A&A, 689, L7 (2024)
https://doi.org/10.1051/0004-6361/202451299
© The Authors 2024

tronomy
Astrophysics

LETTER TO THE EDITOR

Sulfur monoxide (SO) as a shock tracer in protoplanetary disks

Case of AB Aurigae

A. Dutrey]’* , E. Chapillonl’2 , S. Guilloteau!, Y. W. Tang3 , A. Boccaletti*®, L. Bouscasse?®,
T. Collin-Dufresne'®, E. Di Folco!, A. Fuente®®, V. Piétu?®, P. Riviére-Marichalar’®, and D. Semenov®’

Laboratoire d’ Astrophysique de Bordeaux, Université de Bordeaux, CNRS, B18N, Allée Geoftroy Saint-Hilaire F-33615, Pessac
IRAM, 300 Rue de la Piscine, F-38046 Saint Martin d’Heres, France

Academia Sinica Institute of Astronomy and Astrophysics, PO Box 23-141, Taipei 106, Taiwan

LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Univ. Paris Diderot, Sorbonne Paris Cité, 5 place Jules
Janssen, 92195 Meudon, France

Centro de Astrobiologfa (CAB), CSIC-INTA, Ctra Ajalvir Km 4, Torrején de Ardoz 28850, Madrid, Spain

6 Max-Planck-Institut fiir Astronomie (MPIA), Kénigstuhl 17, D-69117 Heidelberg, Germany

7 Department of Chemistry, Ludwig-Maximilians-Universitit, Butenandtstr. 5-13, D-81377 Miinchen, Germany

S

o)

Received 28 June 2024 / Accepted 24 August 2024

ABSTRACT

Context. Sulfur monoxide (SO) is known to be a good shock tracer in molecular clouds and protostar environments, but its abundance
is difficult to reproduce, even with state-of-the-art astrochemical models.

Aims. We investigate the properties of the observed SO emission in the protoplanetary disk of AB Auriga, a Herbig Ae star of 2.4 M,
in mass, located at 156 pc. The AB Aur system is unique because it exhibits a dust trap and at least one young putative planet orbiting
at about 30 au from the central star.

Methods. We reduced ALMA archival data (projects 2019.1.00579.S, 2021.1.00690.S, and 2021.1.01216.S) and analyzed the three
detected SO lines (SO 65 — 54, 67 — 5¢ and 5 — 45). We also used C!70 and C'30 2-1 data to complement the interpretation of the SO
data.

Results. For the three SO lines, the maximum SO emission in the ring is not located in the dust trap. Moreover, the inner radius of the
SO ring is significantly larger than the CO emission inner radius, ~160 au versus ~90 au. The SO emission traces gas located in part
beyond the dust ring. This emission likely originates from shocks at the interface of the outer spirals, observed in CO and scattered
light emission, as well as those in the molecular and dust ring. Also, SO is detected within the cavity, at a radius of ~20—30 au and
with a rotation velocity compatible with the protoplanet P1. We speculate that this SO emission originates from accretion shocks onto
the circumplanetary disk of the putative protoplanet P1.

Conclusions. These observations confirm that SO is a good tracer of shocks in protoplanetary disks and could serve as a powerful

new tool for detecting embedded (proto)planets.
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1. Introduction

Although exoplanet detections are mostly done at optical and
near-infrared (NIR) wavelengths toward disks where dense gas
has been dissipated, the observation of young embedded proto-
planets that are still undergoing mass accretion is fundamental
for constraining models of planet formation.

Large facilities such as ALMA or SPHERE/VLT have
imaged protoplanetary disks that exhibit complex gas and dust
structures, such as large central cavities, gaps, asymmetries, and
spiral patterns. Such disks include HD 142527 Benisty et al.
(2015) and Fukagawaetal. (2006); MWC758 Benisty et al.
(2015), Grady et al. (2013) and Isella et al. (2010); HD135344B
Garufi et al. (2013) and Muto et al. (2012); and Elias 2-27
Pérez et al. (2016), and AB Aurigae Fukagawa et al. (2004),
Tang et al. (2012), and Tangetal. (2017). ALMA has also
revealed velocity kinks in the Keplerian profile (e.g., Pinte et al.
2018, and references therein). These features, which can be rea-
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sonably regular, asymmetric, or more reminiscent of faint dis-
continuous disks, are due to gravitational disturbances, other
(magneto)hydrodynamical processes, and dust pressure traps. In
several cases, they indirectly reveal disturbers, such as embed-
ded protoplanets (e.g. Zhu et al. 2015), which cannot be directly
observed in gas-rich disks. So far, young planets have only been
detected through direct imaging of the associated circumplane-
tary disk in the case of PDS 70 (Keppler et al. 2018; Isella et al.
2019).

A key parameter for determining the properties of young
planets is the accretion rate. Its measurement can be performed
using the H, line (Haffert et al. 2019; Zhou et al. 2021, 2022),
although this has been a recent topic of debate (Zhou et al.
2023). Identifying additional observable tracers of planets in
disks will allow us to better detect and characterise them. At
millimeter (mm) wavelengths, sodium monoxide (SO) is known
to be an efficient tracer of shocks in various environments such
as the interstellar medium (Prasad & Huntress 1980) and around
young stars (e.g., Sakaietal. 2014; van Gelder et al. 2021;
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Fig. 1. Spirals and clump-like protoplanets in AB Aur transition disk.
(a) ALMA image (Tang et al. 2017) of the '>CO J=2—1 (cyan) inner spi-
rals detected inside the mm dust ring (red) with the two putative plan-
ets (P1 and P2 crosses). (b) Spirals with a twist structure detected in
NIR using SPHERE/VLT (Boccaletti et al. 2020). The green solid curve
marks the best-fit model reproducing the spiral twist near the perturber
(P1, green circle). The CO spot is in white contours. The green dashed
curve marks the model offset by 14.1°, corresponding to the Keplerian
rotation in 4 yrs of ALMA (Nov. 2015) and SPHERE (Dec. 2019) data.
The two bright spots (CO and NIR) are separated by a distance in agree-
ment with an embedded planet rotating at the Keplerian speed measured
from previous CO observations. The white arrow marks the rotation
direction of the disk.

Garufi et al. 2022). Using the 30-m radio telescope, Fuente et al.
(2010) reported the first detection of SO in a protoplanetary
disk, namely, the disk around AB Aurigae, which was then
imaged using NOEMA by Pacheco-Viazquez et al. (2016). More
recently, SO has also been detected in the dust trap around
Oph-IRS 48 (Booth et al. 2021) and found in protoplanetary
disks, where it is suspected to trace embedded protoplanets
(Booth et al. 2023; Law et al. 2023). Based on ALMA archival
data, we investigate the behavior of SO in the protoplanetary
system of AB Aurigae (hereafter AB Aur). After describing the
complex AB Aur environment, we present the observations and
the results of our SO modelling. We conclude with a discussion
of the SO properties of this young planetary system.

2. Young planetary system around AB Aurigae

Located at 156 pc (Gaia Collaboration 2022) and surrounded by
a large gas-rich disk with a central cavity (Piétu et al. 2005),
AB Aurigae is one of the closest Herbig Ae stars (with a spec-
tral type AO-Al and a mass 2.4 Mg). Its surroundings have
been intensively studied from the optical (e.g., HST-STIS imag-
ing Grady et al. 1999) up to the mm wavelengths (Corder et al.
2005). Recent ALMA (Tang et al. 2017) and SPHERE observa-
tions (Boccaletti et al. 2020) show that the disk consists of three
parts. There is an inner dust and CO disk of outer radius ~20 au.
Beyond this, a large cavity is observed both in CO gas and in the
continuum, extending up to about 90—100 au (Piétu et al. 2005;
Tang et al. 2012). Finally, an outer gas and dust disk (or ring)
extends to about 200 au in continuum and more than 1000 au in
CO (Tang et al. 2012; Piétu et al. 2005). Recent ALMA contin-
uum images have revealed that the dust ring appears asymmet-
ric, the western part being much brighter. This enhancement is
interpreted as a large dust trap, possibly associated with a decay-
ing vortex (Fuente et al. 2017), hereafter referred to as “the dust
trap”.

Thanks to a favourable low inclination (i ~ 22°), the ring
and its central cavity are well resolved, allowing the images to
reveal that the system exhibits two sets of spirals of different
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physical origins. (1) The outer spirals (Fukagawa et al. 2004;
Tang et al. 2012)) have been detected at a large distance from
the star (>2"), and they result from the accretion of non-planar
outer material onto the ring (Tang et al. 2012). (2) In the cav-
ity, the inner spirals, both detected in CO and NIR, are mor-
phologically well explained by the formation of one or two
massive planets (Tangetal. 2017; Boccaletti et al. 2020;
Currie et al. 2022). Figure 1, a montage from several papers,
summarizes the main known properties of the inner part of this
complex system. The first object (location P1 in Fig. 1), seen
as a bright CO spot in Tangetal. (2017), is at a radius of
~30 au. This is expected based on recent models (Dong et al.
2015). Associated with P1, the polarized intensity image from
SPHERE further reveals a twist in the NIR emission distribution
(Boccaletti et al. 2020). Taking into account the time baseline
between the CO and NIR observations (4 years) and the mea-
sured Keplerian speed, the locations of the bright CO spot and
NIR twist coincide with the astrometric accuracy (as would be
the case for an embedded planet orbiting at r ~ 30 au). In addi-
tion, the CO spot at P1 appears in several velocity channels, as
predicted from the models (Perez et al. 2015).

The second object (often called AB Aur b), at r > 80 au (loca-
tion P2 in Fig. 1), was reported by Currie et al. (2022) from NIR
observations with Subaru/CHARIS and the Ha accretion tracer
(Zhou et al. 2022). Recent UV and optical data seriously ques-
tioned the accretion scenario onto a young planet, (Zhou et al.
2023). However, such an additional planet at P2, may explain
the existence of the western spiral (Tang et al. 2017; Dong et al.
2015) and the dust trap (Baruteau et al. 2021).

3. Observations and results
3.1. Observations

To investigate the SO molecular distribution in the AB Aur sys-
tem, we used ALMA archival data from projects 2019.1.00579
(PI Fuente), 2021.1.00690 (PI Dong) and 2021.1.01216.S (PI
Huang). The calibrated measurement sets were provided by
the ESO ARCnode. We then exported the visibility data as
UVFITS format files, using the CASA task exportuvfits.
These were transferred to the GILDAS data format for further
processing using the IMAGER' program. The data were cor-
rected for proper motions using coordinates from Gaia (ICRF,
RA=04:55:45.846 and Dec=+30:33:04.292, uRA = 4.018 +
0.039, and uDec = —24.027 + 0.028 mas/yr, Gaia Collaboration
2022). Self-calibration solutions were derived from the contin-
uum data and applied to all spectral windows before perform-
ing imaging. The observed spectral lines used in the analysis are
given in Table 1 with the corresponding angular resolution and
integrated fluxes. The spectral resolution of the data cubes ranges
from 0.15 to 0.17 km s~!. The continuum properties are also pre-
sented. We note that C!70 and C'®0 21 observations are only
used to better characterise the SO emission properties and will
be presented more specifically in a separate forthcoming paper.

3.2. Results

Images and profiles. Figure A.l1 shows integrated area
maps compared to the continuum image at 249 GHz, reveal-
ing spatially resolved ring-like distribution in all tracers. How-
ever, while continuum and CO isotopologues show asymmet-
ric emission, with a much stronger signal in the West, at radii

I See https://imager.oasu.u-bordeaux. fr
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Table 1. Observed frequencies, transitions and continuum.

Table 2. AB Aurigae ring parameters derived from SO lines.

Line Frequency  Resolution PA  Int. Flux
(MHz) ("x") ) dykm/s)
C'702-1 224714.385 0.63 x0.34 25 296 +0.64
C802-1 219560.354 0.67x042 179 534 +0.02
SO 56 —4s 219949.442 044x0.32 170 0.33 +£0.01
SO 6s -5, 251825770 0.51x0.31 167 0.27 +0.01
SO 67 —5¢ 261843.721 0.49x0.29 168 0.27 +0.02
Cont. (MHz) ("x") (°) (mly)
249000 042x0.25 168 82.7+04

(K)

Brightness

Q 200

400
Radius (au)

Fig. 2. Azimuthally averaged radial profiles of SO 5,—45 and average
of the 65-5, and 6;,—5¢ lines, the C'7O J=2-1 line, and the continuum
emission at 1.3 mm. The error bars indicate the linear resolution for each
data set. The respective temperature scales are given on the right axes.
The molecular radial profiles are derived from the Keplerian correction
(see Appendix A).

SO 5->4 Continuum

- 0.004

0.06

0.04

Flux density (Jy/beam)

- 0.002
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Fig. 3. Azimuthal profiles of the continuum in (blue) and SO 5¢—45 (red)

emission, near their peak emission radii, 145 au and 238 au, respectively

(see Fig. 2). The amplitude scales span five times the minimum value

for each profile.

150-180 au, SO is distributed further away from AB Aur,
peaking near 250 au and is much more uniform in azimuth,
only peaking slightly in the north-east — and not on the dust
trap, as previously noted by Pacheco-Vazquez et al. (2016) and
Riviere-Marichalar et al. (2020).

All three SO lines have similar intensities, although the 6-5
lines are detected with a more limited signal-to-noise ratio. To
better illustrate the detection, we present in Figs. B.1-B.3 the
integrated spectra and radial distributions obtained after correc-
tion from the Keplerian velocity field, using the KEPLER com-

Geometry Law
Distance 155.9 pc
Visr 585kms™! V(r) = 4.55 + 0.4 (7555 30400 kms7!
Inclination 22° T(r)=20=+1 (W’au)‘o'4 K
Orientation -36.5°

H(r) = 11 (3555)"% au

Rint 165+3 au
Rout 400+10au  2(r) = 1.5+ 0.1 1013 (555) 71992005 ¢m=2

6V =0.25+0.01 kms~!

Notes. Parameters with no error bars were fixed at their specified values.
0V is the FWHM local line width. The temperature exponent being
loosely constrained (0.54 + 0.20) was assumed to be 0.4.

mand from IMAGER. A comparison between the various radial
brightness profiles (continuum, C'7O and SO lines) is shown in
Fig. 2, while Fig. 3 shows the azimuthal dependencies for the
continuum and SO. Both figures show that the SO emission is
not specifically associated with the dust trap, with SO actually
peaking almost at an opposite azimuth compared to the con-
tinuum. Our SO observations are in agreement with those of
Riviere-Marichalar et al. (2020), considering the lower signal-
to-noise ratio (S/N) of the latter.

Modeling. We used the DISKFIT radiative transfer program
(Piétu et al. 2007) to analyze the data in the Fourier plane.
The continuum opacity is low. Hence, we used the continuum-
subtracted data for this purpose. All three SO lines were fit-
ted simultaneously, allowing us to derive the rotation tempera-
ture of SO. The model assumes LTE conditions and azimuthal
symmetry. We assumed that the molecular column density and
the rotation temperature follow power laws as a function of
radius, with the molecule distribution truncated by inner and
outer radii. The vertical distribution of the molecules is assumed
to follow a Gaussian distribution, with the scale height being
a power law of radius. The local velocity dispersion (which
includes thermal and turbulent motions on scales smaller than
the beam size) is taken to be radially constant. Table 2 presents
the best-fit model from the three SO lines. Fig A.2 shows this
model superimposed to the integrated spectrum of the SO 54 —
45 line. The velocity index is found Keplerian (0.50 + 0.01).
The best-fit models for the C!70 2-1 transition are presented
in Appendix B.

Apart from a small shift in apparent PA of the rotation axis
(by 2-3°), the C'7O and SO determinations of the disk’s “geo-
metrical” parameters (centre of rotation, orientation, inclination,
and systemic and rotation velocities) are consistent among them.
The inclination derived from SO and C!70, 22°, is lower than
the values reported by most previous mm observations, which
were obtained with significantly lower angular resolutions and
with more optically thick molecular tracers exhibiting line-of-
sight confusion with the surrounding cloud. With the new value
derived from these new unconfused observations, the large-scale
outer ring appears almost coplanar with the inner disk surround-
ing the star (Pantin et al. 2005; Lazareff et al. 2017). The derived
star mass is 2.4 M.

Our fit also confirms that the SO emission is essentially
located beyond the continuum ring (as already quoted by (as
already quoted by Riviere-Marichalar et al. 2020) and extends
up to 400 au contrary to the C'7O 2—-1 emission, which mostly
resides inside the SO ring, with inner and outer radii of ~125
and 286 au, respectively (see Appendix C). For comparison, the
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measured inner radius of CO is about ~90 au (Piétu et al. 2007)
and that of the dust emission at 1.3 mm is ~140 au (Tang et al.
2017).

4. Origin of SO emission
4.1. SO emission in the ring and the dust trap

Sulfur-bearing species detected in the AB Aur ring are CS,
SO (Fuente et al. 2010; Pacheco-Vazquez et al. 2016) and H,S
(Riviere-Marichalar et al. 2022). Contrary to H,S, the SO emis-
sion does not peak at the location of the dense dust trap. The SO
behavior differs from what is observed around the warm source
of IRS 48, where Booth et al. (2021) reported SO emission is
peaking at the dust trap. In this latter source, SO is expected to
be a product of ice sublimation at the edge of the dust cavity,
with the bulk of the ice reservoir located in the dust trap. On the
other hand, SO rings have already been detected around some
Herbig Ae stars such as HD 161942 (Law et al. 2023); however,
the latter ring appears less symmetric than in the case of AB Aur.
Also, SO emission has been reported in the Class I objects DG
Tau and HL Tau (Garufi et al. 2022), as well as in the evolved
Class I source Oph16 IRS63 (Flores et al. 2023).

Gas temperature. From the detected SO lines, our best
DISKFIT model gives an average SO gas temperature of 20 K
at 200 au. Since SO is not seen at the dust trap location, its
temperature should be more characteristic of the ring tempera-
ture. On the contrary, C!'”O emission is seen in the ring, but it
peaks at the dust trap location (Fig. A.1). The average tempera-
ture derived using DiskFit from CY0 data is higher, 28 K, but
this assumes azimuthal symmetry. A more accurate derivation
that takes advantage of the hyperfine structure of C!'’O 2-1 (see
Appendix C) gives an average kinetic temperature above 20 K
inside the ring, in good agreement with the temperature derived
from SO. The peak temperature of C!”O in the dust trap is within
the range 35-42K (see Fig. C.1), a somewhat high tempera-
ture which may reflect the fact that the C'7O emission does not
come from the disk mid-plane but above due to its opacity. This
deserves a more detailed modeling process, which is beyond
the scope of this Letter. Nevertheless, these new temperature
estimates are lower than those from Riviere-Marichalar et al.
(2020), who derived an average temperature of 37-39 K inside
the ring based on noisier observations.

Column density & abundances. For SO, we derived an aver-
age surface density of ~1.5x10'3 cm~2 at 200 au using DISKFIT,
in good agreement with the 2.5 x 10'* cm~2 value quoted by
Riviere-Marichalar et al. (2020) from previous NOEMA obser-
vations. The detection of C!’O at temperatures of 20 K or above
allows for a direct estimate of the H, column density since at
these temperatures, CO is not expected to be depleted. Using
isotopic ratios ['°0/'80] = 557 and ['*0/!"0] = 3.6 (Wilson
1999), the averaged surface density derived using DiskFit mod-
eling (~4 103 cm™2, see Appendix C) and a normal [CO/H;]
abundance ratio of 107, this yields an H, surface density of
81022 cm™2, and thus a SO abundance of ~1.7 1071°.

Using the astro-chemical model NAUTILUS, Riviere-
Marichalar et al. (2022) performed a modelling of sulfur-bearing
species in the AB Aurigae disk, assuming no Sulfur deple-
tion. They predicted a column density of ~8 x 10'* cm™, a
factor ~60 higher than what we observed. Our results con-
firm that SO is abundant in this disk as already mentioned by
Riviere-Marichalar et al. (2020). SO emission was also observed
in the disk of HD 100546 (Booth et al. 2023). As reported by
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Semenov et al. (2018), the observed low surface density of
SO in disks, while CO is still abundant, suggests a relatively
high C/O ratio in the disk molecular layers. Thus, our new
observations deserve deeper chemical modelling to quantify
this.

Outer accretion streamers and shocks. Figure 2 clearly
shows that SO peaks at larger distances than C!7O and the dust
emission. This fact is confirmed by the SO modeling (Table 2).
The inner radius of the SO ring is ~160 au and its outer radius
is 400 au. An important fraction of the SO emission lies out-
side the dust and C!O ring, setting its origins into question.
Tang et al. (2012) reported the presence of several accretion
streamers observed in CO 2-1, with the PdBI (now NOEMA),
suggesting that the disk is still accreting material from out-
side. With the advent of ALMA, such streamers are now com-
monly observed around Class I objects (e.g., Sakai et al. 2014).
It is tempting to explain the SO emission as resulting from
slow shocks at the interface between the ring/disk and the outer
streamers, SO being created locally and thus co-moving with the
ring. A similar hypothesis is invoked to explain the observations
of SO spirals in the outer disk of Ophl16 IRS 63 (Flores et al.
2023) and the origin of the SO emission observed in DG Tau and
HL Tau (Garufi et al. 2022). van Gelder et al. (2021) recently
developed a model of slow shocks to explain molecular abun-
dances specific to shocks observed at the disk-envelope interface
of low-mass protostars. The physical conditions are similar to
those found in the gas ring of AB Aur (a gas density in the range
of 10°~10% cm~3 and a low dark cloud temperature). Under stan-
dard assumptions (cosmic ray ionization rate of 1077 s™! and
G, = 1) in low velocity (~2-3 km/s) shocks and cold medium
(~20 K), the route to form SO starts with the desorption of CH4
from grains. This is followed by the gas phase formation of CHs
and H,CO, leading to the formation of SH which reacts with
O to form SO+H (van Gelder et al. 2021, their Figs. 3 and 5).
Such a scenario, originally developed to explain accretion at the
interface envelope-disk in Class I protostars, seems plausible in
explaining the origin of the extended SO emission in the ring
around AB Aur. Since the amount of shocked gas is partly lim-
ited by the accretion rate, the overall SO abundance relative to
the whole disk mass may remain moderate. Detailed modeling
is required to determine the shock amplitude and the expected
amount of SO.

4.2. SO emission inside the cavity

Figure A.2 presents the integrated spectrum of the main SO line
(transition 5¢—4s). The best fit derived using DISKFIT is super-
imposed onto it and the integrated spectrum is dominated by the
emission of the ring (Fig. A.2), as seen in the middle bottom
panel. Interestingly, there is a red-shifted wing (Fig. A.2, right
bottom panel) in the velocity range of 7.4—8.5 km/s with no sym-
metric counterpart in the blue-shifted side (Fig. A.2, bottom-left
panel). The images of the wings have been obtained by imag-
ing and CLEANIng the visibilities only in their specific velocity
ranges. The red wing emission peaks at about 5 sigma and is
located close to the inner disk of AB Aur and the candidate pro-
toplanet P1 (shown as a red point).

A first possibility would be that this SO emission mostly
originates from the inner disk of AB Aurigae. In this case, a
symmetric blue-shifted wing would be expected, but the lack of
sensitivity might preclude its detection. We also note that the
emission region is close to the inner ends of the S3 and S4 outer
spirals identified by Tang et al. (2012).
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Another possibility would be that the redshifted SO emis-
sion is linked to the presence of the embedded protoplanet P1.
Based on Boccaletti et al. (2020), the Keplerian velocity of P1 is
about 2.5 km/s. Adding the systemic velocity (5.8 km/s), we get
a projected velocity of 8.3 km/s, which is in agreement with the
velocity range that is observed, even when taking into account
the uncertainties (particularly on the inclination). This suggests
that at least part of this SO emission may originate close to the
hot spot observed both in CO and in NIR. In this hypothesis, the
SO emission could trace a streamer-like feature that would fall
onto the (undetected) circumplanetary disk of P1. However, the
limited angular resolution and S/N is an obstacle to revealing the
velocity gradient that would be expected along the streamer.

We note that such possible links between embedded plan-
ets and SO emission have already been seen in similar sys-
tems. From ALMA observations, Law et al. (2023) reported SO
and SiS emissions at the location of a putative planet of 2 My,
orbiting in the cavity of HD 169142, while Booth et al. (2023)
reported SO emission inside the cavity around HD 100546,
potentially connected to an embedded planet. Hence, the obser-
vation of SO in AB Aur at the location of the embedded planet
P1 would be the third case of indirect detection of a circumplan-
etary disk.

5. Summary

Using ALMA archival data of the AB Aurigae system, we
imaged the SO emission in the close environment of the star.
Our analysis reveals that:

— The SO emission is partly located inside the molecular (CO)
ring but does not peak at the location of the dust trap where
the gas temperature, estimated from C'”O hyperfine compo-
nents, is within 35-40 K, a factor of 2 warmer than in the SO
ring (20 K).

— Surprisingly, the inner radius of the SO ring is at ~160
au, while the CO ring has an inner radius of about 90 au.
In agreement with slow velocity accretion shock models in
protostars, SO could be formed locally in the gas phase in
the accretion shocks generated at the interface between the
observed outer CO spirals and the molecular and dust ring.

— We also observed unresolved red-shifted SO emission at a
position in agreement with the embedded planet candidate
P1 (within ~30 au) from the star. The observed velocity of
the SO emission is compatible with the expected Keplerian
velocity at P1. A possibility would be that SO traces an
accretion shock between the circumplanetary disk of P1 and
its surroundings.

— The SO emission being weak in these objects, long integra-
tion times with ALMA are needed to better characterize the
link between SO, a tracer of accretion shock, and embedded
planets in gas-rich young planetary systems.
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Appendix A: Complementary figures
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Fig. A.1. Line and continuum images. Top panels (from left to right): Continuum image at 249 GHz (in mJy/beam), C'®0, and C'70 J=2-1
integrated areas (in mJy/beam.km/s). Bottom panels: SO 5¢ — 45 (brighter) line, from left to right: Integrated area, peak brightness (in K) and
velocity field (in km/s). Synthesized beams are indicated. The white ellipse marks the approximate peak radius of the dust ring.
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Fig. A.2. SO 5¢ — 45 emission towards AB Aur. Top: Integrated spectrum (histogram), with best fit rotationally symmetric Keplerian disk model
superimposed (greenish curve). Bottom: Integrated emission over the indicated velocity ranges, from blueshifted to redshifted (from left to right).
Contour levels are 2.5 o and 5 0. The beam size is displayed in the left panel. The cross indicates the AB Aur star position and the disk orientation
(PA 126°) and inclination (22°) and the ellipse marks the approximate peak radius of the dust ring. The red triangle is the approximate position of

5 -5
R.A. Offset (")

the putative protoplanet traced by CO and near-IR emission.
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Appendix B: Keplerian-corrected profiles

We present here the Keplerian-corrected profiles for C'’0 2-1 (Fig. B.1) and the SO lines. Since this process assumes rotational
symmetry, it is appropriate for the SO lines, but non optimal for C'’O because it ignores the strong azimuthal dependency observed
in Fig. A.1. Figure B.2 corresponds to SO 5¢ — 45 transition, while Fig. B.3 has been obtained by averaging the SO 65 — 54 and SO
67 — 56 emissions.
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Fig. B.1. Azimuthal average of line profiles obtained after correction from Keplerian rotation for C!70O). Results of a Gaussian line fit (including
opacity correction and hyperfine structure for C!”0) are indicated in the upper left corner.
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Fig. B.2. Azimuthal average of line profiles obtained after correction from Keplerian rotation for the SO 5¢ — 45 line. Results of a Gaussian line fit
are indicated in the upper left corner.

L7, page 8 of 11



0.45+ 0.02
5.86+ 0.01

><wm

SAV =

( oversampling

—

V = 0.55+ 0.03

0.27 £+ 0.01

1.54 )

Line flux (Jy)

Dutrey, A., et al.: A&A, 689, L7 (2024)

o
~

o
N
|

600

400

Radius (au)

200

i 17 1
I I - 05
N n
L -0
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I .
0 0.5 0 5 10
Tg (K) Velocity (km/s)

Fig. B.3. Azimuthal average of line profiles obtained after correction from Keplerian rotation for the SO 6-5 transitions. The SO 6-5 data was
obtained by stacking the emission from the SO 65-5, and SO 67-5¢ lines that have similar intensities and excitation conditions. Results of a
Gaussian line fit are indicated in the upper-left corner.
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Appendix C: C!70 fit

Using DiskFit, we derived inner and outer radii of 125 and 286 au (confirming that the C'”O emission mostly resides inside the SO
emission). The limited radial range, combined with the azimuthal asymmetry, does not allow to constrain the temperature exponent.
Assuming ¢ = 0.4, we obtain a reference column density of 4.2 + 0.3 10'> cm™2 and an exponent p = 2.00 + 0.04, a temperature of
28 + 4 K (at 200 au). The distribution being very asymmetric, the errorbars should be taken with caution.

To quantitatively evaluate the impact of the asymmetry, we extracted the spectra at a radius of 170 au as a function of azimuth.
Each spectrum was fitted using the hyperfine structure of the 2-1 line. The apparent brightness is given by

Ty() = 0 (1 = exp(=1(0))) (/(Tex) = In(Thg)),

where 77 is the beam filling factor, and the opacity 7(v) is velocity-dependent because of the hyperfine splitting,

) =7 ) xiexp(=((v—v)/6v)?),

1

where v; is the velocity offset of component i and x; its relative intensity. The fit allows to derive both the excitation temperature and
the opacity 7 of the line 2. Furthermore, the critical density of CO isotopologues being small, Tex ~ Tk.

Figure C.1 shows our results, using 7 = 1. The red line and light-red bar indicate the value derived by averaging over the
40 — 220° azimuth range to avoid the bias due to the non linearity of the fit, < Tx>= 19.7 £ 1.0, K. The corresponding blue line
shows the average over the 280 — 340° azimuth range. We note that these values are obtained using a linear resolution of 100 x 55
au, so that a small (upward) correction to retrieve the intrinsic temperature should be applied given the relatively narrow ring radial
extent. This is different from the DiskFit results that directly refer to the intrinsic disk model values.

We thus conclude that in the ring, the gas has a temperature above 20 K, peaking above 40 K at the dust trap location.

2 The fit residuals show that the hyperfine structure parameters taken from the CDMS database are not optimal. Shifting the lowest velocity
component by +0.13 km s~! improves the agreement with the data, but does not significantly affect the derived values.
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Fig. C.1. C'70 fit of the temperature along the azimuth.
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