH and CH;*OH using the
Weeds column densities. The expected local ISM value of ~8 is indi-
cated with a dashed line. Arrows shows lower limits.



