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A B S T R A C T 

Volatile elements play a crucial role in the formation of planetary systems. Their abundance and distribution in protoplanetary 

discs provide vital insights into the connection between formation processes and the atmospheric composition of individual 
planets. Sulfur, being one of the most abundant elements in planet-forming environments, is of great significance, and now 

observable in exoplanets with JWST . However, planetary formation models currently lack vital knowledge regarding sulfur 
chemistry in protoplanetary discs. Developing a deeper understanding of the major volatile sulfur carriers in discs is essential to 

building models that can meaningfully predict planetary atmospheric composition, and reconstruct planetary formation pathways. 
In this work, we combine archi v al observ ations with ne w data from the Atacama Large sub-Millimeter Array (ALMA) and 

the Atacama Pathfinder EXperiment (APEX), covering a range of sulfur-bearing species/isotopologs. We interpret this data 
using the DALI thermo-chemical code, for which our model is highly refined and disc-specific. We find that volatile sulfur is 
heavily depleted from the cosmic value by a factor of ∼1000, with a disc-averaged abundance of S/H ∼ 10 

−8 . We show that the 
gas-phase sulfur abundance varies radially by � 3 orders of magnitude, with the highest abundances inside the inner dust ring and 

coincident with the outer dust ring at r ∼ 150–230 au. Extracting chemical abundances from our models, we find OCS, H 2 CS, 
and CS to be the dominant molecular carriers in the gas phase. We also infer the presence of a substantial OCS ice reservoir. We 
relate our results to the potential atmospheric composition of planets in HD 100546, and the wider exoplanet population. 

Key words: planets and satellites: formation – protoplanetary discs – submillimetre: planetary systems. 
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 I N T RO D U C T I O N  

ulfur is one of the most abundant elements in the Universe, essential
o astrochemistry and biological processes. Understanding sulfur’s
ath from the interstellar medium, through discs, and into planets is of
ncreasing importance, rele v ant to the study of planetary formation
nd the search for life. Despite this, sulfur chemistry in star- and
lanet-forming environments is poorly understood. In the interstellar
edium the total sulfur abundance is S/H = 1.32 × 10 −5 , of which

9 per cent is in the gas phase (Savage & Sembach 1996 ; Asplund
t al. 2009 ). In molecular clouds, ho we ver, a factor of ≥10 depletion
s observed (e.g. Tieftrunk et al. 1994 ). This missing sulfur constitutes
ne of the major outstanding questions in astrochemistry . Similarly ,
he main carrier of volatile sulfur in protoplanetary discs is also
nknown. Chemical models predict the dominant volatile carriers
o include species such as H 2 S, OCS, SO, SO 2 , and CS, but past
 E-mail: luk e.k eyte.18@ucl.ac.uk 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
bservations have typically lacked the sensitivity to definitively
ddress the volatile sulfur budget in discs (e.g. Wakelam et al.
004 ). In some systems, upper limits determined from non-detections
ave been used to provide useful constraints (e.g. Le Gal et al.
021 ). 
Some clues about sulfur’s chemical pathway through molecular

louds and into planetary systems come from observations of our own
olar system, where sulfur-bearing species are routinely detected

n comets. These are most often in the form of H 2 S and S 2 

Mumma & Charnley 2011 ), but also include a large variety of
ther species. Observations of 67P/Churyumov-Gerasimneko, for
 xample, unco v ered a wealth of sulfurated species in the cometary
oma, including H 2 S, S, S 2 , S 3 , S 4 , SO, SO 2 , H 2 CS, CS 2 , OCS,
 2 H 6 S, CH 3 SH, and NH 

+ 

4 SH 

− (Le Roy et al. 2015 ; Calmonte et al.
016 ; Altwegg et al. 2022 ). Such observations provide valuable
nsights into the conditions and processes that existed during the
ormation of the Solar system. 

By comparison, observations of sulfur-bearing species in proto-
lanetary discs are relatively rare, with only six different molecules
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aving been detected thus far; CS, SO, H 2 S, SO 2 , H 2 CS, and SiS (e.g.
utrey et al. 2011 ; Guilloteau et al. 2013 ; Phuong et al. 2018 ; Le Gal

t al. 2019 ; Booth et al. 2021 ; Law, Booth & Öberg 2023 ). Modelling
f the sulfur budget in protoplanetary discs suggests that sulfur is
ighly depleted from the gas phase, but the split between rocky, 
cy, and gas-phase components is not well understood. Previous 
tudies predict that the main refractory component is iron sulfide, 
eS (Pasek et al. 2005 ), and that conversion from volatile molecules

o FeS likely proceeds in the early stages of disc evolution when gas-
hase molecules react with warm, iron-rich dust grains (Lauretta, 
remser & Fe gle y 1996 ). Kama et al. ( 2019 ) inferred the refractory

ulfur reservoir in a sample of discs around Herbig Ae/Be stars to be
9 ± 8 per cent of the total sulfur, leaving 11 ± 8 per cent distributed 
o volatile molecules. These stars have shallow surface convective 
ones, in which newly accreted material dominates the photospheric 
omposition. Signatures of sulfur-bearing species in the photospheres 
f such stars are indicative of material passing through the inner 
avity of the disc, and these systems therefore provide a unique 
aboratory for studying volatile sulfur budgets (Jermyn & Kama 
018 ). 
In this work, we present observations from the ALMA 12m 

rray and APEX telescope, co v ering nine transitions of eight sulfur-
earing species and their isotopologues in the protoplanetary disc 
D 100546. We use the DALI 2D physical-chemical disc modelling 

ode to constrain the abundance and spatial distribution of volatile 
ulfur-bearing species, and determine the total elemental gas-phase 
ulfur abundance. The aim is to gain a deeper understanding of the
ajor volatile sulfur carriers in protoplanetary discs, and provide 

nsights as to how their spatial distribution is linked to exoplanet 
ulk and atmospheric composition. 

 OBSERVATIONS  

.1 Target: HD 100546 

D 100546 is a well-studied 2.49 ± 0.02 M � Herbig Be star of
pectral type B9V, with an estimated age of ∼5 Myr (Arun et al.
019 ), at a distance of 110 ± 1 pc (Gaia Collaboration 2018 ). The
tar hosts a bright transition disc with an inclination of 44 ◦ and
osition angle of 146 ◦ (e.g. Walsh et al. 2014 ; Fedele et al. 2021 ),
ith a total observable dust mass of ∼10 −3 M � (Wright et al. 2015 ;
iley et al. 2019 ). Micron-sized grains are observed out to at least

000 au (Ardila et al. 2007 ). ALMA band 7 observations show that
m-sized grains are abundant out to ∼230 au, but are depleted inside

f ∼13 au and again from 40 to 150 au (Walsh et al. 2014 ; Fedele
t al. 2021 ). The inner cavity hosts a smaller inner disc extending from
0.25 to 1 au containing 3 × 10 −10 M � of dust (Benisty et al. 2010 ).
odelling suggests that the size of the inner cavity and outer gap

re consistent with radial zones cleared of material by two planetary 
ompanions: a 20 M J planet at ∼13 au and a 15 M J planet at ∼55 au
Walsh et al. 2014 ; Currie et al. 2015 ; Pinilla, Birnstiel & Walsh
015 ; Quanz et al. 2015 ). This interpretation is supported by infrared
maging with the Gemini Planet Imager, where point sources have 
een resolved at the same radial locations as the proposed planetary 
andidates (Currie et al. 2015 ). There is also evidence for a warped
r misaligned inner gas disc, traced by deviations from Keplerian 
otation in the CO J = 3–2 emission. (Walsh et al. 2017 ; Booth et al.
018 ). 
CO isotopologue observations suggest that the molecular gas 

xtends to at least ∼390 au (Walsh et al. 2014 ). A variety of atomic
nd molecular lines have been observed, including lines of atomic 
xygen and atomic carbon (Thi et al. 2011 ; Kama et al. 2016a ; Kama
t al. 2016b ), spatially resolved CO 3–2 emission (Walsh et al. 2014 ),
arious CO isotopologues, and three H 2 O lines (Bruderer et al. 2012 ;
eeus et al. 2012 , 2013 ; Kama et al. 2016b ). Spatially resolved

bservations of SO with ALMA reveal emission from inside the 
ust cavity, likely related to thermal desorption of ices at the cavity
all (Booth et al. 2023b ). This SO emission has also been linked

o ongoing planet formation, thought to be tracing shocked gas in
he vicinity of a circumplanetary disc. CS has also been detected,

aking HD 100546 one of only three discs where both SO and CS
ave been detected together, the others being HD 169142 (Law, 
ooth & Öberg 2023 ; Booth et al. 2023a ) and AB Aur (Rivi ̀ere-
arichalar et al. 2023 ). Azimuthal asymmetries observed in the 

mission morphology and spectral lines of each of these species 
ave previously been used to infer an azimuthal C/O variation in
he disc (Keyte et al. 2023 ). No other sulfur-bearing species have
een detected in HD 100546 thus far. Ho we ver, Kama et al. ( 2019 )
easured the total sulfur abundance in the stellar photosphere to be

og(S/H) = −5.37 ± 0.5, thus providing an initial constraint on the
olatile sulfur content of accreting material. 

.2 ALMA obser v ations 

e present ALMA observations of HD 100546 in band 3 from the
ycle 5 programme 2017.1.00885.S (PI: M. Kama). Observations 
ere completed in one e x ecution block on 2017 October 24th,

o v ering baseline lengths ranging from 41.4 to 13399.7 m. The total
n-source time was 18.18 min. System temperatures varied from 

5.4–81.3 K and the average precipitable water vapour was 0.7 mm.
0904 −5735 was used as both the bandpass and flux calibrator, while
1145 −6954 was used as the phase calibrator. The observations co v er
ine rotational transitions of eight sulfur-bearing species, outlined in 
able 1 . 
The data reduction was completed using the ALMA Pipeline 

n the COMMON ASTRONOMY SOFTWARE PACKAGE ( CASA ) version 
.6.1-8 (McMullin et al. 2007 ). Self-calibration was performed 
ut found to have marginal impact due to low signal-to-noise of
he data. Continuum and line imaging were performed with the 
LEAN algorithm using Briggs weighting (robust = 0.5). Continuum 

ubtraction was performed with the CASA task uvcontsub , using a
ingle-order polynomial fit to the line free channels. The spectral 
esolution and synthesized beam size for each of the transitions are
isted in Table 1 . 

The inner dust ring was well-resolved in the continuum data, and
he small inner dust disc ( r � 1 au) was detected. The continuum
mage is presented in Appendix A . No spectral lines were detected in
ny of the ALMA 12m array data. We initially attempted to extract the
pectral lines from the CLEAN image cubes using an elliptical aperture
ith a 3.9 ′′ radius centred on the source. Integrated intensity maps
ere created from the CLEAN cubes, which yielded no detections. 
e then employed a number of other techniques in order to increase

he signal-to-noise ratio. 
First, we stacked the lines in the image plane, by adding together

he integrated intensity maps. This resulted in no detections. Next, we
pplied a Keplerian mask to each of the CLEAN image cubes in order to 
aximize the signal-to-noise in the image plane (Teague 2020 ). The
eplerian masked cubes were then used to create integrated emission 
aps, which again failed to result in any detections. Finally, we

pplied a matched filter to the visibility data, to maximize the signal-
o-noise in the uv -plane (Loomis et al. 2018 ). The matched filter
echnique utilises a template image cube that samples the uv -space
n order to obtain a set of template visibilities. These can then be
sed as a filter, which is cross-correlated with the data in an attempt
MNRAS 528, 388–407 (2024) 
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Table 1. Observational parameters for sulfur-bearing species in HD 100546 from ALMA and APEX data. Disc-integrated flux upper limits are at 3 σ level, 
denoted by ‘ < ’. 

Molecule Transition ν (GHz) � ν (GHz) Channels E up (K) a A ul (s −1 ) a Beam size Flux (W/m 

2 ) 

ALMA 12m array 
SiS 5–4 90.769 0.117 960 90.8 1.19 × 10 −5 0.10 ′′ × 0.07 ′′ < 3.28 × 10 −19 

13 C 

34 S 2–1 90.923 0.059 480 6.5 1.34 × 10 −5 0.10 ′′ × 0.07 ′′ < 1.84 × 10 −19 

13 CS 2–1 92.491 0.059 480 6.7 1.41 × 10 −5 0.10 ′′ × 0.07 ′′ < 4.85 × 10 −20 

SO 2 3 1,3 –2 0,2 104.029 0.117 480 7.7 1.01 × 10 −5 0.09 ′′ × 0.06 ′′ < 9.71 × 10 −20 

SO 2 10 1,9 –10 0,10 104.239 0.117 480 54.7 1.12 × 10 −5 0.09 ′′ × 0.06 ′′ < 9.93 × 10 −20 

34 SO 2 10 1,9 –10 0,10 104.392 0.117 480 54.6 1.10 × 10 −5 0.09 ′′ × 0.06 ′′ < 1.00 × 10 −18 

30 SiS 6–5 105.059 0.117 480 17.7 1.88 × 10 −5 0.09 ′′ × 0.06 ′′ < 1.88 × 10 −18 

Si 34 S 6–5 105.942 0.234 960 17.8 1.90 × 10 −5 0.09 ′′ × 0.06 ′′ < 1.36 × 10 −19 

APEX 

o-H 2 S 1 1,0 –1 0,1 168.763 0.090 160 27.9 2.65 × 10 −5 37.1 ′′ × 37.1 ′′ < 1.06 × 10 −21 

a Line frequencies, upper energy levels ( E up ), and Einstein A coefficients ( A ul ) are taken from the Cologne data base for molecular spectroscopy (M ̈uller 
et al. 2001 , 2005 ; Endres et al. 2016 ) and the Leiden atomic and molecular data base (Sch ̈oier et al. 2005 ). 
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Figure 1. Spectra obtained from ALMA (blue) and APEX (green) for each 
of the transitions listed in Table 1 . No spectral lines are detected. All spectra 
have been adjusted for the system velocity V LSRK = 5.7 km s −1 . 
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o detect any weak emission. We created template emission profiles
or each of the spectral windows in the ALMA 12m array data by
odelling the spectral line emission with the DALI thermo-chemical

isc modelling code (see Section 3 ). The matched filter was then run
or each of the spectral lines individually, but again failed to result
n any detections. 

We derived 3 σ upper limits for the disc-integrated flux for each
f the non-detected spectral lines, calculated from the elliptically
asked integrated intensity maps (Table 1 ), where the mask extended

.9 ′′ [approximately co v ering the gas disc as traced by CO (Walsh
t al. 2014 )]. Spectra are presented in Fig. 1 . 

.3 APEX obser v ations 

bservations of HD 100546 were carried out in band 5 ( ∼180 GHz)
ith the single-pixel SEPIA receiver (Belitsky et al. 2018 ) on APEX,
uring several runs from 2021 March to 2021 September (programme
108.F-9320, PI: L. Keyte). The observations targeted the o-H 2 S
 1,0 –1 0,1 transition at 168.762 GHz. The backend used was FFTS1,
ith a highest resolution channel space of 0.06 MHz or 0.11 km s −1 .
bservational parameters are listed in Table 1 . 
A total of 209 scans were completed, with exposure times

anging from ∼0.5 to 7.5 min. Total observing time was 13.2 hr,
ith 143.1 min on-source. The column of precipitable water vapour
as typically 2.5 mm, but ranged from 1.0 to 5.0 mm. Baseline

ubtraction and other high-level reductions were performed with
ILDAS / CLASS (Pety 2018 ), and the data was smoothed to a velocity
esolution of δv = 1 km s −1 . 

The o-H 2 S 1 1,0 –1 0,1 transition at 168.76 GHz was not detected
ith APEX. At a spectral resolution of 1 km s −1 , the achieved rms

s 1.53 mK, from which we derived a 3 σ upper limit on the disc-
ntegrate flux of 1.06 × 10 −21 W m 

−2 . The spectrum is shown in
ig. 1 . 

.4 Complementary data 

e also make use of a variety of archival data. These include ALMA
CA observations of sulfur-bearing species first presented in Keyte
t al. ( 2023 ; SO, 34 SO, SO 2 , CS, C 

36 S, HCS 

+ , H 2 CS) and detections
f SO 7 7 –6 6 (301.286 GHz) and 7 8 –6 7 (304.078 GHz) first presented
n Booth et al. ( 2023b ). 
NRAS 528, 388–407 (2024) 



Volatile sulfur in HD 100546 391 

3

O  

s
i  

e

c  

w
s
m
p
i
d  

e  

t
fl

 

d  

t  

p  

d
i

3

T
f

�

w  

c  

s

h

w  

s
 

d  

d  

R

b
(
s  

m

ρ

ρ

w  

f

3

T  

d
U
e

(  

X
t  

X

3

T  

U  

(
(
m
p
p
e
H  

s  

o  

C  

a  

r  

b  

i
a
m
a

4

I
1
a  

w

4

A  

t  

t  

l
m
a  

2  

S
 

a
S  

H  

o  

o  

s
f
s  

b
 

d  

O  

l
r  

∼  

S
c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/388/7511122 by guest on 23 August 2024
Remove


Watermark

Wondershare

PDFelement
 M O D E L L I N G  

ur goal is to use the observational data outlined in the previous
ection to constrain the abundance of volatile sulfur-bearing species 
n HD 100546, and determine the radial profile of the total gas-phase
lemental sulfur abundance S/H gas . 

We ran source-specific models using the 2D physical-chemical 
ode DALI (Bruderer et al. 2012 ; Bruderer 2013 ). The code begins
ith a parametrized gas and dust density distribution and an input 

tellar spectrum, then uses Monte Carlo radiative transfer to deter- 
ine the ultraviolet (UV) radiation field and dust temperature. This 

rovides an initial guess for the gas temperature, which begins an 
terative process in which the gas–grain chemistry is solved time- 
ependently. We let the chemistry evolve to 5 Myr to match the best
stimate for the age of the disc. Finally, the raytracing module is used
o obtain spectral image cubes, line profiles, and disc-integrated line 
uxes. 
The models presented in this paper are based on the HD 100546

isc model from Keyte et al. ( 2023 ), with some minor adjustments
o impro v e the fit. See that work for a full description of the fitting
rocedure. Here, we briefly restate the key features of the model. A
escription of the updates and fiducial model parameters are given 
n Appendix B . 

.1 Disc parameters 

he disc structure is fully parametrized, with a surface density that 
ollows the standard form of a power law with an exponential taper: 

 gas = � c ·
(

r 

R c 

)−γ

exp 

[
−

(
r 

R c 

)2 −γ ]
, (1) 

here r is the radius, γ is the surface density exponent, � c is some
ritical surface density, and R c is some critical radius, such that the
urface density at R c is � c / e . The scale height is then given by: 

 ( r) = h c 

(
r 

R c 

)ψ 

, (2) 

here h c is the scale height at R c , and the power-law index of the
cale height, ψ , describes the flaring of the disc. 
� gas and � dust extend from the dust sublimation radius ( R sub ,

efined as the inner edge of the model domain) to the edge of the
isc ( R out ), and can be varied independently inside the cavity radius
 cav with the multiplication factors δgas and δdust . 
The gas-to-dust ratio is denoted � g/d . Dust settling is implemented 

y considering two different populations of grains: small grains 
0.005–1 μm) and large grains (0.005–1 mm). The vertical density 
tructure of the dust is such that large grains are settled towards the
idplane, prescribed by the settling parameter χ : 

dust, large = 

f � dust √ 

2 πrχh 

exp 

[
− 1 

2 

(
π/ 2 − θ

χh 

)2 ]
, (3) 

dust, small = 

(1 − f ) � dust √ 

2 πrh 

exp 

[
− 1 

2 

(
π/ 2 − θ

h 

)2 ]
, (4) 

here f is the mass fraction of large grains and θ is the opening angle
rom the midplane as viewed from the central star. 

.2 Stellar parameters 

he stellar spectrum was modelled by Bruderer et al. ( 2012 ) using
ereddened Far Ultraviolet Spectroscopic Explorer and International 
ltraviolet Explorer observations at UV wavelengths, and then 

xtended to longer wavelengths using the B9V template of Pickles 
 1998 ). The stellar luminosity is 36 L � (Kama et al. 2016b ). The
-ray spectrum was characterized as a thermal spectrum with a 

emperature of 7 × 10 7 K o v er the 1–100 keV energy range, with an
-ray luminosity of L X = 7.94 × 10 28 erg s −1 . 

.3 Chemical network 

he chemical network used in our model is based on a subset of the
MIST 06 (Woodall et al. 2007 ) network. It consists of 131 species

including neutral and charged polycyclic aromatic hydrocarbons 
PAHs)) and 1721 individual reactions. The code includes H 2 for- 
ation on dust, freeze-out, thermal desorption, h ydrogenation, g as- 

hase reactions, photodissociation and -ionization, X-ray induced 
rocesses, cosmic ray induced reactions, PAH/small grain charge 
xchange/hydrogenation, and reactions with vibrationally excited 
 2 . Non-thermal desorption is only included for a small number of

pecies (CO, CO 2 , H 2 O, CH 4 , NH 3 ). For grain surface chemistry,
nly hydrogenation of simple species is considered (C, CH, CH 2 ,
H 3 , N, NH, NH 2 , O, OH, S, and HS). The details of these processes
re described more fully in Bruderer et al. ( 2012 ). Of particular
ele v ance to this study, the network includes reactions for 38 sulfur-
earing species, including all those listed in Table 1 . The various
sotopologs are not included as separate species, but abundances 
re computed using scaling relations based on typical interstellar- 
edium isotope ratios (Wilson & Rood 1994 ). Initial elemental 

bundances are listed in B2 . 

 M O D E L L I N G  RESULTS  

n order to model emission from sulfur-bearing species in HD 

00546, we consider two broad scenarios. Firstly, a best-fitting disc- 
 veraged sulfur ab undance, and secondly, a sulfur abundance profile
hich includes both radial and azimuthal variations. 

.1 Best-fitting disc-averaged sulfur abundance 

s step one, we assume a constant volatile sulfur abundance across
he entire disc. It is initialized as entirely gas phase (S/H gas ),
hough the code allows species formed in the gas to freeze out if
ocal conditions mandate it. A constant global elemental abundance 

imics the approach previously employed in prior analyses of C/H gas 

nd O/H gas in the HD 100546 disc (Bruderer et al. 2012 ; Kama et al.
016b ). We ran models co v ering a wide range of sulfur abundances
/H from 10 −12 to 10 −6 . All other disc parameters remain fixed. 
Fig. 2 shows the disc-inte grated flux es e xtracted from our models,

longside the observational detections and upper limits derived in 
ection 2 . Volatile sulfur is found to be severely depleted in the
D 100546 disc, with the CS detection indicating a best-fitting value
f ∼5 × 10 −9 and the SO detections indicating a best-fitting value
f ∼5 × 10 −8 . This apparent contradiction is discussed in the next
ection. The upper limits of the remaining transitions provide no 
urther constraints. These results suggest that the total amount of 
ulfur in the gas phase is depleted from the canonical cosmic value
y at least two orders of magnitude. 
Taking S/H = 10 −8 as a fiducial value, we extracted column

ensities for ten key sulfur-bearing species: CS, H 2 CS, SO, SO 2 ,
CS, SiS, H 2 S, HS, atomic S, and S 

+ , shown in Fig. 3 (purple
ines). All of the molecular species display similar morphological 
adial variations. Column densities peak within the inner dust ring at
22 au, then fall off in the outer disc, with varied slopes. The atomic
 and S 

+ column densities vary much more smoothly, remaining 
onsistently high ( � 10 14 cm 

−2 ) well into the outer disc. We present
MNRAS 528, 388–407 (2024) 
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Figure 2. Disc-inte grated flux es for each of the transitions listed in Table 1 . Observations are shown in black (where a circle represents a detection and a 
horizontal line is an upper limit). Model values are shown as coloured circles, where colours denote the initial sulfur abundance used in a given model. 

Figure 3. Column densities for key sulfur-bearing species, extracted from our models. Purple lines show results for our best-fitting model using a single global 
sulfur abundance (S/H = 10 −8 ). Green lines show results for our model using a radially varying sulfur abundance profile. 
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D abundance maps for each of these species, in both the gas- and
ce-phase, in Appendix C . 

.2 Radially varying sulfur abundance 

he models outlined in the previous section provide an estimation
f the volatile sulfur abundance across the entire disc. Ho we ver,
tting to disc-integrated line fluxes does not allow us to place
onstraints on variations in the sulfur abundance at small spatial
cales. HD 100546 is known to be highly structured, featuring a
mall inner dust disc ( r � 1 au), two broad millimetre dust rings,
nd at least two protoplanet candidates. We may then reasonably
xpect radial variations in the disc chemistry, linked to processes
uch as radial drift, dust trapping, complex grain surface chemistry,
nd non-thermal desorption of sulfur-bearing species, which are not
xplicitly treated in the DALI modelling code. Furthermore, we have
lso previously shown that the asymmetric emission morphology and
pectral line profiles of both the CS 7–6 and SO 7 7 − 6 6 + 7 8 −
 7 observations can be reproduced by a model that incorporates an
zimuthal variation in the C/O ratio (Keyte et al. 2023 ). The model
rom that work uses C/O = 0.5 throughout most of the disc, except
or a 60 ◦ radial arc on the western side of the disc, where the C/O
atio is ele v ated ( = 1.5). These complexities, which are not accounted
or in our ‘disc-averaged sulfur abundance’ model, may explain why
NRAS 528, 388–407 (2024) 
here is a discrepancy in the best-fitting value for S/H obtained by
atching the CS and SO detections. 
In this section, we use the SO 7 7 − 6 6 , SO 7 8 − 6 7 , and CS 7–

 observations to undertake a more detailed analysis of the sulfur
bundance profile, fitting for both radial and azimuthal variations.
e begin by deprojecting the SO 7 7 − 6 6 , SO 7 8 − 6 7 , and CS 7–6

ntegrated intensity maps, in order to extract radial intensity profiles.
or each species, we extract a profile that is azimuthally averaged
cross the entire extent of the disc, ignoring the small region in
hich the C/O ratio is locally ele v ated. To begin with, we focus only
n fitting these profiles, treating the region where C/O is ele v ated
eparately later. The profiles obtained from the two SO transitions
re stacked to form a single profile. 

Fig. 4 (top row) shows the SO and CS radial intensity profiles
xtracted from the observations, alongside profiles extracted from
ur models using a range of initial sulfur abundances S/H from 10 −6 

o 10 −9 . The models have been convolved with a beam of the same
ize as the observations for a better comparison. The observed SO
adial profile peaks at the edge of the inner dust ring, and gradually
ecreases before sharply falling off at ∼125 au. A second region
f high abundance is observed in the outer disc between ∼150–
50 au, roughly coincident with the outer millimetre dust ring. The
bserved CS profile peaks at the location of the host star, and
alls off smoothly to the outer disc. None of our models are able
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Figure 4. Top row: Radial intensity profiles extracted from deprojected integrated intensity maps, azimuthally averaged across the entire disc except in the 
region where C/O is locally ele v ated. Observ ations (black, with uncertainties shaded in grey) and models using a range a sulfur abundances (coloured). The 
semimajor axis of the beam is denoted by the horizontal bar in the lower part of the panel. Shaded blue columns denote the locations of prominent millimetre 
dust rings. Bottom row: radial intensity profiles extracted from our composite model (red). Horizontal green lines signify the radial regions in which models 
were spliced together, arranged to match the corresponding sulfur abundance on the secondary y -axis. Shaded red regions denote the space co v ered by models 
computed using the ±1 σ intervals from the posterior distributions. 
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o simultaneously reproduce the SO or CS emission morphology. 
odels which reproduce the SO emission in the inner disc fail to

eproduce the significant emission peak in the outer region, while 
odels which include significant flux in the outer disc o v erpredict

mission inside of r ∼ 150 au. 
We constructed a composite model by dividing the radial intensity 

rofiles into a pre-defined number of radial regions, fitting each 
egion with a model that has a sulfur abundance S/H from 10 −12 to
0 −6 . In order to efficiently sample the parameter space, we adopted
 Markov Chain Monte Carlo (MCMC) approach, making use of the 
YTHON package EMCEE (F oreman-Macke y et al. 2013 ). The radial
ocations at which models are spliced together are treated as free 
arameters, with uniform priors ranging between 0 and 300 au. The 
odels applied to each region are free parameters drawn from a 

iscretized set of 20 models co v ering the allowed range of initial
ulfur abundances. The SO and CS profiles are fit simultaneously 
sing the same set of free parameters. 
In each MCMC iteration, models are first spliced together, then 

onvolved with a beam to match the observation. The goodness of
t of the convolved profile is determined using the log-likelihood 
unction: 

 = −1 

2 

∑ 

(
y obs − y model 

σ

)2 

, (5) 

here y obs are the observational data points, y model are the model data
oints, and σ are the uncertainties on the observations. 
We ran the MCMC multiple times, each time using a different num-
er of pre-defined radial regions. We found that eight regions were
ufficient to describe variations in the intensity profiles. Using more 
han eight regions resulted in at least two neighbouring regions shar-
ng the same initial sulfur abundance. In each case, we ran the MCMC
or 40 000 steps (excluding 1000 burn-in steps), using 30 w alk ers.
he best-fitting composite model is shown in Fig. 4 (lower panel).
orizontal green lines denote the radial extent of each model used to

orm the composite profile, with the vertical position of each line de-
oting the sulfur abundance used in that particular model (secondary 
 -axis).The shaded red area denotes the space co v ered by models
omputed using the ±1 σ intervals from the posterior distributions. 

The composite model indicates that the volatile sulfur abundance 
aries by at least ∼3 orders of magnitude throughout different radial
egions of the disc. Within the central cavity, the gas-phase sulfur
bundance is found to be relatively high (S/H ∼ 7 × 10 −7 ), then
alls off dramatically inside the inner dust ring (S/H ∼ 1 × 10 −9 ).
mmediately outside of the dust ring, another region of relatively 
igh abundance is identified (S/H ∼ 5 × 10 −8 ), which we note
s broadly coincides with the proposed location of the protoplanet 
D 100546 b (Currie et al. 2015 ; Quanz et al. 2015 ). We discuss this

urther in Section 5 . A third region of relatively high abundance (S/H
3 × 10 −7 ) is identified between 180–230 au, broadly coincident 

ith the outer dust ring. This is bounded on both sides by regions
f low abundance (S/H ∼ 10 −10 ), corresponding to regions where 
arge dust grains are highly depleted. The best-fitting model appears 
o be missing SO emission in the region between ∼100–125 au. To
MNRAS 528, 388–407 (2024) 
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Figure 5. Vertically integrated molecular abundances extracted from our composite model, as a function of radius. Gas phase (left) and ice-phase (right). 
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nvestigate this, we manually spliced together a model using a higher
ulfur abundance in these regions, matching the SO intensity profile
y eye. While this led to a better-fitting SO profile, it caused the CS
adial profile to be significantly o v erpredicted. Possible e xplanations
or this discrepancy are discussed in Section 5 . 

Having determined the radial gas-phase sulfur abundance profile
hroughout most of the disc, we now check for consistency by
nsuring that our composite model also fits the small region in which
he gas-phase C/O ratio is locally ele v ated. Follo wing the procedure
utlined in Keyte et al. ( 2023 ), we compute the abundances within
his region, finding the composite model to be a reasonable match
o the data (Appendix D ). In this re gion, the observ ed SO emission
apers off dramatically at ∼75 au, compared to ∼120 in the rest of
he disc. The modelling SO emission also tapers of more quickly in
his regions, although not to the same degree, cutting off abruptly
t ∼100. In the outer disc, the modelled emission is slightly more
xtended than the observed emission outside of the second dust ring.
he modelled CS emission matches the observation extremely well,

eproducing the ele v ated flux in the outer disc. Since both regions
an be well fitted using the same radially varying sulfur abundance
rofile, we focus only on the large region of the disc where C/O = 0.5
or the remainder of the study, unless otherwise stated. 

We present a side-by-side comparison of the modelled molecular
bundances extracted from our composite model in Fig. 5 , for each
f the gas- and ice-phase sulfur bearing species. Individual 2D
bundance maps are presented in Appendix C . 

 DISC U SSION  

.1 Total elemental gas-phase sulfur abundance 

e have shown that volatile sulfur is highly depleted in the
D 100546 protoplanetary disc, regardless of whether the abundance
NRAS 528, 388–407 (2024) 
s determined as a single global value or as a radially varying
as-phase elemental S/H ratio, which is possible using the full
nformation content of the available data. 

Using models with a single sulfur abundance across the entire
isc, we find S/H � 5 × 10 −8 , o v er two orders of magnitude
ower than the canonical cosmic value. This level of depletion is
onsistent with the ‘highly depleted’ S-abundance values used in
any previous studies. Modelling of the discs around MWC 480,
kCa15, and DM Tau by Dutrey et al. ( 2011 ), for example, showed

hat an initial abundance value of S/H = 8 × 10 −9 was required
o reproduce the CS and SO column densities. Similarly, a study
y Le Gal et al. ( 2019 ) showed that the observed CS column
ensities in MWC 480 and LkCa15 could be reproduced with a
odel using an initial value of S/H = 8 × 10 −8 . In both studies,
odels were not able to fully reproduce the inferred abundances

f all sulfur-bearing species, leading to an o v erprediction of the
 2 S abundance (Dutrey et al. 2011 ) or underprediction of the H 2 CS

olumn density (Le Gal et al. 2019 ). Such discrepancies are thought
o be related to missing reaction pathways, rather than an undepleted
ulfur reservoir. Laboratory studies have shown that H 2 CS can form
s an intermediate product via a reaction with H 2 S and atomic C, for
xample (Galland et al. 2001 ). More studies are needed to develop
n impro v ed understanding of sulfur chemistry and more complex
hemical networks. 

The precise impact of missing reaction pathways on modelled
bundances is difficult to predict. One such result may be related to
ur finding that a single sulfur abundance across the entire disc does
ot adequately reproduce the SO 7 7 − 6 6 + 7 8 − 6 7 and CS 7–6 radial
ntensity profiles. To better understand why the sulfur abundance may
e subject to radial variations, we consider the fraction of the total
ulfur budget split between refractories, ices, and gas. Using the radial
bundance profile derived in Section 4.2 , we plot the proportion of
ulfur held in each of these three reservoirs as a function of radius,
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Figure 6. Total elemental sulfur abundance of refractories, ices, and gas, as a function of radius. The gas and ice-phase abundances are extracted from our 
composite model, which uses a radially varying sulfur abundance (Section 4.2 ). The abundance of refractory sulfur-bearing species is inferred from the difference 
between the cosmic abundance and the total volatile abundance (ice + gas) extracted from the model. Shaded columns represent the location of millimetre dust 
rings. Dotted black lines denote the location of planetary candidates. Left: midplane abundances. Right: abundances in the warm molecular layer of the disc 
atmosphere between z/ r = 0.2 − 0.3. The lower panels in each column show the total amount of volatile sulfur (gas + ice) expressed as a percentage of total sulfur. 
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t both the midplane (Fig. 6 , left) and in the warm molecular layer
f the disc atmosphere (Fig. 6 , right). Values for gas and ice are the
otal sum of all sulfur-bearing gas and ice species extracted from
ur model. The abundance of refractory sulfur-bearing species is 
nferred from the difference between the cosmic abundance and the 
otal volatile abundance (ice + gas) extracted from the model. 

In the disc midplane, almost all volatile sulfur is locked up into
ces beyond r ∼ 30 au. The inside edge of the inner dust ring can be
onsidered a transition region, with all volatile sulfur returning to the 
as phase within the inner cavity ( r � 22 au). In the disc atmosphere,
he transition from gas to ice at the cavity edge is still apparent, but
nother transition region is evident in the outer disc at r ∼ 60 au,
here the majority of the volatile sulfur returns to the gas. 
The correlation between phase transitions/abundance peaks and 

he location of prominent millimetre dust rings is suggestive of 
n underlying connection with grain chemistry or ice adsorp- 
ion/desorption in both the inner and outer disc. Booth et al. ( 2023b )
ropose that SO emission from the inner disc may be partly related
o thermal desorption of sulfur-rich ices at the edge of the inner dust
avity, a scenario which is supported by the sharp increase in gas-
hase sulfur at the cavity boundary in our model. The same study also
uggested that this emission may be due to shocked gas emanating 
rom a circumplanetary disc around a newly forming planet. This 
cenario is supported by the fact that the peak in the gas-phase sulfur
bundance is located inside the cavity, rather that coincident with the 
ust ring itself. If this is the case, the sulfur abundance in the inner
avity derived from our fit to the SO radial intensity profile may not a
eliable indicator of the abundance of other sulfur-bearing species in 
his re gion. Alternativ ely, the high gas-phase sulfur abundance within 
he cavity may be linked to the inward drift and sublimation of sulfur-
earing icy grains, which is not incorporated in our dynamically static 
odel. 
In the outer dust ring, temperatures are too low for thermal 

esorption, and the increase in gas-phase volatile sulfur must be 
riven by some other mechanism. One possible explanation for this 
s non-thermal desorption from icy grains (Booth et al. 2023b ), a
cenario which is consistent with rings of H 2 CO emission observed
n the outer disc in a number of other sources (Rivi ̀ere-Marichalar
t al. 2021 ). Our models do not include non-thermal desorption of
ny sulfur-bearing species; if a significant fraction of ices are being
esorbed in the outer disc, then a lower volatile sulfur abundance than
hat inferred from our MCMC fitting could reproduce the gas-phase 
bundance, with a smaller fraction of the total volatiles held in ices. 

Taking all radial variations into account, we find that the to-
al amount of sulfur locked into volatiles accounts for ∼0.01–
.3 per cent of the cosmic abundance, dependent on radius. This is
roadly in agreement with upper limits on refractory sulfur described 
n Kama et al. ( 2019 ; < 93 per cent of total sulfur), but suggests that an
ven higher proportion of sulfur is locked into refractories throughout 
arge regions of the disc. The abundance of volatile sulfur in the disc
n scales we are sensitive to is also significantly below the sulfur
bundance in material currently accreting onto the central star (the 
otal S/H in the accreting material is ∼3 times below solar; Kama
t al. 2016b , 2019 ). This is consistent with a substantial fraction being
ransported through the large inner cavity either in small grains or
s a semirefractory reservoir which e v aporates at the � 100 –200 K
emperatures of the main dust ring. 

.2 Main volatile sulfur carriers 

n this section, we use abundances obtained from our chemical model
o determine the major volatile sulfur carriers in HD 100546 at small
patial scales. Astrochemical models have long predicted dominant 
arriers in discs to include H 2 S, SO, SO 2 , and CS (e.g. Pasek et al.
005 ). Observations of comets show that H 2 is indeed a major volatile
ulfur carrier (Calmonte et al. 2016 ), which is thought to be due to its
referential formation via hydrogenation of atomic sulfur on grain 
urfaces (Charnley 1997 ): 

 + S → HS (6) 

S + H → H 2 S , (7) 
MNRAS 528, 388–407 (2024) 
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hile atomic H can abstract H from H 2 S: 

 2 S + H → HS + H 2 (8) 

nd then subsequently reform H 2 S via reaction ( 7 ). Approximately
 per cent of the H 2 S produced in this way will be released into the
as phase via chemical desorption (Oba et al. 2018 ; Furuya et al.
022 ; Santos, Linnartz & Chuang 2023 ). 
Indeed, H 2 S has the highest inferred abundance of any ice-phase

ulfur carrier in star-forming regions, although still a factor of ≥10
ower than the cosmic value (van Dishoeck & Blake 1998 ). Frozen-
ut H 2 S can be released from grain surfaces by photodesorption
n regions dominated by high-UV radiation, although additional
hotochemistry can lead to destruction via dissociation (Jim ́enez-
scobar & Mu ̃ noz Caro 2011 ). High-solid-phase H 2 S abundances
o not therefore necessarily imply a large gas-phase reservoir. In
ecent years, this has become apparent in observations, with chemical
odels routinely o v erpredicting inferred abundances. Phuong et al.

 2018 ), for example, used the chemical code Nautilus to model
 2 S detected in GG Tau, o v erpredicting the inferred column density
y a factor of ∼10. In that case, ho we ver, the detection itself is
hought to be related to the high disc mass rather than low levels
f sulfur depletion. Similarly, a study of H 2 S detected in AB Aur
uggests that 99.99 per cent of H 2 S is locked into grain surfaces, and
nly ∼9.5 per cent of total sulfur is available for gas-phase chemistry
Rivi ̀ere-Marichalar et al. 2021 ). 

Among other sulfur-bearing molecular species, CS and H 2 CS are
he most widely detected in discs (VanderPlas 2018 ; Teague et al.
016 ; Semenov et al. 2018 ; Le Gal et al. 2019 , 2021 ). Conversely,
he oxygen-bearing species SO and SO 2 have only been detected
n a handful of sources (Guilloteau et al. 2016 ; Fuente et al. 2017 ;
ooth et al. 2021 ). Such observations are consistent with the observed
 v erall depletion of volatile oxygen and an ele v ated C/O ratio in many
iscs (Miotello et al. 2019 ; Zhang, Bosman & Bergin 2020 ; Bosman
t al. 2021 ). Typically, inferred abundances of CS and H 2 CS account
or only a small fraction of total sulfur ( < 1 per cent), indicating large
efractory or unknown volatile reservoir. 

It is insightful to compare the outputs of our model to molecular
bundances predicted by previous studies. To aid the discussion, we
ocus on comparing the abundances as a function of height, at four
xed radial locations in the disc (Fig. 7 ). Each radial location is
hosen to be representative of particular regions where we might
xpect large variations in the chemistry: the inner dust cavity ( r =
 au), inner dust ring ( r = 25 au), outer gap ( r = 100 au), and
uter dust ring ( r = 200 au). For clarity, we only display the five
ost abundant species in each region. Note that in the upper disc

tmosphere, all volatile sulfur is in the form of atomic S and/or S 

+ .
he precise location where atomic sulfur becomes ionized varies as
 function of radius, but is typically at z/ r ∼ 0.10 in the inner dust
avity, and z/ r ∼ 0.25 in the outer disc. The rest of this discussion
herefore focuses on the volatile carriers at the midplane and in the
arm molecular layer only. 
Within the inner cavity, a small molecular reservoir exists close

o the midplane, pre-dominantly as HS, CS, and SO, although these
ccount for less than 0.1 per cent of the total volatile sulfur budget.
as-phase molecular carriers become much more abundant within

he inner dust ring between r ∼ 22–40 au. At the midplane, almost
ll volatile sulfur is locked into gaseous H 2 CS or OCS ( ∼55 per cent
nd 40 per cent respecti vely). While H 2 CS is no w routinely observed
n discs, OCS has yet to be detected and future observations will be
eeded to assess its potential as a primary gas-phase sulfur reservoir.
urther up in the disc atmosphere, OCS and H 2 CS abundances fall
NRAS 528, 388–407 (2024) 
ff sharply, with SO 2 taking o v er as the main S-carrier, accounting
or ∼90 per cent of total S volatiles between z/ r ∼ 0.15–0.25. 

In the outer dust gap at r = 100 au, dust temperatures reach ∼40 K
n the midplane, and > 99.9 per cent of volatile sulfur is frozen out on
o grain surfaces. In the midplane, the major ice-phase sulfur carrier
s OCS, accounting for ∼60 per cent of all volatile sulfur below z/ r
 0.25. Most of the remaining volatile sulfur in the midplane is

ocked into CS ice. In the disc atmosphere, the major ice-phase
eservoirs are SO 2 and SiS. Quantifying the presence of such ices in
iscs is not straightforward, but we may infer the likely reservoirs
hrough observations of comets, which represent pristine remnants
f the primordial solar disc. Detections of OCS from comets are
elatively common, with measured abundances ranging from ∼0.02–
.5 per cent relative to water (e.g. Dello Russo et al. 1998 ; Le Roy
t al. 2015 ). OCS ice was also recently tentatively detected in the disc
round HH 48 NE with JWST (Sturm et al. 2023 ). Conversely, SO 2 

as only two cometary detections, but the inferred abundances are
imilar to that of OCS (Bockel ́ee-Morvan et al. 2000 ; Le Roy et al.
015 ). The apparent lack of SO 2 detections may be tied to the relative
ase with which it is photodissociated, with the photodissociation
roduct SO being much more widely detected (e.g Bockel ́ee-Morvan
t al. 2000 ; Biver et al. 2006 , 2015 ; Le Roy et al. 2015 ). Ice reservoirs
ay also be inferred from gas-phase emission in discs. Gas-phase
O 2 detected towards the Oph IRS 48, for example, is thought to
riginate from sublimation of ices at the edge of a dust cavity, with the
ulk of the ice reservoir coincident with millimetre dust grains (Booth
t al. 2021 ). The presence of SiS ice in our model is more challenging
o explain. Silicon is typically considered to be highly depleted in
iscs, with chemical models using abundances of Si/H ∼ 10 −8 , based
n low metal abundances inferred from studies of interstellar cloud
hemistry (Graedel, Langer & Frerking 1982 ). Our modelling of
D 100546, ho we ver, constrains the total elemental gas-phase silicon

bundance in this disc to Si/H = 5 × 10 −7 , using upper limits of
he HCO 

+ 4–3 disc-integrated line flux. This constraint is due to
he impact that electrons from ionized metals (Si, Mg, Fe) have on
he disc ionization structure, with high metal abundances leading to
uppression of HCO 

+ (Fromang, Terquem & Balbus 2002 ). Further
bservations and modelling will be required to better constrain the
ilicon content, but if the abundance is considerably lower than
ur modelled value then the constraint from SiS is loosened and
 significant amount of additional elemental sulfur may be available
or incorporation into other species. 

Within the outer dust ring between r ∼ 150–230 au, molecular
ces are dominant at the midplane. OCS and CS are still the major
arriers, although H 2 S ices are also prominent in a narrow region,
ith abundances that fall off rapidly with height. Further up in the disc

tmosphere, OCS ices persist, b ut CS ice ab undances fall off and SiS
ces become abundant abo v e z/ r ∼ 0.1. Here, the low densities allow
xternal far ultraviolet (FUV) radiation to penetrate more deeply
nd locally increase the temperatures such that a small amount of
ulfur-bearing molecules can exist in the gas-phase. These are pre-
ominantly in the form of HS, SO, and CS, although combined
ccount for only ∼0.2 per cent of sulfur-bearing volatiles. 

In summary, our results provide new constraints on the major
olatile sulfur carriers in protoplanetary discs. The identification
f OCS as a major ice-phase reservoir highlights the need for
ore high-resolution observations of sulfur-bearing species. Con-

ersely, the low relative abundance of gas-phase H 2 S in our models
laces doubt on the consensus that it is the major volatile sulfur
arrier in planet-forming environments. The H 2 S ice reservoir is
lso small, by comparison to the other sulfur-bearing molecu-
ar ices. To assess the impact of initial conditions on the H 2 S



Volatile sulfur in HD 100546 397 

Figure 7. Vertical abundance profiles for the main molecular sulfur carriers extracted from our fiducial model, at four fixed radial locations ( r = 5, 25, 100, 
200 au). Only the five most abundant species in each region are shown. In each panel, species are ordered by peak abundance (X/H), with the peak value 
annotated in the respective column. Top panel: gas-phase abundances. Bottom panel: ice-phase abundances. 
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bundance, we ran a second grid of models in which all sulfur
as initialized in the form of H 2 S ice, rather than atomic gas-
hase S. We found no considerable difference in the abundances 
btained from these models, compared to the fiducial models pre- 
ented in Section 4 , suggesting that the sulfur chemistry reaches 
 steady state within the 5 Myr chemical time-scale. One possi-
le explanation for the low H 2 S abundance and large OCS ice
eservoir is the lack of grain chemistry in our chemical network. 
xperimental studies have shown that reactions of solid OCS 
ith atomic hydrogen can produce OCS–H radicals, which fur- 
her react with H atoms to produce H 2 S and CO (Nguyen et al.
021 ): 

CS + H → OCS –H (9) 

CS –H + H → H 2 S + CO . (10) 
MNRAS 528, 388–407 (2024) 
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olid H 2 S can then be released back into the gas phase via chemical
esorption, as described abo v e. Experimental studies also show
n efficient depletion of H 2 S due to H-atom abstraction reactions
orming HS, which could associate with other radicals/molecules
o form S-bearing species or chemically desorb into the gas phase
Oba et al. 2018 ; Santos, Linnartz & Chuang 2023 ). Ho we ver,
e note that our findings on the importance of OCS and rela-

i vely lo w abundance of H 2 S in the HD 100546 disc mirror those
rom early solid-state transmission spectroscopy of protostellar ices
sing JWST , which reach the same conclusion (McClure et al.
023 ). Such results may be indicative of high levels of UV pho-
oprocessing, which convert a significant amount of H 2 S ice to
CS (Jim ́enez-Escobar, Mu ̃ noz Caro & Chen 2014 ; Chen et al.
015 ). 

.3 Implications for planets 

lemental abundance ratios in discs are promising tracers of
lanetary formation and migration pathways. The C/O ratio has
eceived particular attention in studies of both discs and exoplanet
tmospheres due to the high cosmic abundances of both carbon and
xygen, and the wealth of associated molecular carriers. Simple
odels relate C/O measured in exoplanet atmospheres to potential

ormation locations in discs based on the location of volatile
olecular snowlines. In this approach, the gas-phase C/O is a step

unction which increases with distance from the host star (Oberg,
urray-Clay & Bergin 2011 ). Recent studies have expanded on this

dea, showing that additional mechanisms can lead to both radial and
zimuthal C/O variations at small spatial scales, which adds further
omple xity (Cleev es et al. 2018 ; Miotello et al. 2019 ; Zhang et al.
019 ; Bosman et al. 2021 ). While the C/O ratio remains a powerful
iagnostic tool, its utility as a tracer of planetary formation processes
s limited, especially in cases where planets acquire the bulk of their
arbon and oxygen beyond the CO 2 snowline. In recent years, the use
f additional elemental abundance ratios has been explored to further
onstrain disc compositions and break degeneracies associated with
he C/O ratio. Turrini et al. ( 2021 ), for example, showed that the
/N and N/O ratios can be used to constrain the extent of planetary
igration, while the S/N ratio can be used as a reliable tracer of

eavy element enrichment. Further, Hobbs, Shorttle & Madhusudhan
 2022 ) used the C/H, O/H, and N/H ratios to predict connections
etween the atmospheric molecular abundances of hot Jupiters and
heir formation pathways. In this section, we explore the utility of
he S/H ratio and its impact on planets in the HD 100546 disc, as
ell as its wider application to discs in general. 
In HD 100546, multiple observations provide evidence for at least

wo giant planetary candidates within the disc; planet ‘b’ at r ∼ 55
u, and planet ‘c’ within the inner cavity at r ∼ 13 au. How might
he composition of these planets atmospheres vary, based on the
adial gas-phase S/H variations implied by our models? As we have
hown, a region of elevated S/H gas in the outer disc appears broadly
oincident with the outer millimetre dust ring, while another region of
le v ated S/H gas resides directly outside of the inner dust ring. The dust
ings themselves are likely the products of planetary formation pro-
esses, and the interplay between the dust structure, gas composition,
nd materials accreted by planets will be complex and e ver-e volving.
t is important to highlight the fact that the vast majority of elemental
ulfur ( > 94 per cent) is locked up into refractory materials, and the
ulfur content of an exoplanet atmosphere will not only depend on
he composition of the accreted gas, but the amount of sulfur returned
o the gas phase from accreted solids. Gas giant envelopes can
ecome enriched in this manner through a number of mechanisms,
NRAS 528, 388–407 (2024) 
ncluding dissolution of pebbles/planetesimals during accretion, and
ore erosion/mixing (Hueso & Guillot 2003 ; Estrada et al. 2009 ).
ome level of enrichment is to be expected, but placing precise
onstraints is challenging since dissolution and mixing are not well
nderstood (Leconte & Chabrier 2013 ; Nettelmann et al. 2015 ; Moll
t al. 2017 ). Studies of elemental enrichment in Jupiter’s atmosphere,
or example, suggest that > 50 per cent of the core has become
issolved in the envelope ( ̈Oberg & Wordsworth 2019 ). Such high
evels of mixing may not be representative of the general exoplanet
opulation, ho we ver, since it has been proposed that the distribution
f heavy elements in Jupiter’s inner envelope could only come
bout through a collision which shattered Jupiter’s primordial core
Liu et al. 2019 ). Uncertainties on the levels of enrichment through
ore dissolution/mixing are particularly problematic for interpreting
bservations of sulfur-bearing species in exoplanet atmospheres,
ince almost all sulfur is tied up in refractory species. 

Previous studies which propose the S/N ratio as direct tracer of
lanetesimal accretion, rely on the fact that most of the sulfur is
ncorporated into solids, while nearly all nitrogen is in gaseous N 2 

Turrini et al. 2021 ). The S/H ratio is analogous to the S/N ratio in this
ense. The joint e v aluation of S/N with independent measurements
f metallicity allow further constraints to be placed on migration
cenarios, with in situ formation characterized by stellar metallicity
nd stellar S/N, and e xtensiv e migration characterized by super-
teller metallicity and stellar S/N (Pacetti et al. 2022 ). In practice,
bservations and modelling of sulfur-bearing species in exoplanet
tmospheres will need to consider the separate contributions from
irectly-accreted gas, and solids returned to the gas phase, in order
o use S/N or S/H as reliable tracers of these mechanisms. 

 C O N C L U S I O N S  

n this work, we presented new data from ALMA and APEX relating
o volatile sulfur-bearing species in the HD100546 protoplanetary
isc. We used a highly refined and disc-specific physical-chemical
odels to infer the total elemental sulfur content, and predict which

pecies are the major carriers of volatile sulfur in the disc. Our main
onclusions are: 

(i) We observed transitions of seven sulfur-bearing species to-
ards HD 100546 with ALMA, in addition to an observation of
 2 S at 168.762 GHz with APEX. All species were undetected. We
erived upper limits on the disc-integrated fluxes for all transitions. 
(ii) We used the physical-chemical disc modelling code DALI to

etermine the volatile sulfur abundance. Using simple models with a
ingle sulfur abundance across the entire disc, we find volatile sulfur
o be heavily depleted from the cosmic value by at least two orders
f magnitude, S/H � 5 × 10 −8 , constrained by these upper limits
nd the previous detections of SO and CS 

(iii) Comparing our models to the SO 7 7 − 6 6 + 7 8 − 6 7 radial
ntensity profile from Booth et al. ( 2023b ), we find that a single sulfur
bundance across the entire disc does not adequately reproduce the
bservations. We used an MCMC approach to construct a composite
odel, finding that the sulfur abundance varies radially throughout

he disc by at least three orders of magnitude. 
(iv) Radial variations in the sulfur abundance broadly coincide

ith the location of prominent millimetre dust rings and gaps. Models
ndicate that many of the sulfur-bearing molecules are particularly
bundant inside the inner dust ring ( r ∼ 22–40 au), and coincident
ith the outer dust ring ( r ∼ 150–230 au). The total gas-phase sulfur

bundance is high within the dust-depleted inner cavity, with most
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ulfur in the form of atomic S or S 

+ . SO and HS are most abundant
olecular carriers with inner cavity. 
(v) We determined the major volatile gas-phase sulfur carriers 

o include OCS, H 2 CS, and CS. We also infer the presence of
 substantial OCS ice reservoir in the outer disc, alongside other 
olecular ices at lower abundance. H 2 S is found to have low

bundances in both the gas- and ice-phases, in contrast to predictions 
rom many previous astrochemical models. 

(vi) The total amount of sulfur held in volatiles ranges from 

0.01–5.3 per cent, dependent on radius. The use of elemental ratios
/H and S/N as tracers of planetary formation is complicated by 

he uncertainties on the split between volatiles and refractories, and 
he level at which accreting refractories are processed into planetary 
tmospheres. 
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aw C. J. , Booth A. S., Öberg K. I., 2023, ApJ , 952, L19 
e Gal R. et al., 2021, ApJS , 257, 12 
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Table B2. Initial elemental abundances. 

Species n i / n H 

H 1.0 
He 9.0 × 10 −2 

C 1.5 × 10 −5 

N 6.2 × 10 −5 

O 3.0 × 10 −5 

S 1.0 × 10 −8 

Mg 5.0 × 10 −7 

Si 5.0 × 10 −7 

Fe 5.0 × 10 −7 
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PPEN D IX  B:  DALI F I D U C I A L  M O D E L  

A R A M E T E R S  A N D  UPDATES  

e impro v e the fit to the dust continuum emission by simultaneously
tting 870 μm continuum radial profile (Fedele et al. 2021 ) and 3 mm
ontinuum radial profile (this work). We find that the combined data 
re best fit with a central cavity that extends to ∼22 au, compared to
3 au used in our previous study. We fit the ring-like structure of the
uter disc by fully depleting the model of large dust grains between
0–150 au. 
To ensure that the SED remains well fitted, we run a large grid

f ∼5000 models using the updated dust structure. We vary the 
arameters r gap , ψ, h c , � g/d , δdust , χ, f , and � c , finding that the
ew model is best fit by increasing the settling parameter f from 0.85
o 0.95, and the flaring index ψ from 0.20 to 0.25. The critical surface
ensity, � c is slightly increased from 82.75 g cm 

−2 to 87.25 g cm 

−2 ,
uch that the total dust mass remains roughly the same as our original
odel, accounting for the mass remo v ed by e xtending the cavity and

ntroducing an outer dust gap. All other physical model parameters 
emain unchanged. 

We explore the impact of altering the dust structure on the chemical 
bundances by running a grid of models in which [C/H] and [O/H] are
aried between 2 × 10 −6 and 2 × 10 −4 . For each case, we consider
ariations in the level of gas depletion in the central cavity, ranging
rom δgas = 10 −5 –1. As done previously in Keyte et al. ( 2023 ), we fit
o the CO ladder, a wide range of other disc-integrated line fluxes, and
arious spectral line and radial intensity profiles (see that work for a
ull list of the data). As before, we find that the model is best fit with
 C/O ratio of 0.5, with [C/H] slightly increased from 1 × 10 −5 to
.5 × 10 −5 , and [O/H] slightly increased from 2 × 10 −5 to 3 × 10 −5 .
as within the central cavity is found to be severely depleted, with a
est-fitting value of δgas = 10 −5 . 
Fiducial model parameters are listed in Table B1 and initial atomic 

bundances are listed in Table B2 . 
able B1. Fiducial HD 100546 disc model parameters. 

arameter Description Fiducial 

 sub Sublimation radius 0.25 au 
 gap Inner disc size 1.0 au 
 cav Cavity radius 22 au 
 out Disc outer radius 1000 au 
 c Critical radius for surface density 50 au 

gas Gas depletion factor inside cavity 10 −5 

dust Dust depletion factor inside cavity 10 −4 

Power law index of surface density profile 1.0 
Dust settling parameter 0.2 
Large-to-small dust mixing parameter 0.95 

 c � gas at R c 87.25 g cm 

−2 

 c Scale height at R c 0.10 
 Power law index of scale height 0.25 
 g/d Gas-to-dust mass ratio 100 
 ∗ Stellar luminosity 36 L �
 X Stellar X-ray luminosity 7.94 × 10 28 ergs −1 

 X X-ray plasma temperature 7.0 × 10 7 K 

cr Cosmic ray ionization rate 3.0 × 10 −17 s −1 

 gas Disc gas mass 9.89 × 10 −2 M �
 dust Disc dust mass 1.06 × 10 −3 M �

hem 

Time-scale for time-dependent chemistry 5 Myr 

/388/7511122 by guest on 23 August 2024
PPENDI X  C :  A BU N DA N C E  MAPS  

e present 2D abundance maps for 10 key molecular sulfur-bearing 
pecies extracted from our models. Fig. C1 shows abundance maps 
or sulfur-bearing species which contain carbon or oxygen, and 
ig. C2 shows abundance maps for sulfur-bearing species containing 
either carbon or oxygen. In each case, the left column shows
bundances extracted from our model using a single initial sulfur 
bundance (S/H = 10 −8 ) and the right column shows abundances
xtracted from the composite model. Fig. C3 shows abundances for 
ll species in the ice-phase, extracted from the composite model. 
MNRAS 528, 388–407 (2024) 
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M

Figure C1. Abundance maps for the carbon- and oxygen-bearing sulfur species in models. Left column: model using a single sulfur abundance across the entire 
disc (S/H = 10 −8 ). Right column: composite model using a radially varying sulfur abundance profile. 
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Figure C2. Abundance maps for the sulfur species containing no carbon or oxygen in our models. Left column: model using a single sulfur abundance across 
the entire disc (S/H = 10 −8 ). Right column: composite model using a radially varying sulfur abundance profile. 
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M

Figure C3. Abundance maps for sulfur-bearing ices in our composite model. 

A
M

F  

t  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/388/7511122 by guest on 23 August 2024
Remove


Watermark

Wondershare

PDFelement
PPEN D IX  D :  R A D I A L  INTENSITY  PROFILE  

C M C  FITTING  

ig. D1 shows the posterior distribution for our MCMC fitting of
he composite model. Fig. D2 shows the results from fitting our
omposite model to the region in which C/O = 1.5. 
NRAS 528, 388–407 (2024) 



Volatile sulfur in HD 100546 405 

Figure D1. Posterior distribution for parameters used to simultaneously fit the SO 7 7 − 6 6 + 7 8 − 6 7 and CS 7–6 radial intensity profiles. Parameters labelled 
R n are the radial locations where different models are spliced together (in au). Parameters labelled S/H n are the log10 sulfur abundances of the models fitted to 
each radial region. 
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M

Figure D2. Radial intensity profiles extracted from deprojected integrated intensity maps, azimuthally averaged in the region of the disc where C/O = 1.5. 
Observations (black) and composite models (red). The models used in this region are initialized with abundances extracted from the C/O = 0.5 model. Oxygen 
is then remo v ed such that gas-phase C/O = 1.5, and the chemistry is evolved for 5 yr, following the procedure outlined in Keyte et al. ( 2023 ). Dotted grey lines 
show the observed radial intensity profiles in the region where C/O = 0.5, for comparison. 
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PPEN D IX  E:  C O M PA R I S O N  WITH  STARCHEM  

H E M I C A L  M O D E L L I N G  C O D E  

o assess the validity of the sulfur chemistry in our DALI models,
e ran a set of comparison models using the STARCHEM chemical
odelling code (Rawlings 2022 , Rawlings, Keto & Caselli, sub-
itted), which incorporates the full RATE12 data set (467 species

nd 5950 reactions; McElroy et al. 2013 ). Our goal was not to
epeat the comprehensive modelling of the entire disc, but instead to
erform a more in-depth examination of the chemistry, with a specific
mphasis on validating the presence of OCS as a significant sulfur
arrier in the gas phase. Such a comparison of fers v aluable insights
nto chemical network dependencies and potential consequences
f omitting crucial species or reaction pathways from the DALI

odels. 
To this end, we compared the chemistry at two vertical locations

n the disc inside the inner dust ring at 22 au; the midplane ( z / r =
) and disc atmosphere ( z / r = 0.2). These regions were selected
s points at which the DALI model predicts OCS abundances to be
elatively high in the gas phase (OCS/H ∼10 −9 in both locations).
he inputs to STARCHEM were gas and dust densities/temperatures,
osmic ray and X-ray ionization rates, and the UV radiation field,
ach of which were taken from the rele v ant gridpoint locations in
he DALI model. The chemistry was then initialized with elemental
bundances following the DALI model (Table B2 ), and evolved for
 Myr. 
The outputs from STARCHEM broadly agree with our DALI model;

e find OCS to be one of the major gas-phase sulfur carriers, with an
bundance of OCS/H ∼ 2 × 10 −10 at both locations. In the STARCHEM

odel, OCS formation is dominated by: 

O + S 

− → OCS + e − (E1) 

ith some contribution from: 

O + HS → OCS + H (E2) 

H + CS → OCS + H . (E3) 
NRAS 528, 388–407 (2024) 
ur DALI model does not include S 

−, and OCS is instead formed
rimarily by: 

O + S → OCS . (E4) 

he main OCS destruction pathways in both models are cosmic ray
nd X-ray induced photodissociation and photoionization. 

In additional to OCS, the STARCHEM model predicted the other ma-
or sulfur-carriers at this location to be H 2 CS and SO 2 . The STARCHEM

 2 CS abundances of 2.5 × 10 −10 ( z/ r = 0) and 2.0 × 10 −10 ( z/ r =
.2) are in agreement with the outputs of our DALI model within an
rder of magnitude. The SO 2 abundances are slightly more divergent.
he midplane abundance in the STARCHEM model is a factor of ∼10
igher than the DALI model, with formation facilitated via the route:

S + S → S 2 + H (E5) 

 2 + O → SO + S (E6) 

nd 

H + S → SO + H (E7) 

O + OH → SO 2 + H (E8) 

r 

O + O → SO 2 . (E9) 

he higher SO 2 abundance in the STARCHEM model is likely due to
he lack of S 2 in the DALI network, with SO 2 formed pre-dominantly
nly through reactions ( E8 ) and ( E9 ) in the DALI model. 
In the disc atmosphere, the SO 2 abundance in the STARCHEM

odel falls off dramatically (SO 2 /H = 8 × 10 −18 ), with S 2 emerging
s the main volatile sulfur carrier (S 2 /H = 3 × 10 −9 ). A similar
rop in the SO 2 abundance is seen in the DALI model at a slightly
igher vertical location ( z/ r ∼ 0.25). In both models, the main SO 2 

estruction pathways are once again cosmic ray and X-ray induced
hotodissociation and photoionization. 
These findings offer valuable perspectives on sulfur chemistry, but

t’s important to acknowledge that there are likely to be important
rocesses not captured in either model. For instance, although the
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hemical network in the STARCHEM model is significantly more 
omplex, it does not include gas–grain reactions, three-body reac- 
ions, and PAHs. The absence of gas–grain reactions could have 
ignificant ramifications for OCS-related chemistry, as laboratory 
 xperiments hav e demonstrated it is readily formation within ic y
rain mantles and can undergo significant processing (Ferrante et al. 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
008 ; Nguyen et al. 2021 ). More work is needed to develop a
eeper understanding of sulfur chemistry in planet-forming envi- 
onments. 
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