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Abstract

Sulfur is a critical element to life on Earth, and with detections of sulfur-bearing
molecules in exoplanets and comets, questions arise as to how sulfur is incorporated
into planets in the first place. In order to understand sulfur’s journey, we need to
understand the molecular forms that sulfur takes in protoplanetary disks, where the
rotational emission from sulfur-bearing molecules in the gas phase indicates a very
low abundance. To address this question, we have updated the 2D time-dependent
disk chemical modeling framework of Fogel et al. (2011) to incorporate several new
sulfur species and hundreds of new sulfur reactions from the literature. Specifically,
we investigate the main molecular forms that sulfur takes in a disk orbiting a solar
mass young T Tauri star. We explore the effects of different volatile (reactive) sulfur
abundances, C/O ratios, and initial sulfur molecular forms. We find that a high C/O
ratio can explain both the prevalence of CS observed in disks and the lack of SO
detections, consistent with previous results. Additionally, initial sulfur form greatly
affects the ice abundances in the lower layers of the disk, which has implications for
comet formation and future observations with JWST.
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1 Introduction

One of the keys to understanding the emergence of life is understanding the history
of life’s required elements. Sulfur is one of the elements critical to life on Earth and
is thought to play a role in the origin of life. For example, sulfur-bearing molecules in
early Earth’s atmosphere may have provided protection against harmful solar radia-
tion (Kasting et al. 1989), and evidence suggests that early microbial life metabolized
sulfur (Lake 1988).

Sulfur, in the form of SO2, was recently detected in the atmosphere of exoplanet
WASP-39b (Rustamkulov et al. 2023). This detection raises the question of how
sulfur is incorporated into planets in the first place. To answer this question, we need
to understand the molecular forms and distribution of sulfur in protoplanetary disks.

Protoplanetary disks are disks of gas and dust that surround young stars. Disks
are the sites of planet formation, so by studying disks we can bridge the gap between
star formation and planetary systems. As described in Williams and Cieza (2011,
and references therein), stars form from the collapse of a molecular core, and a disk
soon forms around this protostar. For the first ∼ 0.5 Myr, the disk is considered
protostellar, meaning much of the material in the disk will end up accreting onto
the star. The disk then transitions to protoplanetary. Disks have masses of about
1% the mass of their stars and are about 30-200 au in extent, with the densest (and
coldest) regions at the midplane. They are about 1% dust and 99% gas by mass.
Disk lifetimes range from < 1 Myr to 10 Myr, with a median of about 3 Myr (Strom
et al. 1989; Wyatt 2008; Mamajek 2009).

Broadly, disks are classified as T Tauri or Herbig disks. T Tauri stars are spectral
types F, G, K, and M, so they are most similar to our own solar system, making them
exciting for understanding our solar system’s past. Herbig stars are spectral types A
and B (i.e., more massive than our Sun), and their disks are typically more massive.

Protoplanetary disks are interesting for many reasons, including that they are
astrochemically fascinating objects. So far, 25 unique molecules have been detected
in disks (McGuire 2022), the most abundant (after H2) being CO. With telescopes like
ALMA, it is possible to detect, and spatially resolve, molecules in these disks. These
molecular detections are important for understanding what molecules are present to
potential forming planetesimals and for inferring the chemical and physical structures
and conditions of disks.

Disks consist of three main chemical layers, described in detail in Bergin and
Cleeves (2018). The disk midplane is the coldest, densest region, dominated by
ices. Moving vertically upward, the warm molecular layer is the zone of gas-phase
molecules, defined by where the dust temperature exceeds the sublimation temper-
ature of CO (Aikawa et al. 2002). In the highest layers of the disk, molecules are
dissociated in a region called the atomic-to-molecular transition.

One of the main goals of studying disk chemistry is accounting for the budget of
the most abundant elements in the Universe, such as carbon, oxygen, and sulfur. From
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studying the Sun, we know the total expected abundances of the elements relative
to hydrogen (Asplund et al. 2021). Some fraction of these elements is locked up in
dust in the disk, while the remaining fraction is volatile, meaning it can react and
form molecules. Carbon primarily resides in CO, but several other forms of carbon,
including more complex species like CH3OH and CH3CN, have been detected in disks
(McGuire 2022; Walsh et al. 2016; Öberg et al. 2015). Oxygen is a current mystery,
as its two main carriers, CO and H2O, are detected in low abundance in disks, and
no other molecules have been detected in high enough abundance to account for the
remaining budget (e.g. Dutrey et al. 1994; Ansdell et al. 2016; Long et al. 2017; Du
et al. 2017; Williams et al. 2023). Sulfur, the focus of our work here, is another
mystery, observed in low abundance relative to its solar abundance.

The solar sulfur abundance relative to hydrogen is 1.4 × 10−5 (Asplund et al.
2021). In protoplanetary disks, the majority of sulfur is predicted to be in refractory
form. Using observations of stellar photospheres, Kama et al. (2019) measured that
≈ 89 ± 8% of sulfur is in a non-observable and non-reactive refractory form such as
FeS.

Several gas-phase sulfur-bearing molecules have been detected in low abundance
in disks. The most widely detected is CS, which has been observed in several disks,
including IM Lup, GM Aur, AS 209, HD 163296, MWC 480, and TW Hya (Le Gal
et al. 2021; Teague et al. 2018). Other gas-phase molecules that have been detected
in disks include SO, H2S, H2CS, and SO2. Phuong et al. (2021) detected C2S in the
protoplanetary disk GG Tau.

Semenov et al. (2018) searched for CS, SO, SO2, OCS, C2S, H2CS, and H2S in
DM Tau, and only detected CS, and tentatively SO2. They suggest that a C/O ratio
≳ 1 is needed to explain the inferred high abundance of CS relative to other species,
specifically SO and SO2. This observation is likely linked to the depletion of oxygen
observed in disks. Modeling by Le Gal et al. (2021) and Keyte et al. (2023) has shown
that the C/O ratio has a large effect on the resulting abundances of sulfur-bearing
species, including the CS/SO ratio.

CS, SO, and H2S have all been detected in AB Auriga, a Herbig Ae star (Fuente
et al. 2010; Rivière-Marichalar et al. 2022), whose disk has an asymmetric continuum.
Abundances of these molecules are on the order of 10−11 relative to hydrogen.

A number of sulfur detections are linked to unique morphologies and processes.
Law et al. (2023) detected SO and SiS in HD 169142, likely tracing outflow from a
young planet. Booth et al. (2021) detected SO and SO2 in Oph-IRS 48, a Herbig
source that has a dust trap. Both SO and SO2 emission spatially coincide with the
location of the dust trap, while CO emission covers the full azimuth extent of the
disk. Booth et al. (2021) calculate a detected S/H ratio of 4.6 − 10.0 × 10−7, which
accounts for ≈ 15−100% (compared to solar) of the total volatile sulfur budget. They
propose that SO and SO2 form in the ice-phase in the dust trap and then sublimate,
causing these high abundances. In contrast to observations of other disks, they do
not detect CS in Oph-IRS 48, and therefore calculate a very low CS/SO < 0.01.
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Keyte et al. (2024) studied the disk HD 100546, using ALMA and APEX obser-
vations, as well as chemical modeling, to determine that the volatile S/H ∼ 10−8, and
predict that the main gas-phase carriers are OCS, H2CS, and CS. They also predict
a substantial OCS ice reservoir.

While observations of disks have yielded several detections of sulfur-bearing molecules,
the vast majority of sulfur remains undetected in protoplanetary disks, and several
questions remain as to the evolution and abundance of sulfur through the protoplan-
etary disk phase. To probe at this hidden reservoir, we updated our existing reaction
network and used 2D chemical modeling and a variety of initial conditions.

2 Methods

To explore the sulfur chemistry of protoplanetary disks, we use a 2D disk chemical
code, updated to include more sulfur species and reactions. This code allows us to
model the abundances of molecular species over time for all points in a disk. Table 1
lists the parameters of each run, along with our naming convention for each run. We
explore a range of volatile sulfur abundances, C/O ratios, and initial sulfur molecular
form to investigate how these parameters affect the sulfur chemistry. We varied the
abundance of total volatile sulfur from 1× 10−9 to 1× 10−7. For the mid-sulfur case
(1 × 10−8), we varied the initial sulfur form (CS and SO, H2S, S8 ice, S). We also
explored the effect of the C/O ratio (C/O = 0.36, 0.85, and 1.40) by reducing the
abundance of volatile oxygen. The C/O ratio has previously been shown to have a
large effect on the CS/SO ratio in disks (Le Gal et al. 2021; Keyte et al. 2023).

Table 1: 2D Model Runs.
Run S Abundance Initial Form C/O Ratio
low1 1× 10−9 CS & SO 0.36
low2 1× 10−9 CS & SO 0.85
low3 1× 10−9 CS & SO 1.40
mid1 1× 10−8 CS & SO 0.36
mid2 1× 10−8 CS & SO 0.85
mid3 1× 10−8 CS & SO 1.40
mid4 1× 10−8 H2S 0.36
mid5 1× 10−8 S8 ice 0.36
mid6 1× 10−8 S 0.36
high1 1× 10−7 CS & SO 0.36
high2 1× 10−7 CS & SO 0.85
high3 1× 10−7 CS & SO 1.40
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2.1 Chemical Model

We are using the chemical model of Fogel et al. (2011), which has since been updated
(Anderson et al. 2021). We initially explored the disk chemistry using a 1D chemical
model before incorporating our updated network into a 2D chemical model, which we
will be focusing on for the remainder of this paper. The 2D model is a time dependent,
radius independent model. We run the model up to 1 Myr, with 60 log-spaced time
steps, and we analyze the output at 1 Myr.

2.2 Reaction Network

2.2.1 Original Network

The original network contained 645 species and 6163 reactions. It first came from
Fogel et al. (2011), based on the Ohio State University gas-phase model from Smith
et al. (2004), though it has since been updated (Anderson et al. 2021, and references
therein).

Reactions include gas-phase reactions, grain-surface reactions, photoreactions,
cosmic ray ionization, x-ray induced UV photolysis, and x-ray ionization of H2 and
He. Every molecular species has an adsorption, a desorption, a photodesorption, and
a cosmic ray desorption reaction. The network also includes self-shielding of CO, H2,
and N2.

2.2.2 Updated Network

We update our existing reaction network with the new reactions presented in Laas and
Caselli (2019). Laas and Caselli (2019) investigated the sulfur chemistry of interstel-
lar clouds, and the majority of these new reactions involve sulfur-bearing molecules.
These reactions include several gas-phase reactions, grain surface reactions, photore-
actions, and cosmic ray ionization. For every species, we also added reactions for
adsorption, desorption, photodesorption, and cosmic ray desorption. The updated
network includes 707 species and 6825 reactions.

After updating our network, we confirmed that no reactions were repeated, all
reactions conserved charge and mass, and every molecular species had a destruction
and production reaction. We also compared the output of our new network with that
of the original network to confirm that key species like CO and H2O were minimally
affected by the changes.

2.3 Binding Energy

We added several new sulfur species to our network. When adding binding energies
for these species, we defaulted to using the binding energies from Laas and Caselli
(2019). The exception is for the sulfur allotropes (S2 through S8), where we used
the binding energies from Cazaux et al. (2022), though we note that there is a range
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of sulfur allotrope binding energies in the literature (e.g., Laas and Caselli 2019;
Ligterink and Minissale 2023). Lastly, for species that were already present in our
network, the only binding energies that we updated were for the carbon-sulfur chains
(i.e., CxSy) (Laas and Caselli 2019).

2.4 Disk Physical Structure

Our disk physical conditions come from the 2D disk model presented in Gross et al.
(2024, in prep), which is based on Anderson et al. (2021). We use the fiducial model,
where the disk is azimuthally symmetric and has a radius of 120 au and a disk mass of
0.01 M⊙. At the center of the disk is a 1 M⊙ T Tauri star (radius = 2.8 R⊙, effective
temperature = 4300 K).

The dust temperatures assume passive heating by the star and are calculated
using TORUS (Harries et al. 2004). The dust consists of two populations, a large and
a small dust population, both of which have a minimum dust size of 0.005 µm. The
large population, comprising 90% of the total dust mass, has a maximum size of 1
mm. The small population has a maximum size of 1 µm and contains the remaining
10% of dust mass.

The UV radiation field uses the spectrum from TW Hya, and the X-ray radiation
field assumes a total X-ray luminosity of 1029.5 erg s−1 between 1 and 20 keV. These
inputs are used in a Monte Carlo radiative transfer code (Bethell and Bergin 2011a,b).
Gas temperatures come from the local UV flux and gas density, using the models from
Bruderer (2013) as in Cleeves et al. (2015). The cosmic-ray ionization comes from
Cleeves et al. (2015), with an incident rate of 1.1 × 10−18 s−1 on the surface of the
disk.

3 Results

The results of the 2D model runs, using varying initial condition parameters, are
presented below. For the names of model runs, refer to Table 1.

3.1 Standard Case

We refer to the standard case (mid1) as the run where S/H = 1× 10−8, C/O= 0.36,
and initially sulfur is in gas-phase CS and SO. We use this as our base case for
comparison to other model runs. The abundances of fifteen sulfur species are shown
in Figure 1.

3.2 Effects of Volatile Sulfur Abundance

We varied the volatile sulfur abundance from 1 × 10−9 to 1 × 10−7. Figure 2 shows
the enhancements in CS and SO as the volatile abundance is increased. We compare
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Figure 1: Abundances of 15 sulfur-bearing species in a generic disk for the standard
case (mid1). The total sulfur abundance is S/H2 = 2 × 10−8, C/O = 0.36, and the
initial sulfur form is gas-phase CS and SO.
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the mid case to the low case, and the high case to the mid case. In the mid case,
CS and SO are roughly an order of magnitude higher in abundance throughout the
disk, relative to the low case. In the high case, the enhancement is heterogeneous,
with the region around Z/R = 0.2 varying from a uniform increase. CS is enhanced
in abundance by less than an order of magnitude, while SO increases in abundance
by more than an order of magnitude.

3.3 Effects of C/O Ratio

For each abundance case, we explored the effects of a C/O ratio of 0.36, 0.85, and
1.40. The C/O ratio was altered by depleting oxygen from H2O ice and CO. Here,
we consider the mid sulfur case, though we note that the low and high sulfur cases
had similar results. Figure 3 shows the CS and SO abundances in the 0.85 and 1.40
cases, relative to the 0.36 case. At C/O = 1.40, CS is up to 4 orders of magnitude
more abundant than in the C/O = 0.36 case, and SO is up to 4 orders of magnitude
less abundant. Interestingly, in the C/O = 0.85 case, both CS and SO show slight
enhancements relative to the C/O = 0.36 case.

3.4 Effects of Initial Sulfur Form

For most of our models, we started the sulfur in gas-phase CS and SO. For the mid
sulfur case, we also ran models with the sulfur starting in H2S, S8 ice, and S. In all
three cases, the gas-phase abundances (above Z/R ≈ 0.2) remain roughly the same,
while the ice-phase abundances reflect the initial sulfur form. The one exception is
the case where the sulfur begins as atomic S; in this case, the main sulfur form in the
ice phase is OCS ice. The abundances of several ice species, compared between these
four models, are shown in Figure 4.

4 Discussion

Here, we consider in more depth the results and their implications. We consider
the effects in the warm upper layers of the disk (Z/R = 0.2 − 0.4), where gas-phase
molecules dominate, and in the cold lower layers of the disk (Z/R ≤ 0.2), where ices
dominate. Above Z/R ∼ 0.4, gas-phase molecules do not survive and S+ dominates.

4.1 Upper Layer (Z/R = 0.2− 0.4)

In the warm upper layers of the disk (z/r ≈ 0.2-0.4), we find the majority of sulfur in
gas-phase molecules. The abundance of CS peaks at Z/R ≈ 0.3, while SO peaks at
Z/R ≈ 0.2. Initial sulfur form does not have a noticeable effect on the abundances of
the gas-phase sulfur species in this region. Due to the warm temperatures and high
radiation field, initial complex molecules are soon destroyed.
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Figure 2: Variations in the abundance of CS and SO for different volatile sulfur
abundances. The first two plots compare mid1 to low1 (S/H = 1× 10−8 to 1× 10−9),
and the second two plots compare high1 to mid1 (S/H = 1× 10−7 to 1× 10−8). We
only plot regions where the abundance of the shown molecule is greater than 1×10−15

relative to H2.
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Figure 3: Variations in the abundance of CS and SO for different C/O ratios. The
first two plots compare mid2 to mid1 (C/O = 0.85 to C/O = 0.36), and the second
two plots compare high1 to mid1 (C/O = 1.40 to C/O = 0.85). We only plot regions
where the abundance of the shown molecule is greater than 1× 10−15 relative to H2.
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Figure 4: Abundances of four ice species, H2S, SO2, OCS, and SO, for the four models
where we varied the initial sulfur form (mid1 in CS and SO, mid4 in H2S, mid5 in S8

ice, and mid6 in S). For more specifics on the model runs, refer to Table 1.

11



4.1.1 Column Densities

Le Gal et al. (2021) reported the observed column densities of CS in 10 disks (8 T
Tauri and 2 Herbig Ae stars), which varies from 0.2−6.0×1013 cm−2, as well as upper
limits on SO and C2S for 5 of these disks. Figure 5 shows our disk-averaged column
densities of CS, SO, and C2S for all model runs (refer to Table 1 for run parameters).
In Figure 5a, the average is calculated from 1 au to 100 au. In Figure 5b, the average
is calculated from a radius of 10 au to 100 au. We also show the values from Le Gal
et al. (2021) for comparison.

The motivation for excluding the inner 10 au from Figure 5b is that our models
show a high abundance in column density of both CS and SO within 10 au of the star
(see Appendix), which skews the average. Observations of CS in disks do not show
a spike in column density close to the star, and in many cases there is a decrease in
CS emission at small radii, resulting in an annulus of emission Le Gal et al. (2021);
Teague et al. (2018). The column density of our models is an ideal case that assumes
we observe a molecule in all locations of a disk at once. In reality, variations in
temperature affect the transition lines that we can observe for a given molecule, and
optically thick dust can obscure emission from parts of the disk. For our discussion,
we focus on Figure 5b.

We find that increasing the C/O ratio has a large effect on gas-phase abundances
(increasing CS and C2S and decreasing SO), consistent with past models and obser-
vations Le Gal et al. (2021); Keyte et al. (2023, 2024). While the C/O ratio only
varies by a factor of ≈ 4 (from 0.36 to 1.40), the column density of CS increases by
more than two orders of magnitude and that of SO decreases by over two orders of
magnitude. This trend remains the same for all volatile sulfur abundance cases that
we tried (low, mid, and high). We also see that initial sulfur form (mid4, mid5, mid6)
has a negligible effect on the column densities of CS, SO and C2S.

The prevalence of CS observed in disks, and lack of SO detections, suggests that
CS is in higher abundance than SO (Le Gal et al. 2021). The only models in which
CS has a higher column density than SO are the models with C/O = 1.40, and the
S/H = 1 × 10−8 case best matches the column densities reported in (Le Gal et al.
2021). There is a large change in abundances from C/O = 0.85 to C/O = 1.4, so it
is also likely that an intermediate C/O ratio would best match observations. If we
include the inner 10 au in our average, then our results support an intermediary case
between S/H = 1×10−9−10−8, and a C/O ratio of 1.40. These results are consistent
with a large fraction of sulfur being in refractory form (Kama et al. 2019). Keyte
et al. (2024) found through modeling of observations that S/H ∼ 10−8, in agreement
with our findings.

A high C/O ratio suggests that volatile oxygen is depleted in disks, leading to a
lack of oxygen available for gas-phase molecules. Previous observations of disks have
shown that volatile oxygen is in low abundance (e.g. Dutrey et al. 1994; Ansdell et al.
2016; Long et al. 2017; Du et al. 2017), raising questions as to how oxygen can be
depleted from the volatile reservoir. One mechanism through which this depletion
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Figure 5: Disk-averaged column densities of CS, SO, and SO2 in our models. The
blue shaded region shows detected CS column densities, and the dashed orange and
mint green lines show the upper limit range of SO and C2S, respectively, all from Le
Gal et al. (2021). The top plot is the average from 1 - 100 au, and the bottom plot
is the average from 10 - 100 au. Model runs are listed in Table 1.

can occur is through H2O freezing on dust grains and then settling to the midplane,
where the oxygen remains trapped as ice (Hogerheijde et al. 2011; Bergin et al. 2016;
Du et al. 2017). This mechanism would result in a high C/O ratio in the upper layers
of the disk and low C/O ratio in the lower layers of the disk, where the H2O settles.
We note that our models do not take into account this settling mechanism, as there
is no vertical transport of matter in our models. However, given that our models
show that molecular sulfur probes intermediate vertical heights, we can interpret our
model results as pointing to an elevated C/O ratio in the upper disk layers.

4.1.2 Gas-phase Observations

The most abundant gas-phase species in our models vary slightly with C/O ra-
tio. Table 2 lists the most abundant sulfur-bearing species at 40 au, for a Z/R =
0.0, 0.1, 0.2, 0.3, and 0.4, as the C/O ratio increases. Note that, as explained in Sec-
tion 4.1.1, a high C/O ratio is unlikely in the midplane, but we include the results
in the midplane for completeness. At high Z/R, S+ and S are the main carriers.
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Focusing on Z/R = 0.3, as the C/O ratio increases, SO and HS are replaced by the
carbon sulfur chains C2S and C3S as some of the main carriers. Based on our model
output, after CS, C2S should be the most abundant sulfur molecule detected in disks.
Looking at Figure 5, in the mid3 case, C2S is just shy of the upper limits on ob-
servations from Le Gal et al. (2021). Future deep observations targeting C2S would
provide observational support that a high C/O ratio is present in the upper layers of
disks.

Table 2: Most Abundant Sulfur Species at 40 au.

Z/R mid1 (C/O = 0.36) mid2 (C/O = 0.85) mid3 (C/O = 1.40)

0.0 CS(gr), SO(gr), OCS(gr), CS(gr), SO(gr), OCS(gr), CS(gr), S(gr), OCS(gr),

C3S(gr), S(gr) C3S(gr), S(gr) C2S(gr), SO(gr)

0.1 CS(gr), SO(gr), C3S(gr), CS(gr), SO(gr), C3S(gr), CS(gr), HNCS(gr), SO(gr),

SO2(gr), OCS(gr) SO2(gr), OCS(gr) C3S(gr), HCS(gr)

0.2 S, SO2(gr), OCS(gr), S, H2CS(gr), OCS(gr), CS(gr), H2CS(gr), HCS(gr),

SO(gr), S+ S+, CS(gr) NS(gr), HS(gr)

0.3 S+, S, CS, S+, S, CS, S, CS, S+,

SO, HS C2S, C3S C2S, C3S

0.4 S+, S, CS, S+, S, CS, S+, S, CS,

C2S, SO
+ C2S, SO

+ C2S, SO
+

4.2 Lower Layer (Z/R ≤ 0.2)

Lower in the disk, where temperatures are colder, initial sulfur form plays a big role.
In the three molecular cases we tried (initial sulfur as gas-phase CS and SO, as gas-
phase H2S, or as S8 ice), the main sulfur carriers at low Z/R were the ice-phase versions
of the initial carriers. When sulfur started as atomic S, the main carrier was OCS ice,
followed by S ice. These result suggests that initial sulfur form in a protoplanetary
disk will largely determine the ices available for comet and planet formation, as sulfur
molecules are minimally processed in the midplane in our models.

4.2.1 Allotropes

Sulfur is capable of forming large sulfur chains, S2 through S8, and one possible hiding
spot for sulfur is in these large, stable, allotropes. In our models, there is no build-up
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Figure 6: Abundance of sulfur species over time at R = 40 au, Z = 8 au (Z/R = 0.2),
for run mid5, where sulfur begins in the form S8 ice. Sulfur allotropes are destroyed
around 104 − 105 yr, as simpler sulfur molecules (S, SO2 ice, OCS ice, and SO ice)
become the dominant sulfur carriers.

of S3 or higher, in disagreement with this hypothesis. The only model in which we
see significant amounts of allotropes is when sulfur begins as S8 ice, where it remains
in that form in the lower layers of the disk, but is broken apart in the upper layers.
Figure 6 shows the abundance of several sulfur molecules over time at R = 40 au, Z
= 8 au (Z/R = 0.2), which has a gas and dust temperature of 47 K. S8 ice declines
sharply at about 5 × 104 yr. S8 ice is broken down by photons into smaller sulfur
allotrope ices, which are further broken down into S ice. S ice thermally desorbs from
the grain and is then available for gas-phase reactions.

Our models suggest that S8 is not a main carrier of sulfur, unless sulfur begins
in that form. Laas and Caselli (2019), which we updated our network based on,
also did not find significant build-up of allotropes in their molecular cloud models.
More recently, Shingledecker et al. (2020) incorporated cosmic-ray-driven radiation
chemistry and nondiffusive bulk reactions into their dense molecular cloud models.
They also based their network on the one from Laas and Caselli (2019), and by
incorporating these two additional processes, they found a significant buildup of sulfur
allotropes, along with OCS and SO2 ices. If sulfur allotropes do indeed form in
dense molecular clouds and are inherited by the disk, our models suggest that they
may be retained in the midplane of the disk. Unfortunately, S8 does not have any
strong infrared active modes and therefore cannot be detected in disks or clouds
(Palumbo et al. 1997). We would need observations of other ices in disks to rule out
the possibility that S8 ice is a main carrier.
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4.2.2 Implications for Comet Formation

Our results have interesting implications for comets, which form in the midplane
of the disk, and are composed of an icy nucleus. Comets are thought to remain
largely unprocessed since their formation, which means that their compositions are
likely representative of the conditions present in the solar nebula (Calmonte et al.
2016). Several sulfur species have been detected in comets, and sulfur is not ob-
served to be depleted in comets (Calmonte et al. 2016). For example, in the coma of
comet 67P/Churyumov-Gerasimenko, the ROSINA instrument (Balsiger et al. 2007)
on ESA’s Rosetta spacecraft detected H2S, SO2, SO, OCS, and H2CS, as well as sev-
eral other less abundant sulfur species (Calmonte et al. 2016; Le Roy et al. 2015).
H2S has the highest abundance relative to H2O at about 1×10−2. SO2, SO, and OCS
are present at abundances of about 1 × 10−3, and H2CS has an abundance of about
1 × 10−5. Calmonte et al. (2016) showed that SO likely originates from the comet’s
nucleus (as opposed to being processed in the coma).

We can compare our model ice abundances to detections in comets. The diversity
of ices produced in our generic model (where sulfur starts as CS and SO) produces
high abundances of SO, OCS, and SO2 ices, but low abundances of H2S ice. However,
in our model in which sulfur initially begins as H2S, we do get a high abundance of
H2S ice in the lower layers of the disk. This result suggests that the H2S present in
comets was present before the disk formed.

Our models produce a lot of CS ice, which is inconsistent with the nondetection
of CS in the coma of 67P Calmonte et al. (2016). One possibility is that the midplane
has a much lower C/O ratio than present in our models, as H2O freezes and settles to
the midplane (Hogerheijde et al. 2011; Bergin et al. 2016; Du et al. 2017). We did not
model a C/O ratio less than 0.36, but it is likely that the abundance of oxygen in the
midplane would lead to higher abundances of oxygen-bearing sulfur species relative
to CS ice.

4.2.3 Ice-phase Observations

Sulfur ices have yet to be detected in protoplanetary disks, but OCS ice was detected
in a molecular cloud (McClure et al. 2023). Based on our models, future observations
of protoplanetary disks targeting OCS, H2S, SO2, SO, and CS ices would be most
likely to yield detections. These observations would be valuable for determining
the initial sulfur form in disks and for connecting the protoplanetary disk phase to
cometary abundances.

In several ices, including SO2, OCS, and H2CS, we observe that the peak abun-
dance occurs not in the midplane, but at Z/R ≈ 0.2 (see Figures 1 and 4). These
species have higher binding energies than the main carriers (SO and CS), so they can
remain in ice phase higher in the disk. Observations of disks should take into account
that absorption from ices such as SO2, OCS, and H2CS might not originate in the
midplane, where comets and planets are forming, but higher in the disk.
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5 Conclusions

We present an updated reaction network for protoplanetary disk chemical modeling
that includes several new sulfur species and reactions. We ran a 2D time-dependent
disk chemical model to study the main sulfur molecules that form, and we explored
the effects of varying the volatile sulfur abundance, C/O ratio, and initial sulfur
molecular form.

• The main sulfur carriers are simple molecules like CS, SO, C2S, SO2 ice, and
OCS ice.

• Gas-phase CS and SO abundances are greatly affected by the C/O ratio. A
high C/O ratio is necessary to explain the abundance of CS and lack of SO
detections in disks.

• Ice abundances in the lower layers of the disk are greatly influenced by ini-
tial sulfur form, while gas-phase molecules in the upper layers of the disk are
unaffected by initial sulfur form.

• If we assume that comets undergo little to no chemical processing after forma-
tion, then to explain the high abundance of H2S in comets, there must be some
H2S inherited by the disk.

One of the challenges we had when updating our network were the variations
in binding energies reported in the literature, and lack of experiments to determine
binding energies for many sulfur species. Experimentally-determined binding energies
for sulfur species, such as the sulfur allotropes, would improve our models.

There are many future directions that could be explored with our updated model.
For our runs, we focused on a generic disk physical structure. It would be interesting
to run the model for different disk structures, such as looking at the effect of central
star mass and disk mass on sulfur abundance. One could also study the effects of
varied UV fields or X-ray fields. Waggoner and Cleeves (2022) modeled the effects of
X-ray flaring events on chemical abundances in disks. They found that X-ray flares
caused organosulfides, like C4S, to increase in abundance. It would be interesting to
see if our updated network shows the same build-up of organosulfides in the presence
of X-ray flares.

Another future improvement is to vary parameters within a single model run.
For example, to match dust ring substructure observed in HD 100546, Keyte et al.
(2024) constructed a composite model where the volatile sulfur varies radially by
three orders of magnitude. We focused on a generic, gap-free disk, but we could use
a similar approach to Keyte et al. (2024) to gain insight on how sulfur chemistry
is affected by rings and gaps. Additionally, we used a high C/O ratio throughout
the entire disk as a proxy for oxygen settling to the midplane. Future models could
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account for settling by varying the C/O ratio vertically within a single run as a more
realistic representation of disk processes.

Lastly, one of the big reasons for studying sulfur chemistry in protoplanetary
disks is to connect it to exoplanet observations. As large planets form, they heat up
the surrounding dust and gas, resulting in local regions in the midplane with higher
temperatures. By incorporating local warm spots in the midplane into our models,
we could study the sulfur chemistry environments surrounding young planets. These
results would give us a glimpse as to how sulfur may have been incorporated into
planets in our own solar system, ultimately leading to the emergence of life on Earth.
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Appendix: Radial Profile of CS and SO Column
Densities

Figure 7 shows the radial profiles of the column densities of CS, SO, and C2S for
all model runs, motivated by the observations presented in Le Gal et al. (2021). All
three molecules spike in column density close to the star, at radii less than 10 au.
The one exception is that CS and C2S decrease slightly in column density close to
the central star in run mid5, where sulfur started as S8 ice. The disk averaged values
are shown in Figure 7 and discussed in Section 4.1.1.
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