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ABSTRACT

Context. Protoplanetary disks are the birthplaces of planets. As such, they set the initial chemical abundances available for planetary
atmosphere formation. Thus, studying elemental abundances, molecular compositions, and abundance ratios in protoplanetary disks is
key to linking planetary atmospheres to their formation sites.

Aims. We aim to derive the sulfur abundance and the C/O ratio in the AB Aur disk using interferometric observations of CS and SO.
Methods. New NOEMA observations of CS 3-2 toward AB Aur are presented. We used velocity-integrated intensity maps to
determine the inclination and position angles. Keplerian masks were constructed for all observed species to assess the presence of
non-Keplerian motions. We used the CS/SO ratio to study the C/O ratio. We compared our present and previous interferometric obser-
vations of AB Aur with a NAUTILUS disk model to gain an insight into the S elemental abundance and C/O ratio.

Results. We derived an observational CS/SO ratio ranging from 1.8 to 2.6. Only NAUTILUS models with C/Ox1 can reproduce such
ratios. The comparison with models points to strong sulfur depletion, with [S/H]=8 x 107%, but we note that no single model can

simultaneously fit all observed species.
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1. Introduction

Planets form within protoplanetary disks and inherit much of
their chemical composition from them (Oberg & Bergin 2021).
Thus, characterizing both the physical properties and chemical
content of protoplanetary disks is key to understanding the for-
mation and composition of planetary atmospheres. However, our
understanding of the chemistry in these systems remains incom-
plete. Furthermore, while planets are assembled in the disk’s
midplane, most molecular species trace the disk atmosphere’s
upper layers or the so-called warm molecular layer (Aikawa &
Herbst 1999). Thus, finding species that emit close to the mid-
plane is essential, as it will allow us to study the physics and
chemistry around the planet-forming region. The composition
of planetary atmospheres traces the elemental composition in
the planet-formation site and can be used to locate the forma-
tion site and understand its chemical history (Oberg et al. 2011).
Among all the elements, carbon, hydrogen, oxygen, nitrogen,
phosphorus, and sulfur (the so-called CHONPS) are particularly
important due to their role in biochemistry. Sulfur is the tenth
most abundant element in the Universe. Its abundance toward the
Sunis S/H~ 1.5 x 107 (Asplund et al. 2009), which is consistent
with the value found in Orion B stars (S/H ~ 1.4 X 105, Daflon
et al. 2009). However, sulfur chemistry in the interstellar medium

* Corresponding author: p.riviere@oan.es

(ISM) is poorly understood, and sulfur-bearing molecules are not
as abundant as expected. A value that is close to the cosmic one
is observed in photon-dominated regions (PDRs) (Goicoechea
& Cuadrado 2021; Fuente et al. 2024), while strong depletion
is observed in dense molecular gas (Vastel et al. 2018; Fuente
et al. 2023). Star-forming regions show evidence of a trend in
sulfur depletion with age, with more evolved systems showing
larger sulfur depletion (Hily-Blant et al. 2022; Esplugues et al.
2022). A natural explanation is that sulfur is locked in ice on
the surfaces of dust grains. However, only OCS has been con-
firmed thus far in the ice phase (Palumbo et al. 1995; McClure
et al. 2023), while McClure et al. (2023) reported hints of SO,
ice emission. Hence, to understand sulfur chemistry, we must
compare observations of gas-phase species with models.
Protoplanetary disks are expected to reprocess the molecu-
lar content inherited from their natal cloud. They offer a unique
laboratory to help us understand the huge differences in sulfur
abundance between the different phases of the ISM. However,
the study of the sulfur abundance in protoplanetary disks has
been restricted to a few systems and has provided few detec-
tions. The only species widely detected is CS (Dutrey et al. 2011;
Guilloteau et al. 2012; Pacheco-Vazquez et al. 2015; Guilloteau
et al. 2016; Teague et al. 2018; Podio et al. 2020a,b; Rosotti
et al. 2021; Riviere-Marichalar et al. 2021; Nomura et al. 2021).
H,CS was detected in MWC 480 (Le Gal et al. 2019), and H,S
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was detected in GG Tau (Phuong et al. 2018), AB Aur (Riviere-
Marichalar et al. 2022), and four protoplanetary disks in Taurus
(Riviere-Marichalar et al. 2021). SO has been detected in a few
PPDs (Pacheco-Vazquez et al. 2016; Booth et al. 2018, 2021; Le
Gal et al. 2021; Huang et al. 2024), and SO, has been observed
toward IRS 48 (Booth et al. 2021). Phuong et al. (2021) detected
CCS toward GG Tau using NOEMA, but they could not track
the spatial distribution due to the low signal-to-noise ratio. The
authors could not reproduce the observed column density of CCS
and other sulfur-bearing species simultaneously. This suggests
that current sulfur astrochemical networks may be incomplete
(Navarro-Almaida et al. 2020).

A key parameter for the chemistry of protoplanetary systems
is the C/O ratio, which impacts the composition of planetary
atmospheres. As a result, the C/O ratio of planetary atmospheres
can be used to constrain the distance from the central protostar at
which planets were formed (Oberg et al. 2011). Models predict
that the C/O ratio will experience enhancements with radius as
we cross the snowlines of different species (Oberg et al. 2011).
One way to derive the C/O ratio is by comparing the observed
CS/SO ratio with astrochemical model predictions. However,
this method is limited by the small number of SO detections in
protoplanetary disks. The few SO detections (Pacheco-Vazquez
et al. 2016; Booth et al. 2018, 2021; Huang et al. 2023; Law et al.
2023) so far suggest that there is a population of oxygen-rich
disks (Huang et al. 2024). There is a prevalence of transitional
Herbig Ae and Be (HAeBe) stars among the sources with an SO
detection (four out of five), which suggests that the strong irra-
diation from the host protostar is heating dust grains to the point
where SO is desorbed (Booth et al. 2021).

One of the few systems where SO has been detected so far
is AB Aur (RAj00=04:55:45.8459, Decyno=+30:33:04.291),
a well-known Herbig Ae star (spectral type AO-A1l Herndndez
et al. 2004) that hosts a transitional disk and an embedded planet
candidate (Currie et al. 2022). In its last data release, the GAIA
catalog provides a distance of 155.9 + 0.9 pc to AB Aur (Gaia
Collaboration 2020). We have performed an observational study
of molecular emission in AB Aur including HCN, HCO™, 2¢O,
13co, C'®0, SO, H,CO, and H,S, with radii of emission peaks
ranging from 0.9” to 1.4” (Riviere-Marichalar et al. 2019, 2020,
2022). In the present paper, we present NOEMA observations
of CS 3-2 and use them to study the sulfur content and the
C/O ratio of the protoplanetary disk. The paper is organized as
follows. In Sect. 2 we describe the data reduction methods. In
Sect. 3, we present our main results, including accurate estimates
of the disk inclination and position angles, radial and azimuthal
profiles, and forecasts of the CS column density. In Sect. 4, we
briefly discuss our results regarding the sulfur content and C/O
ratio of protoplanetary disks. Finally, we summarize our results
in Sect. 5.

2. Observations and data reduction
2.1. NOEMA observations

The observations were conducted using NOEMA under project
W21BA (PL: P. Riviere-Marichalar) in the AB set of config-
urations, utilizing all 12 antennas between February 20 and
March 5, 2022. Observing conditions were generally excellent,
with stable and favorable weather throughout the campaign. The
atmospheric phase stability ranged between 10° and 40° RMS,
and precipitable water vapor values were between 0.5 and 5 mm.

The NOEMA antennas, equipped with 2SB receivers, were
tuned to cover the frequency ranges from 127.737 to 135.781
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GHz (LSB) and 143.225 to 151.269 GHz (USB) in both polar-
izations. The correlator covered the full frequency range with 2
MHz spectral channels and was configured to include an addi-
tional 64 MHz high-resolution window targeting the CS 3-2
line. Amplitude and phase calibration were performed using
J0438+300 and J0418+380 as calibrators, with flux densities
bootstrapped to standard references LkHa 101 and MWC 349.
Calibration, data reduction, and analysis were conducted using
the GILDAS software package. The estimated accuracy of the
absolute flux calibration is 15%.

The continuum image was created by averaging the line-
free channels from the LSB and USB. This resulted in a
phase self-calibrated image with a thermal noise level of
13.6 Wy beam™' (107). The synthesized beam for the continuum
image has a size of 0”79 x (/748 at a position angle of 13°, provid-
ing adequate resolution to probe the small-scale structures in the
AB Aur disk. The derived complex gains from the continuum
self-calibration were subsequently applied to the spectral line
visibilities, after which the velocity-integrated intensity maps for
CS were generated.

2.2. ALMA observations

We used ALMA observations from project 2021.1.00690 (PI
Dong) to study SO emission. The reduction of these datasets was
described in Dutrey et al. (2024), and we refer the reader to this
paper for a description of the data reduction process.

3. Results

In the top left panel of Fig. 1, we show the velocity-integrated
intensity map (moment zero) of our NOEMA CS 3-2 observa-
tions. We also show the corresponding first- (intensity-weighted
average velocity) and second-moment (intensity-weighted aver-
age velocity dispersion) maps in the center and right panels
of Fig. 1. The maps were integrated between 4.3 and 7.3 km
s~!. The first- and second-moment maps were computed using
a 30 threshold in the channels. The velocity-integrated inten-
sity map depicts an elliptical ring of emission (aspect ratio 1.2).
The disk extends from 0.9” to 2” and has an azimuthal con-
trast ratio of 2.4. The integrated intensity map shows two local
maxima, one close to the dust trap (western peak in contin-
uum image, Fuente et al. 2017) and a second at roughly 180°
in azimuth. These two local maxima coincide with regions
of low velocity dispersion (see Fig. 1, right panel). The first-
moment map (intensity-weighted velocity) exhibits the charac-
teristic velocity pattern of a Keplerian disk. From the velocity-
integrated intensity map, we computed a CS 3-2 line flux of
(0.35 +0.09) Jy km s,

Fig. 2 shows the integrated CS 3-2 spectrum with the char-
acteristic double-peak profile emerging from a disk in Keplerian
rotation. Fig. 2 also includes a Gaussian fit to the observa-
tions (blue lines) consisting of two individual Gaussians for the
blueshifted and redshifted peaks, with peaks at velocities of
v=50kms ! and v = 6.7 km s, and line widths (full width
at half maximum; FWHM) of 1.15 and 0.89 km s™!, respectively.
The center of the spectral profile is located at ~5.86 km/s.

In Fig. 3, we show a continuum emission map at 2 mm built
by masking line emission in our spectroscopic data cube. Two
components are visible in the map: a compact emission peak at
the stellar position and a ring corresponding to the protoplane-
tary disk. Continuum emission in the ring is observed from 0.6”
out to 1.5”, with an azimuthal contrast ratio of 2.3. The aspect
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Fig. 1. From left to right: zeroth-, first-, and second-moment map of CS 3-2 observed with NOEMA. The first- and second-moment maps were
computed using a 3o threshold to avoid noisy channels. Contours in the zeroth- and second-moment maps are shown for 0.25, 0.5, 0.75, and 0.9
of the integrated intensity map peak. The dashed white ellipse in the zeroth-moment map shows the area used to compute the integrated spectrum

shown in Fig. 2.

Tue (K)

Fig. 2. CS spectrum extracted from a 2”x1.8” ellipse with PA=237°
centered on the CS emission disk (see Fig. 1, left panel). The blue curve
shows a two-Gaussian fit to the data, with the dashed black curves rep-
resenting the individual Gaussians.
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Fig. 3. Continuum map at 2 mm. Contours are shown for 0.25, 0.5, 0.75,
and 0.9 of the map peak.

ratio between the major and minor axes of the continuum ring at
2 mm is 1.1. We computed a flux of (26 + 4) mJy at 2 mm.

3.1. Disk inclination and position angle

Utilizing the extensive dataset of molecular species observa-
tions for this source, we calculated the mean disk inclination and
position angles from all available observations. We computed
first moment-maps (intensity-weighted velocity) of our CS,
HCO™, HCN, 3CO, C'80, H,CO, and H,S (Riviere-Marichalar
et al. 2019, 2020, 2022) interferometric observations using
bettermoments (Teague & Foreman-Mackey 2018; Teague
2019b) with a 50 clipping. The resulting maps were used to fit
the velocity map of each transition using eddy (Teague 2019a),
which performs an MCMC exploration of the parameter space.
We assumed a distance of d = 155.9 pc (Gaia Collaboration
2020), a stellar mass of M,=2.4 M, (van den Ancker et al. 1998),
and a system velocity of v;,=5.8 km s~!. Thus, the free parame-
ters in the fit were the coordinates of the phase center (xy and yy),
the inclination angle of the disk (7), and its position angle (PA).
The starting positions were xo=yo=0", i=24.9°, and PA=217°.
The results of this exercise are summarized in Table 1. The
estimates from the different molecular species are consistent.
The mean values and standard deviations are i =22.0° = 0.5°,
PA=237.0° £ 0.7°, in good agreement with literature values (see,
e.g. Tang et al. 2012).

3.2. Radial profile

In Fig. 4, we show the azimuthally averaged radial profile of
our CS 3-2 velocity-integrated intensity map after deprojection
assuming i=22.1° and PA=240°, as obtained in Sect. 3.1. The
profile peaks at ~1.3"”, or ~212 au at the distance to AB Aur
(155.9 pc, Gaia Collaboration 2020). In comparison, SO peaks
at 1.4” (~230 au Riviére-Marichalar et al. 2020), while H,S
peaks at 1.2” (~195 au Riviere-Marichalar et al. 2022). Fig. 4
also includes the radial profile of continuum emission at 2mm
(blue line and shaded area), which peaks at 0.96” (156 au) from
the center, a difference of almost 60 au concerning CS 3-2 emis-
sion. We note that the profile is not Gaussian, but a Gaussian
fit provides a good estimate of the CS ring width through the
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Table 1. eddy fit results.

Species  Transition i (°) PA (°)
c'®0 2-1 21.80 = 0.01 236.74 + 0.02
Bco 2-1 21.95 +£0.01 237.77 £ 0.03
H,CO 303—202 22.6 +0.01 237.87 + 0.04
H,S lio—-1o1 22.83+0.05 2355+0.2
HCO* 3-2 21.68 £ 0.02 236.84 + 0.04
HCN 3-2 21.38 £ 0.2 237.21 = 0.05
CS 3-2 22.01 £0.02 236.9 +0.05
d (au)
0 81 162 244 325 407
cs
5 1.0 continuum
505
£
2
0.0
0.0 05 1.0 15 2.0 25

d("

Fig. 4. Azimuthally averaged radial profile of the CS 3-2 velocity-
integrated intensity map (black line) and the continuum at 2 mm (blue
line). The shaded areas account for the uncertainties in the profiles.

FWHM of the Gaussian fit. The best fit has a FWHM of (0.86 +
0.02)”, or ~ (141 + 3) au.

3.3. Keplerian masking

To help us study the kinematics of our disk, we produced a
Keplerian mask using the code Keplerian mask presented in
Teague & Loomis (2020). To build the mask, the stellar mass,
position angle, inclination angle, stellar distance, and system
velocity must be specified. We assumed i=22.0°, PA=237° from
our eddy fits, M, =2.4 Mg, d=155.9 pc, and vy = 5.8 km s~
Keplerian mask also allows us to introduce as input parame-
ters the mean line width at 1” and the power law of the radial
decay of the line width. To estimate both quantities, we pro-
duced a radial average of the line width of the deprojected map.
The resulting profile is shown in Fig. 5, where we also show an
exponential fit to the data of the form

q
onfs]

where W is the line width at the reference radius, ryp = 1”7,
and q is the exponent of the power law. Our fit resulted in
Wy = (404 £22) m s}, q = —0.65 + 0.13. We used only data
points in the range of 1” to 2" to avoid the influence of the com-
pact source at the center. These values for the mean line width
at 1” and the power-law index were also fed into the Keple-
rian mask model. Lastly, the code allows for the computation
of the Keplerian mask at different heights above the midplane.
In Riviere-Marichalar et al. (2022), it was shown that the CS
mostly originates in a region 15 au above the midplane when
r=200 au. Thus, we assumed z/r=0.075. The resulting Keple-
rian mask for CS is shown in Fig. 6 overlaid on a channel map.
Fig. 7 shows the same for SO for comparison. No emission is
detected outside the Keplerian masks. The Keplerian masks were
used to compute the integrated intensity maps shown in Fig. 8,
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where we plot the zeroth moment maps after Keplerian masking
(color map), as well as the residuals from Keplerian masking
(white contours). As can be seen, CS emission is Keplerian,
with only three spots showing non-Keplerian residuals at a 30
level. We applied the same analysis to a few molecular species
that our team had previously observed, including '>CO, '*CO,
C'80, H,CO, HCO™", HCN, H,S, and SO. The SO 54-45 map
analyzed in this paper is the ALMA one presented in Dutrey
et al. (2024), which had better sensitivity than the NOEMA map
discussed in Riviére-Marichalar et al. (2020). H,CO and HCN
show a distribution of non-Keplerian residuals similar to that of
CS, with two and three isolated spots, respectively. H,S and SO
do not show non-Keplerian features to the 30~ level. HCO* shows
non-Keplerian residuals toward the center and in the north-south
direction. C!20, 13CO, and '2CO show prominent non-Keplerian
motions along all azimuths. In the case of 12CQ, the residuals
trace the spiral arms detected in previous IR and millimeter sur-
veys toward the source. The C'80 and '3CO residuals show very
similar distributions.

The ratios of the emission peaks in the Keplerian masked
maps over the emission peak in the non-Keplerian residual maps
are 6, 4, 3, 1, 0.5, and 1.0 for 12CO, 13CO, C'*0, HCO*, CS, and
HCN, respectively. For the species with no residuals, the ratios
are 1.4 (H;S) and 3.3 (SO). According to these numbers, non-
Keplerian residuals might still be present but undetected in H,S,
but the lack of non-Keplerian residuals in the SO maps seems
solid.

3.4. CS column density

Assuming local thermodynamic equilibrium (LTE) and optically
thin emission, we can estimate the CS column density in AB
Aur’s disk using

N,
N = QeEu/kTEx’ 2)
gu
with
2
%
N, =1.94x 10022, 3)

ul

where E, and g, are the energy and degeneracy of the upper
level, respectively, Tex is the gas excitation temperature, W is the
velocity-integrated line intensity in units of K km s~!, A is the
Einstein coefficient of the corresponding transition, and Q is the
partition function:

0= gie . @)

To allow the comparison with previous observations, we
assumed the same gas temperature, T=30 K (Riviere-Marichalar
et al. 2022). This temperature is consistent with the temper-
ature derived by Piétu et al. (2005), who estimated a kinetic
temperature of ~30 K throughout the disk. Woitke et al. (2019)
derived a mass-mean gas temperature of 54 K, and a minimum
gas temperature of 26 K, close to the value we are using.

The mean CS column density is N(CS)=(8 + 4) x10'? cm™2,
with a maximum column density of 1.6 x10'* cm~2 and a min-
imum of 2.2 x10'? cm™2. We stress that the CS column density
might be underestimated if the emission is optically thick. We
also note that our column density estimates depend on the tem-
perature assumed. However, the impact of such assumptions can
be mitigated by observing other CS lines and using rotational
diagrams to derive the gas temperature.
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Fig. 5. Radial profiles of the second-moment maps of the different species surveyed thus far. The dashed blue line shows a power law fit to the

data. The name of each species is shown in each panel.
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Fig. 6. CS channel map with the Keplerian mask overlaid on each
channel.
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Fig. 7. SO channel map with the Keplerian mask overlaid on each
channel.

4. Discussion

The new CS NOEMA observations of AB Aur allowed us to
resolve the CS emission at a moderate resolution. As with other
species previously surveyed, CS is distributed in a ring, with
emission observed roughly at distances between 0.9 and 2.
According to our eddy fit, the emission is consistent with a disk
with an inclination angle of 22° and a position angle of 237°,
matching the angle derived from observations of other species
(see Table 1).

In Riviere-Marichalar et al. (2020), we performed a detailed
study of the spatial distribution of molecular species in the AB
Aur disk, concluding that the radial emission peaks of the differ-
ent species were not related to the binding energy, suggesting that
thermal desorption is not the main driver of chemical segrega-
tion in the disk. The CS 3-2 ring observed with NOEMA peaks
at ~1.3”, in between the SO peak at 1.4” (Riviere-Marichalar
et al. 2020) and the p-H,CO and H,S peaks at 1.2” (Riviere-
Marichalar et al. 2020, 2022). The binding energies for CS,
SO, and H,S are 3200 K, 2700 K, and 2800 K, respectively
(Wakelam et al. 2017). If thermal desorption were the main des-
orption mechanism, the radius of the midplane snow line would
be expected to anticorrelate with the binding energy. However,
no correlation was found, indicating that thermal desorption is
not shaping the chemical composition and distribution in the AB
Aur disk. Our new NOEMA CS observations further strengthen
this idea.

4.1. Non-Keplerian motions

Our analysis in Sect. 3.3 demonstrates the presence of non-
Keplerian motions in the gas phase in the protoplanetary disk
surrounding AB Aur (see Fig. 8). These non-Keplerian motions
are present only in some molecular species: '>CO, '3CO, and
C'80 depict strong non-Keplerian residuals at all azimuths. CS,
H,S, and SO show a mostly Keplerian profile. In between, HCN,
H,CO, and HCO™ show localized spots with non-Keplerian
motions.

To help us with the discussion of non-Keplerian movements
in the surroundings of AB Aur, we show in Fig. 9 3¢ filled con-
tours of the residual emission of each species where residuals are
detected. In the case of HCO™, the non-Keplerian motions are
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Fig. 8. Integrated intensity maps of the molecular species surveyed thus far after applying a Keplerian mask (color map) with 30 residuals

overplotted as white contours.

observed toward the central source and along a straight north-
south line. This is tracing emission along the radio jet. The
HCO™ non-Keplerian residuals toward the central source are
likely due to a misaligned inner disk (Tang et al. 2012; Riviere-
Marichalar et al. 2019). The HCO™ residuals are also observed to
the south of the central source, close to the position of the can-
didate planet AB Aur b (Currie et al. 2022). This is illustrated
in Fig. 10, where we show the velocity of the non-Keplerian
residuals (color map) with overplotted integrated-intensity con-
tours. We also show the position of AB Aur b. The residuals from
HCO™" emission to the south of the compact source seem to be
associated with the planet.

The non-Keplerian motions associated with '>CO, '3CO, and
C'30 seem to be associated with the large-scale spirals observed
in Tang et al. (2012). Since the first detection of a large-scale
streamer (Pineda et al. 2020), their presence in young stellar
objects has been widely discussed (Pineda et al. 2022). The '>CO
residuals are co-spatial with the spiral arms, and thus they trace
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gas in non-Keplerian motion along the arms. '3CO and C'80
residuals are observed in a horseshoe region that covers almost
the whole protoplanetary disk. Both isotopologs show a peak in
their residual distribution around the position of the dust trap.
The non-Keplerian motions there could be due to increased tur-
bulence in the surroundings of the dust trap. We notice that the
maximum in SO emission is located at the position where the
northeastern arm lands in the disk. H,CO also shows an emis-
sion peak close to the position. We speculate that the streamer’s
impact on the protoplanetary disk warms up the disk, desorbing
molecular species from the ice surface and resulting in a local
enhancement of those species desorbed from the grains. The
spiral arm can further enhance the abundance of other surface
species through sputtering. This local enhancement will increase
the overall abundance of the species desorbed.

The analysis of non-Keplerian motions in AB Aur points to
H,S, H,CO, and CS as good tracers of the Keplerian motions
in a protoplanetary disk, while the rest of the species are more
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Fig. 10. Velocity map of the non-Keplerian residuals in the HCO* map.
The position of AB Aur b has been included for comparison.

affected by the perturbations induced by large-scale streamers
and/or spiral arms. This might be due to these species originat-
ing from deeper layers in the disk. In their study of the Flying
Saucer, Dutrey et al. (2017) showed that CS emission was more
confined toward the disk midplane than CO. This agrees with
the predictions of chemical models (Dutrey et al. 2011). Teague
et al. (2018) derived a low kinetic temperature consistent with
an origin close to the midplane. Our results regarding Keplerian
masking in AB Aur support the same idea, i.e., that CS is a bet-
ter tracer of the midplane molecular content. Given the lack of
non-Keplerian residuals in H,CO and H,S maps, the same can
be said about them.

4.2. NAUTILUS models

The NOEMA observations of CS 3-2 presented in this paper can
help us better understand the sulfur molecule budget in AB Aur.
In Riviere-Marichalar et al. (2020) we compared observations of
HCN, HCO*, H,CO, SO, CO, 2CO, 3CO, and C'80 with a set
of Nautilus (Wakelam et al. 2016) models where the following

Table 2. Model parameters from the models in Riviere-Marichalar et al.
(2020).

Model ID  Gas-to-dust mass ratio  [S/H] C/O
1 40 1.5%x10 0.7
2 40 8x 1078 0.7
3 100 1.5x107° 0.7
4 100 g§x 10 0.7
5 40 1.5%x107° 1

6 40 8x 1078 1

parameters varied: the C/O ratio, the sulfur abundance, and the
gas-to-dust mass ratio. The model’s parameters are summarized
in Table 2. The global comparison favored models with a low
gas-to-dust mass ratio, in agreement with the observational
estimate of the gas-to-dust mass ratio (~40, Riviere-Marichalar
et al. 2020), which is smaller than the value of 106 derived in
Woitke et al. (2019) by means of SED and line profile modeling.
In their model comparison, however, the authors included
observations of CO and H, from the inner disk, while we
only model the molecular content in the outer disk, where our
observations detected molecular emission. Thus, the difference
in the derived gas-to-dust ratio might arise from an enhanced
ratio in the inner disk, a contribution that is not included in our
disk model. The sulfur abundance was mostly unconstrained
due to the lack of observations of more sulfur-bearing species.
The comparison with HCN, H,CO, and SO favored models with
a high C/O ratio. However, the ratio was mostly unconstrained
due to the low number of molecular species included in the
study. Our new CS observations will help us to better constrain
the sulfur abundance and C/O abundance ratio. In this section,
we update the comparison by including observations of H,S
(Riviere-Marichalar et al. 2022) and CS from the present study.
We also recomputed the column density maps of the different
species to use the same methodology used in this paper and
in Riviere-Marichalar et al. (2022), i.e., we estimated column
densities assuming LTE. Furthermore, the column density maps
were computed using the zeroth-moment maps with Keplerian
masking, removing the contribution outside the Keplerian disk.
Finally, to mimic the presence of a cavity in our models, we
applied a mask such that the model values for radii smaller than
Ri»=100 au and larger than R,,=300 au, the column density
is zero. The models were convolved to match the beam size
of the different molecules surveyed. The resulting update is
shown in Fig. 11, where we compare the radial profiles of our
interferometric observations with those derived from models.
The inclusion of a cavity results in a better match compared to
models in Riviere-Marichalar et al. (2020).

Models with a gas-to-dust mass ratio of 100 fail to repro-
duce most of the observed profiles and can be ruled out, the only
exception being the CO profile, which is nevertheless also fit by
models with a gas-to-dust mass ratio of 40. Regarding the C/O
ratio and sulfur abundance, the comparison is less clear, and both
parameters interact in a complex way. The SO profile favors a
model with a gas-to-dust mass ratio of 40, C/O=1.0, and no sul-
fur depletion. We note that shocks can enhance the abundance
of SO locally, as SO is a well-known outflow and shock tracer
(Codella & Scappini 2003; Viti et al. 2004; Benedettini et al.
2006; Esplugues et al. 2013). This may complicate the compari-
son with models, since they do not include the effect of shocked
gas. However, we note that the SO column density has to go
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Fig. 11. Comparison of observed radial profiles with NAUTILUS models from Riviere-Marichalar et al. (2020). The black line is the radial profile
from our observations, with the shaded area representing the standard deviation. The colored lines represent the different models (see legend).

down by almost one order of magnitude to match the model with
C/O=1 and [S/H]=8 x107%. This might give us an idea of the
magnitude of SO desorption from the surface of grains. H,S is
well reproduced by models with a gas-to-dust mass ratio of 40
and sulfur depletion. CS is well matched by models with either
standard sulfur abundance and C/O=0.7 or depleted sulfur abun-
dance and C/O=1.0. We note, however, that the CS/SO ratio is
more restrictive with respect to the C/O ratio. We shall further
discuss the model comparison regarding C/O in the following
Section 4.3. Summarizing, there is no single model that pro-
vides a good fit to all the radial profiles, although models with a
gas-to-dust mass ratio of 40 and a C/O ratio of 1 are preferred.
There is no solid conclusion regarding the sulfur abundance. No
model provides a satisfactory fit to the H,CO and HCO™" pro-
files. Overall, the best fit is provided by the model with C/O=1,
[S/H] = 8x 1078, and a gas-to-dust ratio of 100.

The inability of astrochemical models to simultaneously
reproduce H,S, CS, and SO has been noted previously by
Navarro-Almaida et al. (2020), who showed that the astro-
chemical model used to discuss the elemental abundances in
TMC 1 and Barnard 1b failed to fit the three species mentioned
simultaneously. The authors concluded that the model that bet-
ter reproduces the observations was within a factor of ten of
the cosmic value. This suggests that current astrochemical net-
works are missing important formation and destruction routes
for some sulfur-bearing species. What these new routes are
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remains an open question. Furthermore, modeling the chemical
content of a protoplanetary disk assuming a quiescent behavior
might lead to wrong conclusions. In Beitia-Antero et al. (2024)
it was shown that turbulence can affect molecular abundances,
especially of sulfur-bearing species. However, turbulence is typ-
ically ignored in astrochemical models, and thus the divergence
between models and observations can partially be explained by
turbulence.

4.3. CS/SO ratio

The C/O ratio is a key parameter in astrochemical models of pro-
toplanetary disks and can be used to infer where planets were
born within a protoplanetary disk (Madhusudhan 2012; Oberg
et al. 2011). Furthermore, together with the Mg/Si ratio, it is
the most important ratio to determine the mineralogy of planets
formed in it (Bond et al. 2010). The global planetary composi-
tion is set by the amount of gas versus solids accreted during
the formation of the planet from different regions in the disk
(Madhusudhan 2019), and the composition of these solids and
gas is set by the distribution of snow lines for the different
volatiles (H,O, CO, and CO;, among others) in the protoplane-
tary disk. The link between the protoplanetary disk and planetary
composition is, however, bidirectional, since planet formation
can also alter the chemical composition in the surroundings of
the formation spot (Jiang et al. 2023).
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Fig. 12. N(CS)/N(SO) map. Line contours mark CS/SO ratios of 1, 1.5,
and 2. Only pixels where both CS and SO are detected at the 30 level
were included.

Bergin et al. (2016) used observations of C,H to constrain
the C/O ratio through a comparison with astrochemical models,
since the abundance of C,H increases drastically when C/O>1.
Alternatively, the observed CS/SO ratio can be compared with
astrochemical models with different C/O ratios (Dutrey et al.
2011; Semenov et al. 2018; Le Gal et al. 2021; Huang et al.
2024). Le Gal et al. (2021) showed that the CS/SO ratio varies
by four orders of magnitude when the C/O ratio goes from 0.5
to 1.5. Following the latter approach, we studied the C/O ratio
by comparing the CS observations presented in this paper with
SO observations from Dutrey et al. (2024). In Sect. 3.4, we
derived the CS source-averaged column density as well as the
CS column density radial profile assuming LTE and optically
thin emission. To compare our CS and SO column density maps,
we first again computed the SO column density map using obser-
vations from Dutrey et al. (2024) and Equation (2). We show
in Fig. 12 the resulting N(CS)/N(SO) ratio map. Most of the
disk shows CS/SO>1.0, and the region surrounding the dust trap
reaches CS/SO>2.0. We note that the precise value of the ratio
depends on the temperature assumed (T=30 K in our case). We
also note that there are large variations with the azimuth, from
CS/S0O>2.0 in the dust trap to 1.0 (see Fig. 12). These variations
could be linked to changes in the irradiation regime. Keyte et al.
(2023) noted that variations in the C/O ratio in a planet-forming
disk might arise from overdensity regions casting shadows on
the outer parts of the disk, resulting in a decrease in the gas tem-
perature and enhanced freeze-out of certain molecular species,
such as H,O (Esplugues et al. 2019). The protoplanetary disk
around AB Aur has long been known to be warped (Hashimoto
et al. 2011; Tang et al. 2012; Speedie et al. 2025), which results
in variations in the irradiation regime along the azimuth that can
explain the variations in the C/O ratio.

A low CS/SO ratio was reported for DR Tau (CS/SO~0.4—
0.5, Huang et al. 2024). In contrast, Semenov et al. (2018)
derived CS/SO 2 1 for DM Tau. Le Gal et al. (2021) computed
ratios in the range of 4—14 or larger for five stars with spectral
types Al to K6. A CS/SO>1 was computed for HD 142527
(Temmink et al. 2023). Based on the non-detection of SO,
Facchini et al. (2021) reported an even larger value, CS/SO>109.
Our modeling puts AB Aur in the group of disks with high
CS/SO ratios, with values in the range of 1.8-2.6. Thus, the

g/d = 40, [S/H] = 1.5x1075,C/0 = 0.7 —— g/d =100, [S/H] = 1.5x107%,C/0 = 0.7 —— g/d = 40, [S/H] = 1.5x107%, C/O = 1.0
g/d = 40, [S/H] = 8x107%, C/O = 0.7 -- g/d =100, [S/H] = 8x107%, C/O = 0.7 -=-- g/d = 40, [S/H] = 8x107%, C/O = 1.0
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Fig. 13. N(CS)/N(SO) ratios from NAUTILUS models from Riviere-
Marichalar et al. (2020). The black line shows the observational
N(CS)/N(SO) ratio.

CS/SO ratio shows strong bimodality, with most systems show-
ing CS/SO>1, and a small fraction showing CS/SO<1. Low
CS/SO ratios have been observed in outflows. Bachiller & Pérez
Gutiérrez (1997) observed L1527 with the IRAM 30m telescope
and reported column densities for a set of molecular species,
including CS and SO. The CS/SO ratios at different positions
in the outflow range from 0.3 to 0.9. Broadly speaking, shocks
are expected to enhance SO emission (Pineau des Forets et al.
1993), resulting in lowered C/O ratios.

Booth et al. (2023) studied the radial distribution of the
CS/SO ratio in HD 169142 and noticed that the CS/SO ratio
increased outward from 1 to 12. Huang et al. (2024) reported
a more complex behavior, with the ratio rising from ~0.3 at the
center to ~0.6 at 100 au, then falling again to ~0.4 at 175 au. Our
radial profile shows a flatter behavior, with the ratio increasing
from 1.8 at ~80 au to 2.6 at 110 au and decreasing afterward to
1.8 at 144 au.

Previous studies of the CS/SO ratio in protoplanetary disks
indicate that CS/SO ratios larger than one require C/O>1
(Semenov et al. 2018; Le Gal et al. 2021). We show in Fig. 13
the N(CS)/N(SO) ratio for the models from Riviere-Marichalar
et al. (2020). Only models with C/O=1 result in N(CS)/N(SO)
ratios compatible with our observations. Thus, the CS/SO ratio
derived for AB Aur suggests C/O>1 and a subsolar sulfur abun-
dance. We note that including molecular ratios in the comparison
provides more restrictive constraints than molecular abundances
alone.

Oberg et al. (2011) proposed a simple disk model to study
the radial dependence of the C/O ratio, and derived a C/O ratio
of 1 for distances larger than 10 au. Broadly speaking, the C/O
ratio is controlled by the relative distance of the forming planet
with respect to the central star and the water snow line at the
time when the planet is assembling its atmosphere (Cridland
et al. 2016). We have derived a CS/SO ratio that increases from
1.4 at the innermost parts of the disk to 1.8 at ~200 au, going
down afterward to 1.3 at 250 au, in agreement with theoreti-
cal predictions (Oberg et al. 2011). Thus, a planet formed in the
remaining AB Aur disk will in principle have C/O>1, i.e., will
have an enriched C content, and thus will have a different com-
position and mineralogy from Solar System planets (Bond et al.
2010; Madhusudhan et al. 2011). We note, however, that plan-
ets are born in the disk midplane, while the C/O ratios that we
derive mostly trace the warm molecular layer. Furthermore, the
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composition of the midplane is barely constrained by observa-
tions (Eistrup et al. 2018), since the emission of most molecular
species originates in the warm molecular layer. Planets with C/O
ratios higher than the solar value have been observed before
(Madhusudhan et al. 2011; Teske et al. 2013). Thus, these car-
bonaceous planets seem to be common and result from accreting
their atmospheres in a region where C/O>0.8 (Bond et al. 2010).
These planets can even form around host stars with C/O<1, since
observations have shown that the C/O ratio in planetary atmo-
spheres can be different from that of the host star (Madhusudhan
2012; Teske et al. 2013). The planet candidate AB Aur b (Currie
et al. 2022) is located at ~93 au from, and thus its composition
is also likely dominated by carbonaceous materials, as has been
proposed for HD 169142 b (Booth et al. 2023) based on its loca-
tion. However, planets can migrate during their formation and
evolution, and thus the radial distance of AB Aur might have
changed since the moment it was born.

5. Summary and conclusions

We have presented new NOEMA observations of CS 3-2 emis-
sion toward AB Aur. The emission originates in a ring extending
from ~0.9” (~140 au) to ~2.0” (~311 au), with an emission peak
at 1.3” (~203 au) and an azimuthal contrast ratio of 2.4. In con-
trast, the 2mm continuum disk extends from 0.6” (~93 au) to
1.5” (~234 au), and shows a similar azimuthal contrast ratio of
2.3. The integrated intensity emission map of CS shows two local
maxima: one close to the dust trap and one at roughly 180° in
azimuth from the dust trap. In the following, we summarize our
main results:

— We used eddy to fit the first-moment map of the differ-
ent molecular species that we have observed thus far with
NOEMA, aiming to derive an accurate value of the inclina-
tion and position angles. The mean values are i=22.0°+0.5°
and PA=237.0°+0.7°;

— We find no correlation between the radius of the midplane
snowline and the binding energy of the molecules surveyed
thus far, which indicates that thermal desorption is not shap-
ing the chemical composition and distribution in the AB Aur
disk;

— We constructed a Keplerian mask to study non-Keplerian
motions in the CS 3-2 integrated intensity map. No residuals
were found at the 30 level. The presence of non-Keplerian
residuals in the integrated intensity maps of other species
might be due to the impact of the streamer desorbing
molecular species from the surface grains, increasing their
abundance in the gas phase. The absence of non-Keplerian
residuals in CS suggests that this emission originates deeper
in the disk. In line with this result, we propose that CS is a
better tracer of the quiescent Keplerian disk than C'30;

— We derive a CS/SO ratio of 1.8-2.6 and find that only mod-
els with C/O~1 reproduce these values. We note, however,
that no model can simultaneously reproduce the CS/SO ratio
and the molecular column densities. The lack of agreement
between models and observations is likely due to missing
formation and destruction routes for sulfur-bearing species;

— The comparison with Nautilus models favors a model with
C/0=1.0, a gas-to-dust mass ratio of 40, and [S/H]=8 x1078;

— The C/O ratio derived in this study means that planets
formed in the remaining AB Aur disk will have elevated
atmospheric C/O ratios, and that the planet candidate AB
Aur b is also most likely a carbon-rich planet, different from
the planets in the Solar System.
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Data availability

Data cubes are available at the CDS viahttps://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/707/A348.
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