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Abstract

Despite observational progress in planet formation, the stage in which planetesimals grow into planets remains
poorly understood. During this phase, protoplanets may develop gaseous envelopes that are warmer than the
surrounding disk gas, potentially providing observable signatures through molecules otherwise depleted in cold
regions. In this Letter, we report the detection of the silicon sulfide isotopologues 28SiS J = 16−15 and
30SiS J = 18−17 in the protoplanetary disk around PDS 66 (MP Mus) at a significance of ∼5σ−6σ, using the
Atacama Large Millimeter/submillimeter Array. These constitute the second and first detections of 28SiS and
30SiS in a protoplanetary disk, respectively. The emission appears as a compact source at r = 60 au in the
southwestern region of the disk, unresolved with a 0 .5 beam, and shows a velocity consistent with Keplerian
rotation, suggesting a protoplanetary origin. By modeling the line fluxes, we constrain the emitting radius to ∼0.5
−4 au and estimate a SiS mass of 1022–1023 g, corresponding to at least ∼10% of the silicon contained in local
dust grains. Because complete sublimation of a substantial fraction of dust grains by local processes is difficult to
achieve, this result instead implies an accumulation of silicon from a larger region. We propose that a
circumplanetary envelope surrounding a low-mass protoplanet, where pebble accretion and subsequent
sublimation of grains may enhance gaseous silicon abundance with respect to observable dust grains around it,
can account for the observed characteristics.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planet formation (1241); Astrochem-
istry (75)

1. Introduction

Planet formation is a process in which small dust grains grow
into planets within protoplanetary disks (e.g., J. Drążkowska
et al. 2023). In the initial stage, micron-sized dust grains
undergo collisional growth and accumulate into relatively
large particles, or pebbles. These pebbles may further evolve
into planetesimals, potentially through the streaming instabil-
ity (A. N. Youdin & J. Goodman 2005). The planetesimals
then accrete other planetesimals or pebbles under the presence
of aerodynamic drag from the disk gas, allowing them to
grow to the sizes of terrestrial planets or the cores of giant
planets (C. W. Ormel & H. H. Klahr 2010; M. Lambrechts &
A. Johansen 2012). Once the cores become sufficiently
massive, they can accrete disk gas through circumplanetary
disks. Recent observational studies have revealed that these

evolutionary stages are indeed occurring. Dust evolution in disks
has been recognized as a variation in the continuum spectral
index at millimeter wavelengths (e.g., L. Testi et al. 2014;
A. Miotello et al. 2023). Radial dust accumulation is a necessary
condition for the streaming instability and has been suggested
by high-resolution Atacama Large Millimeter/submillimeter
Array (ALMA) observations (e.g., S. M. Andrews et al. 2018).
Relatively massive protoplanets undergoing gas accretion have
been directly detected (e.g., M. Keppler et al. 2018; S. Y. Haffert
et al. 2019), together with their circumplanetary disks (e.g.,
M. Benisty et al. 2021). Additionally, gas kinematics traced by
molecular/atomic lines (e.g., C. Pinte et al. 2018; R. Teague
et al. 2019; F. Alarcón et al. 2022) and spatially localized, excess
line emission (e.g., J. Bae et al. 2022; A. S. Booth et al. 2023;
C. J. Law et al. 2023) also suggest the presence of embedded
giant planets.
However, the evolutionary pathway from planetesimals to

massive (∼1MJup) protoplanets remains poorly constrained
from an observational perspective. This is due at least in part
to the fact that the masses of these nascent planets are much
less than that of a Jupiter as they are initially forming/
evolving. It is therefore important to identify observational
signatures that can probe this intermediate stage. In the
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presence of disk gas, planetesimals or small protoplanets can
acquire envelopes (e.g., J. Szulágyi et al. 2016). Such
envelopes extend out to the Hill (or Bondi) radius, which
reaches ∼1 au for an Earth-sized planet located at 100 au from
the central star. This implies that a circumplanetary envelope
at the outer regions of disks can attain a size that can be probed
with high-resolution observations.

Within such circumplanetary envelopes, significant heating
processes may occur. In the context of pebble accretion,
pebbles accreted onto an envelope surrounding relatively
massive cores (∼1M⊕) may evaporate before reaching the
core, thereby limiting core growth (M. G. Brouwers et al.
2018). The sublimated or thermally processed material may
later recondense as the protoplanet cools or may be recycled
into the protoplanetary disk (M. G. Brouwers et al. 2018;
Y. Wang et al. 2023). Although it remains uncertain which
species can most effectively trace these evolutionary stages,
promising candidates include molecules that are strongly
depleted in cold disk environments but released or formed in
relatively heated and/or shocked environments, such as
silicon-bearing molecules (L. I. Cleeves et al. 2015; C. J. Law
et al. 2023; L. Keyte et al. 2024; A. J. Cridland et al. 2025).

In this Letter, we report the detection of two silicon sulfide
(SiS) isotopologues, 28Si32S and 30Si32S, at a distance of
∼60 au from the central star in the protoplanetary disk around
PDS 66 (MP Mus). The PDS 66 disk is among the nearest
protoplanetary disks to Earth, at a distance of d = 97.9 pc
(Gaia Collaboration et al. 2021). The central star is a K1V-type
star (E. E. Mamajek et al. 2002), with estimated mass,
luminosity, age, and mass accretion rate of M� ≃ 1.28M⊙,
L� ≃ 1.2 L⊙, 7–10 Myr, and 1.3 × 10−10M⊙ yr−1, respectively
(L. Ingleby et al. 2013; Á. Ribas et al. 2023; A. F. Izquierdo
et al. 2025). The disk has been imaged at infrared and
millimeter wavelengths. The near-infrared (H-band) image
shows a gap-like structure at a radius of ∼60 au from the
central star (S. G. Wolff et al. 2016; H. Avenhaus et al. 2018).
High-resolution (4 au) ALMA Band 6 (λ ∼ 1.3 mm)
observations reveal that the continuum disk extends to
∼60 au in radius with no detected substructure (Á. Ribas
et al. 2023). A lack of substantial substructures in high-
resolution observations is relatively uncommon in large disks
(J. Bae et al. 2023), although follow-up studies have revealed
shallow substructures (A. Aguayo et al. 2025; Á. Ribas et al.
2025). An upper limit of ∼1MJup on planets in the outer disk
regions has been placed based on CO channel maps (C. Pinte
et al. 2025).

The structure of this Letter is as follows: Section 2 describes
the observations and results, Section 3 presents the interpreta-
tions and discussion, and Section 4 summarizes the
conclusions.

2. Observations and Results

2.1. Observations

We observed the 28Si32S J = 16−15 and 30Si32S J = 18−17
pure rotational transitions toward the PDS 66 disk. Hereafter we
omit the atomic number 32 for the main sulfur isotopologue. The
two lines were observed by different ALMA programs (28SiS:
#2023.1.00334.S, PI: L. Trapman; 30SiS: #2023.1.00525.S, PI:
T. C. Yoshida).

28Si is the most abundant stable isotope of silicon, while 30Si
is the least abundant. The solar isotope ratio of 28Si/30Si is

estimated to be 30.1 (M. Asplund et al. 2021). Table 1 lists the
spectroscopic parameters of the observed lines. We provide
two rest frequencies from the CDMS (H. S. P. Müller et al.
2005) and JPL (H. M. Pickett et al. 1998) databases. The
CDMS and JPL entries adopt different molecular constants
based on H. S. P. Müller et al. (2007) and F. J. Lovas &
E. Tiemann (1974), respectively. Unless otherwise noted, we
use the constants on the CDMS catalog in this work.
Details of the observations and data reduction are described in

Appendix A. In summary, we produced two image cubes for the
28SiS J = 16−15 transition, one with a narrow channel width of
Δv = 1.25 km s−1 and another with a wider channel width of
5.0 km s−1 to maximize the signal-to-noise ratio (S/N) of a
potentially broad line. For the 30SiS J = 18−17 transition, only
the narrow-channel cube was generated. The resulting beam sizes
and noise levels are summarized in Table 1. Channel maps of the
narrow-channel data cubes are presented in Appendix A.

2.2. Detection of SiS Isotopologues

We detected significant emission in both image cubes. In
the vLSR = 5 km s−1 channel of the wide-channel 28SiS J =
16−15 cube, we found ∼5σ emission in the southwestern part of
the disk. In the vLSR = 3.75 km s−1 channel of the 30SiS J =
18−17 cube, a ∼6σ signal was detected at a similar position.
This is the first detection of 30SiS in protoplanetary disks.
Figure 1 shows the S/N channel maps for both lines, and
Appendix A.4 presents the pixel-value histograms. The sources
are spatially unresolved and have position angles consistent with
the synthesized beam, indicating that the emission originates
from a point source at the current spatial resolution ( 0 .5). The
upper-state energies of those lines are >100 K, which is
significantly higher than the expected temperature at this region
from the stellar luminosity (∼17 K; Appendix B).
After we specified the disk center by fitting a Gaussian to

the corresponding continuum images, we measured the relative
position of the emission peaks with respect to the disk center
as ( ) ( )=R.A., decl. 0 .51, 0 .55 and ( )0 .31, 0 .47
for the 28SiS J = 16−15 and 30SiS J = 18−17 lines, respec-
tively. The separation between the two positions is 0 .21.
According to the ALMA Technical Handbook (P. Cortes et al.
2025), the 1σ relative astrometric accuracy for sources with
these S/Ns is 0 .17, indicating that the apparent offset is
consistent with the statistical error.
Figure 1 also compares the SiS emission with the 338 GHz

continuum14 (P. Curone et al. 2025) and H-band polarized-
intensity image (H. Avenhaus et al. 2018). Dotted ellipses
indicate r = 60 au, corresponding to the outer radius of the
millimeter-continuum disk (Á. Ribas et al. 2023). The detected
point source lies near the disk edge and within the infrared
gap. An azimuthally averaged radial profile analysis of the
continuum disk suggests a more extended structure up to
r ∼ 70 au (P. Curone et al. 2025), which is shown in
dashed ellipses in Figure 1 and slightly beyond the SiS
emission region. In addition, interestingly, the SiS emission is
colocated with the azimuthal brightness drop in the H- and
K1-band image with Gemini Planet Imager (S. G. Wolff et al.
2016). They attributed this to a shadow cast by material in
the inner region or cold stellar spots. Note that, however,

14 The continuum image was obtained from the exoALMA repository on the
Harvard Dataverse (P. Curone 2025). Note that the image frequency
(338 GHz) differs slightly from the one used in the original paper (332 GHz).

2

The Astrophysical Journal Letters, 999:L22 (11pp), 2026 March 1 Yoshida et al.



H. Avenhaus et al. (2018) did not find this structure in their
H-band image with Very Large Telescope/SPHERE. To
summarize the comparison of radial locations, we also plot
the deprojected radial profiles of the 338 GHz continuum
(P. Curone et al. 2025) and H-band polarized intensity
(weighted by r2; H. Avenhaus et al. 2018) with the radial
location of the SiS source obtained by weighted average of the
positions of the two isotopologues (Figure 2).

Figure 3 presents the spectra at the pixels where the emission
peaks. In the narrow-channel 28SiS J = 16−15 cube, ∼3σ−4σ
signals appear over five channels around vLSR ∼ 5 km s−1,
implying a line width of ∼5 km s−1 (FWHM). This corresponds
to the ∼5σ detection in the wide-channel cube shown in the
second panel. For the 30SiS J = 18−17 line, the signal appears
only at vLSR = 3.75 km s−1 and is not spectrally resolved at a
velocity resolution of ∼1 km s−1. Although the S/N is low, we
found that the two lines have potentially different line widths,
which we discuss in Appendix B. The integrated flux densities
are 21 ± 4 and 12 ± 2mJy km s−1 for the 28SiS J = 16−15 and
30SiS J = 18−17 lines, respectively.

The systemic velocity of PDS 66 has been measured as
vLSR ≃ 3.98 km s−1 from CO observations (Á. Ribas et al. 2023;
A. F. Izquierdo et al. 2025). The line-of-sight Keplerian velocity
within the beam of the compact source ranges between vLSR = 4
and 6 km s−1. Thus, the 28SiS J = 16−15 source is consistent
with the local Keplerian velocity, while the 30SiS J =
18−17 source appears slightly offset. However, this is likely
within the uncertainty of the rest frequency (Appendix C).
Overall, the SiS emission is both astrometrically and spectrally
consistent with the PDS 66 system, strongly suggesting an
association with the disk. While consistent proper motion
between the emission and the disk (or the star itself) would
further strengthen this scenario, the two observations were
conducted only 7 months apart. The expected stellar proper
motion during this window is ∼38 mas (Gaia Collaboration
et al. 2021), which is insufficient to provide a definitive
constraint. Nevertheless, a background or foreground origin is
unlikely for the following reasons. Potential sources with
previous SiS detections, such as AGB stars (e.g., N. A. Patel
et al. 2011; T. Danilovich et al. 2019), massive protostellar
environments (e.g., B. Tercero et al. 2011; K. E. I. Tanaka et al.
2020; A. Ginsburg et al. 2023), or protostellar outflows (e.g.,
L. Podio et al. 2017), typically exhibit strong continuum
emission around them, which is not observed here. For example,
AGB stars at 130–2200 pc have millimeter fluxes of 3–70 mJy
(T. Danilovich et al. 2025), and the carbon star IRC+10216 at
135 pc, where SiS isotopologues are detected, shows ∼650 mJy
(N. A. Patel et al. 2011). The detection of 28SiS in the
protoplanetary disk around HD 169142 (C. J. Law et al. 2023)
further supports the interpretation that the SiS emission
originates in situ from the PDS 66 system.

2.3. Derived Physical Quantities

The detection of the rare isotopologue 30SiS indicates that the
total SiS mass is substantial. To quantify the physical conditions
of the source, we modeled the integrated flux densities of the
detected lines under the assumptions of local thermal
equilibrium, a homogeneous cylindrical emitting region
with radius R, and an isotopologue ratio 28SiS/30SiS = 30
(M. Asplund et al. 2021). Spectroscopic parameters were taken
from the CDMS database (H. S. P. Müller et al. 2005, 2007),
and integrated line fluxes were computed over a grid of
temperatures T, SiS column densities NSiS, and emitting radii R.
In our model, the integrated flux of each transition was

computed as

( ) ( ) ( )( )=F R B T e dv1 , 1i a
v2

i
i

where i denotes each line, Ra is the apparent radius
corresponding to a physical radius R at a distance of 98 pc,
νi is the frequency of the transition, ( )B T

i is the Planck
function, and τi(v) is the optical depth as a function of velocity
offset from the line center. We compared Fi with the measured
values and identified combinations of (NSiS, R, T) that
reproduce both integrated fluxes within the 1σ uncertainties.
Parameter sets consistent with the observations are shown in

Figure 4. For T = 100–2000 K, the SiS column density
increases from ∼1016 to 1019 cm−2, while the emitting radius
decreases from ∼4 to 0.5 au. The corresponding SiS mass is
MSiS ∼ 1022–1023 g. As expected from the observed flux ratio,
the 28SiS J = 16−15 line is highly optically thick, with peak
optical depths of 30–200, which constrains the emitting radius.
In contrast, the 30SiS J = 18−17 line is roughly 30 times less
optically thick and is therefore still sensitive to the column
density. Caveats associated with these calculations are
discussed in Appendix B.

3. Discussion

3.1. Dust Mass Inferred from SiS and Continuum

In general, silicon-bearing molecules are highly locked in
the solid phase of protoplanetary disks, namely, dust grains.
Therefore, the detection of SiS indicates a dynamically active
environment in the disk, even a possible protoplanetary origin.
The main reservoir of silicon in dust grains is expected to be
silicates forming the grain cores, such as Mg2SiO4, which may
constitute ∼33% of the total dust mass (e.g., J. B. Pollack
et al. 1994; T. Birnstiel et al. 2018). A few percent of the
silicon may also reside in the grain mantles, potentially as SiO,
as suggested by observations of protostellar outflows
(A. Gusdorf et al. 2008). Releasing silicon from the grain
core requires significant heating (>1000 K) or strong shocks,
although the condition is much less stringent for grain mantles.

Table 1
Observed SiS Isotopologue Transitions

Transition CDMS Freq. JPL Freq. Eup guAul Beam Size (P.A.) rms Int. Flux
(GHz) (GHz) (K) (10−2 s−1) (mJy beam−1) (mJy km s−1)

28SiS J = 16−15 290.3808 290.3803 118 1.37 ( )× °0. 62 0 . 42 35 1.1 21 ± 4
30SiS J = 18−17 315.0625 315.0659 144 1.97 ( )× °0. 57 0 . 41 6 1.7 12 ± 2

Note. The rms values are measured for images with a channel width of 1.25 km s−1.
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Once released into the gas phase, gas-phase reactions with
S-bearing molecules are proposed to form SiS molecules
(M. Rosi et al. 2018; A. Zanchet et al. 2018; M. A. M. Paiva
et al. 2020; V. C. Mota et al. 2021; R. C. Fortenberry &
B. A. McGuire 2024; E. Mendoza et al. 2024).

In any case, the silicon detected in SiS should originate from
dust grains. Assuming that the fraction of silicon released from
one dust grain is χ (χ ≃ 1 if the entire grain is sublimated,
while χ ≲ 0.1 if only the mantle contributes), the corresp-
onding dust mass needed to account for silicon in SiS can be

1

0

1

338 GHz continuum
(Curone et al. 2025)

H-band, Q
(Avenhaus et al. 2018)

101
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Figure 1. Top panels: 338 GHz continuum image (P. Curone et al. 2025) and Qf image in the H band (H. Avenhaus et al. 2018). Bottom panels: S/N maps of the
28SiS J = 16−15 and 30SiS J = 18−17 lines at channels that cover vLSR ≃ 2.5−7.5 km s−1 and 3.1−4.4 km s−1, respectively, where the emission peaks. Note that
there might be uncertainty in the rest frequency adopted here (Appendix C). In all panels, the dotted and dashed ellipses indicate radii of r = 60 and 70 au,
respectively, corresponding roughly to the edge of the millimeter-continuum disk (Á. Ribas et al. 2023; P. Curone et al. 2025). Contours show the 3σ and 6σ levels of
the 30SiS J = 18−17 line, and the apparent shift between two lines can be explained by statistical error of astrometry (Section 2.2). The star symbol marks the
position of the central star, and the gray ellipse in the lower left corner represents the synthesized beam (except for the H-band image).
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estimated as

( )M M15 2d, SiS
1

SiS

( ) ( )M10 10 35 4 1

( ) ( )M0.1 1 41
Ceres

for T = 100–2000 K using the results in Section 2.3. Here the
factor of ∼15 is the mass ratio of the dust mass to Si, assuming
that Si is dominated by silicate that is five times heavier than Si
and has a mass fraction of ∼33% of one grain. This indicates
that even if the silicon originates from sublimation of dust
grain cores, at least 10−5M⊕ of dust is required. Moreover, if
the silicon comes only from grain mantles, an even larger dust
mass is necessary.

We compare the dust mass needed to account for the SiS,
Md, SiS, with continuum observations. First, we assume that
dust grains are uniformly distributed within the SiS-emitting
region, with a radius of ∼0.4–5 au, and the surface brightness
matches that of the surrounding azimuthal region. The
332 GHz continuum intensity at r = 60 au is estimated as
Icont ∼ 6 × 108 Jy Sr−1 by P. Curone et al. (2025) using
frankenstein fitting (J. Jennings et al. 2020). Assuming
the millimeter opacity of a typical protoplanetary disk dust
mixture, κ = 3.5 cm2 g−1 (T. Birnstiel et al. 2018), and a
temperature equal to that of SiS, the dust mass within radius
R is

( )
( )R I

B T
M10 to 10 , 5

2
cont 6 3

depending on the assumed temperature (T = 102−103 K).
However, the azimuthally and radially localized SiS

emission may also suggest a corresponding localized dust
excess. Although previous sensitive millimeter-continuum
ALMA observations reveal no point-source excess at the SiS
location (Á. Ribas et al. 2023; P. Curone et al. 2025; Á. Ribas
et al. 2025), we estimate the 3σ upper limit of the excess dust
mass using the continuum noise level (σ ∼ 25 μJy at 332 GHz;
P. Curone et al. 2025) via

( )
( )d

B T
M

3
10 to 10 . 6

2
4 3

Figure 5 shows these dust mass estimates from the background
intensity and point-source upper limit as a function of assumed
temperature. Interestingly, the dust masses inferred from
continuum observations are roughly comparable to the dust
mass required to supply the observed SiS. At T ∼ 100 K, at least
∼10% (and likely more) of the local dust grains must have
sublimated. At T > 1000 K, the silicon content in the local dust
grains under the point-source assumption reaches the total SiS
silicon, implying that all dust grains in this region may have
sublimated. In summary, we find that if the SiS originates from
a local process in a closed system, the silicate dust cores at this
location must have been almost completely sublimated.
Alternatively, silicon may have been accumulated at this

position relative to the amount of dust grains. In this case,
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et al. 2018; P. Curone et al. 2025). Note that the SiS source location is an
averaged value of the two isotopologues weighted by their astrometric
uncertainties. The blue shaded region shows the 1σ uncertainty of the averaged
location.
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release from grain mantles alone could also suffice if the
degree of accumulation is substantial. Such an enhancement
can be divided into two nonexclusive possibilities: silicon
could be selectively concentrated at the location, and/or the

dust grains traced at millimeter wavelengths could be
selectively depleted. The latter case would correspond to
conversion of dust grains to larger bodies such as planetesi-
mals. It is noteworthy that although our discussion has so far
focused on silicon rather than sulfur, a gas enriched in silicon
would be also expected to be sulfur-rich because sulfur is
generally more volatile than silicon. Indeed, S-bearing
molecules have been routinely detected in warm Herbig disks,
while Si-bearing molecules are not (e.g., A. S. Booth et al.
2025; F. Zagaria et al. 2025). In the following section, we
consider four phenomena that are potentially consistent with
the above discussion.

3.2. Possible Origin of SiS

3.2.1. Planetary-driven Outflow

Another detection of SiS in a protoplanetary disk has been
reported in HD 169142 (C. J. Law et al. 2023). However, its
characteristics differ from PDS 66; the emission is extended
rather than a point source, and it is spectrally offset by
∼6 km s−1 from the local Keplerian rotation. In that case, the
emission was attributed to a polar outflow driven by the massive
protoplanet candidate HD 169142 b (e.g., A. C. Quillen &
D. E. Trilling 1998; F. Alarcón et al. 2022; I. Hammond et al.
2023; L. Keyte et al. 2024; T. C. Yoshida et al. 2024). SiS could
be released directly from the dust grains by strong shocks or
formed via gas-phase reactions of Si and other species
after release from the grain mantles (e.g., M. Rosi et al.
2018; M. A. M. Paiva et al. 2020; V. C. Mota et al. 2021;
R. C. Fortenberry & B. A. McGuire 2024; E. Mendoza
et al. 2024).
Nevertheless, a planet-driven outflow is unlikely to account

for the emission in PDS 66. The detected velocity is consistent
with the local Keplerian speed, and the emission is compact,
with an inferred spatial scale of ∼0.4–5 au. These character-
istics suggest that the SiS originates from a component that is
gravitationally bound to the potential planet rather than an
outflow. It also remains unclear whether an outflow could
supply the large local fraction of silicon required relative to the
silicon contained in the local dust grains.

3.2.2. Circumplanetary Disk

Another possibility is that the SiS emission originates from a
hot region in a circumplanetary disk, where dust grains can be
thermally evaporated. However, Y. Shibaike & C. Mordasini
(2024) showed that even in the circumplanetary disk around the
giant planet PDS 70 c, temperatures exceeding ∼103 K, which
is needed to thermally sublimate silicate, occur only in the very
inner region, within ∼0.1 au. This implies that most silicate in
the disk should remain solid, which is inconsistent with the
observations. Still, as an analogy of young stellar objects (e.g.,
J. Bae et al. 2014), a potential outburst of the protoplanet could
sufficiently heat the grains across large regions of the
circumplanetary disk. A lower temperature could also release
the silicon from the dust mantles; however, it is unknown
whether there is any mechanism that can selectively deplete dust
grains or enhance gas-phase silicon.

3.2.3. Transient Events

Some transient events could lead to the sublimation of dust
grains or larger bodies. For example, giant impacts can
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vaporize a substantial amount of material (e.g., S. J. Lock &
S. T. Stewart 2017), which could be consistent with the mass
fractions, as such giant bodies cannot be observed. However,
the duration of such events would be typically very short, so
the probability of observing one by chance is low, making this
scenario less likely than the others. Future observations could
test this possibility because such emission should show time
variability.

3.2.4. Circumplanetary Envelope

A circumplanetary envelope may form around a relatively
low mass planet, with a typical spatial scale set by the Hill
(or Bondi) radius. During this stage, pebble accretion, a
promising process for forming planetary cores, can operate
(e.g., M. Lambrechts & A. Johansen 2012). If the protoplanet
is relatively massive (∼1M⊕), rocky pebbles cannot reach the
core but instead sublimate within the envelope, a process
referred to as “ablation” (e.g., M. G. Brouwers et al. 2018).
This process limits direct core growth and enriches the
envelope with silicate vapor (e.g., M. G. Brouwers et al.
2018; M.-L. Steinmeyer et al. 2023; M.-L. Steinmeyer &
A. Johansen 2024). For example, M.-L. Steinmeyer &
A. Johansen (2024) found that envelopes become saturated
by SiO vapor for planet masses exceeding 0.6M⊕, although
their calculations assumed equilibrium chemistry and a
protoplanet at 1 au. We note that silicon contained in grain
mantles has not been considered in this context, and such
silicon may be released more easily into the gas phase at lower
temperatures.

In the middle panel of Figure 4, we plot the planet’s mass
assuming that the inferred emitting radius is equal to the Hill
radius: MHill = 3(R/60 au)3M�. This suggests that the emitting
radius is broadly consistent with the Hill radius of a 0.1–10M⊕
planet at r = 60 au, 0.26–1.2 au. Md, SiS (Equation (2))
corresponds to (10−6 to 10−3)χ−1 of these masses. These low
planet masses may also be consistent with the substructure-less
disk (Á. Ribas et al. 2023; C. Pinte et al. 2025), although there
is a gap in the infrared image (H. Avenhaus et al. 2018).
However, note that the masses would be lower than a typical
range to exhibit an observable gap in scattered-light images
(R. Dong & J. Fung 2017), potentially implying a different
origin of the gap, such as a shadow (Á. Ribas et al. 2023).

We estimate the pebble accretion rate at this location. The
pebble accretion rate in the two-dimensional regime can be
roughly estimated as

( )M GM H rSt , 7p g dPA
2

where Hg is the gas scale height, Σd is the dust surface density,
Mp is the planet mass, and St is the Stokes number (e.g.,
C. W. Ormel 2024). We adopt Equation (B1) for Hg and
assume St = 0.1 for simplicity. P. Curone et al. (2025)
measured the 332 GHz continuum intensity at r = 60 au
(just outside the disk edge) to be Icont ∼ 6 × 108 Jy Sr−1 using
frankenstein fitting (J. Jennings et al. 2020). Assuming a
dust opacity of κ = 3.5 cm2 g−1 (T. Birnstiel et al. 2018) and
optically thin emission, the dust surface density is estimated as

( )
( )= ×

I

B T
5 10 g cm . 8d

cont

mid

3 2

Using Equation (7), the pebble accretion rate forMp = 0.1–10M⊕
is estimated to be × ×M M4 10 to4 10 yr .PA

7 6 1

This rate implies that the dust mass of (10−5 to
10−4)χ−1M⊕ can be supplied within ∼(1–100)χ−1 yr by
pebble accretion, far shorter than not only the typical disk
lifetime but also the orbital timescale. We also note that
planetesimal accretion onto the envelope may contribute to
silicate vaporization (C. Valletta & R. Helled 2019).
The detailed mechanisms remain uncertain and are beyond

the scope of this Letter. Nevertheless, the observed SiS mass
can be explained by the pebble accretion rate and an internal
process in which only a very small fraction of the accreted dust
grains are processed and their silicon is retained in the
envelope.

3.3. Consistency with Nondetections of CO and SiO

The SiS emission might suggest potential detections of other
molecular lines. For example, CO is a well-known tracer of
molecular gas and has been observed by the exoALMA project
(R. Teague et al. 2025). However, the CO channel maps
presented by C. Pinte et al. (2025) do not show a counterpart of
the SiS emission. This is naturally explained if this emission is
being absorbed by the optically thick protoplanetary disk gas
above it, even if CO originates from the same source as SiS.
We note that this would not be the case if the two CO-emitting
layers could be clearly distinguished in channel maps (e.g.,
J. Bae et al. 2022), which is, however, not the case for the
PDS 66 disk (M. Galloway-Sprietsma et al. 2025; C. Pinte
et al. 2025).
SiO lines are another potential tracer, as they are sensitive to

regions with strong shocks or heating (e.g., A. Gusdorf et al.
2008; M. K. McClure et al. 2025). We searched the ALMA
archive for all SiO v = 0 transitions with velocity resolution
better than ∼20 km s−1 and found that project ID #
2017.1.01687.S (PI: A. Ribas) observed the SiO J = 3−2 line
(Eup = 13 K) at 130.2687 GHz. The observations were
published by Á. Ribas et al. (2023), and we refer to their paper
for the observational details. We obtained a pipeline-calibrated
dataset from the National Radio Astronomy Observatory
archive and concatenated the provided measurement sets.
After subtracting the continuum emission, we created image
cubes with velocity widths of 1.25 and 5 km s−1 using natural
weighting. No significant emission was detected, and we place
a 3σ upper limit on the integrated intensity of 3.8 mJy km s−1

based on the narrow-channel cube. Assuming the same R and T
for SiO as for SiS, the corresponding upper limit on the SiO
column density is estimated to be 1015−1018 g cm−2, resulting
in a lower limit of the SiS/SiO ratio of 5–60. The high
SiS/SiO ratio may reflect that SiS formation routes such as
Si + SH → SiS + H (V. C. Mota et al. 2021) efficiently work.
Meanwhile, in AGB stars, where both SiS and SiO are

routinely detected, the SiS/SiO ratio ranges from 0.05 to 20
(F. L. Schöier et al. 2007). Notably, carbon stars typically have
SiS/SiO > 1, while O-rich M-type stars have SiS/SiO < 1,
reflecting the influence of the photospheric C/O ratio
(I. Cherchneff 2006). Although the chemistry in AGB stars
may not directly apply to the PDS 66 system, the high SiS/SiO
ratio may suggest C/O > 1.
In protoplanetary disks, the C/O ratio is often higher than

unity (e.g., E. A. Bergin et al. 2016; A. D. Bosman et al. 2021).
Indeed, Á. Ribas et al. (2023) detected hydrocarbons in the
PDS 66 disk, suggesting an enhanced C/O, although the exact
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value is currently unclear. A likely mechanism to enhance
C/O is removal of water ice by radial drift of icy grains
(S. Krijt et al. 2020). In the context of the PDS 66 disk, the
lack of substructure suggests active radial drift (Á. Ribas et al.
2023; A. Aguayo et al. 2025), providing a consistent picture
where C/O is enhanced. More locally, the C/O ratio in a
protoplanetary envelope could be enhanced by selective
removal of water ice during pebble accretion (Y. Wang
et al. 2023), which is directly related to the mechanism
discussed in Section 3.2.4. Since the C/O ratio is a key
parameter linking planet formation and exoplanet composi-
tions (K. I. Öberg et al. 2011; N. Madhusudhan et al. 2017),
future observations and chemical modeling of the SiS source
are crucial.

4. Summary

In this Letter, we presented observations of the 28SiS and
30SiS lines in the protoplanetary disk around PDS 66. Our
main results are summarized as follows:

1. The 28SiS J = 16−15 and 30SiS J = 18−17 lines are
detected at r = 60 au in the southwestern region of the
disk. These constitute the second and first detections of
28SiS and 30SiS, respectively, in protoplanetary disks.
Both lines are spatially and spectrally colocated within
uncertainties. The source is unresolved, located at the
edge of the millimeter-continuum disk and within the
infrared gap, and its velocity is consistent with Keplerian
rotation, suggesting a connection to planet formation
processes.

2. Modeling of the line fluxes constrains the column
densities and emitting radius as a function of temper-
ature. The detection of 30SiS implies a SiS mass of
1022−1023 g. The emitting radius derived from the
optically thick main isotopologue emission is 0.5–4 au.

3. The large fraction of silicon in SiS relative to the silicon
inferred from dust grains at the same location indicates
that if the silicon originates from in situ processing of
dust, complete sublimation of dust grain cores would be
required. Alternatively, if silicon is locally accumulated
relative to dust grains, sublimation of grain mantles alone
would suffice.

4. We propose a circumplanetary envelope around a low-
mass (<10M⊕) protoplanet as a plausible explanation.
Pebble accretion may supply silicon to the envelope
through sublimation of grain cores and/or mantles. The
high SiS/SiO ratio implied by the nondetection of SiO
would be further related to an elevated C/O ratio in the
planet-forming material if the chemistry in the envelope
is similar to that of carbon stars.

The next step is to characterize the physical properties and
molecular abundances of the source with higher spatial and
spectral resolution observations. A dedicated line survey and
the ALMA wide-band sensitivity upgrade (J. Carpenter et al.
2023) will be pivotal in this endeavor.
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Appendix A
Observational Details

We describe the observations and data reduction procedures
here. The data were processed using the Common Astronomy
Software Application Modular version 6.5 (CASA; CASA
Team et al. 2022) as described below.

A.1. 28SiS J = 16−15
The 28SiS J = 16−15 line is located near the H2CO 40,4−30,3

line and was observed as part of L. Trapman et al. (2025a;
project ID: # 2023.1.00334.S; PI: L. Trapman). We used the
data already reduced by them and summarized the main
observational parameters here. Observations were performed
between 2023 October and 2024 May in ALMA Band 7, with
baseline lengths of 15–984 m. The on-source integration time
was 34 minutes, and the velocity resolution was 1.2 km s−1.
Pipeline calibration and self-calibration were performed
following R. A. Loomis et al. (2025). The continuum was
subtracted in the visibility plane. We produced image cubes
using the CLEAN algorithm with a pixel size of 0 .02 and two
channel widths, Δv = 1.25 and 5.0 km s−1, hereafter referred
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to as narrow- and wide-channel cubes, respectively. The
motivation for creating the wide-channel cube is to properly
perform CLEAN by improving the S/N per channel for a more
accurate flux estimate. Natural weighting, the Hogbom
deconvolver, and a CLEAN threshold of 3σ (rms measured
in line-free channels) were used. We did not apply a specific
CLEAN mask but allowed the algorithm to construct CLEAN
components for any signal above the threshold. The resultant
beam size and rms for the narrow-channel cube were 0 .5 and
1.1 mJy beam−1, respectively (Table 1). The rms for the wide-
channel cube was 0.85 mJy beam−1.

A.2. 30SiS J = 18−17
The 30SiS J = 18−17 line was observed in ALMA Cycle 11

under project ID # 2023.1.00525.S (PI: T. Yoshida) in 2024
May, close in time to the second 28SiS J = 16−15 execution.
Baselines ranged from 15 to 741 m, with an on-source
integration time of 48 minutes. The line was included in a
spectral window primarily targeting the continuum, with a
velocity resolution of ∼0.9 km s−1. Pipeline calibration
included automatic self-calibration using the continuum
image. Seven rounds of phase-only self-calibration were
performed, improving the peak S/N from 330 to 1700 and
producing a nearly Gaussian noise distribution. The continuum
was subtracted in the visibility plane, and visibility cubes were
generated. Image cubes were created using the same CLEAN
procedure as for 28SiS J = 16−15, but only with a velocity
channel width of Δv = 1.25 km s−1. The resulting beam size
and rms are 0 .5 and 1.7 mJy beam−1, respectively (Table 1).

A.3. Channel Maps

Channel maps of the narrow-channel cubes for both
28SiS J = 16−15 and 30SiS J = 18−17 lines are shown in
Figure 6. The star symbols indicate the position of the
central star.

A.4. Histograms of the S/N Maps

Figure 7 presents the histograms of the background pixel
values in the S/N maps (Figure 1). All pixels within a 10″
square centered on the star were included, excluding the
central 1″ radius region that contains the signal. The
histograms closely follow a Gaussian distribution and have
no heavy tail, which is sometimes seen in an image with
insufficient calibration. The detected signals are significantly
above the background distribution.

Appendix B
Caveats on Line Flux Modeling

To derive the physical quantities of SiS (Section 2.3), we
assumed that the emission originates from a homogeneous slab
and used the integrated fluxes. However, this assumption might
be inadequate if the source has complex density, temperature, or
velocity structures. Indeed, the line widths of the two
isotopologues may differ (Figure 3); the 28SiS J = 16−15 line
has a width of ∼5 km s−1, while the 30SiS J = 18−17 line is
unresolved at a velocity resolution of ∼1 km s−1, although the
current S/N of the 28SiS J = 16−15 narrow-channel cube is not
enough to conclude this. Furthermore, the peak intensity of the
30SiS J = 18−17 line is about twice that of 28SiS J = 16−15.
This inversion may indicate a complex physical structure. For
example, cold, optically thick 28SiS could obscure a hot inner
component, while 30SiS, with lower optical depth, would allow
the inner hot emission to emerge. We note that such an inverted
temperature structure has been predicted for protoplanets (e.g.,
M. G. Brouwers et al. 2018).
Another caveat is the assumption of local thermal equili-

brium. The critical density of the 28SiS J = 16−15 line is
∼7 × 107 cm−3 according to the collisional rates in the
LAMDA database (F. L. Schöier et al. 2005; J. Kłos &
F. Lique 2008). We estimated the midplane gas density at
r = 60 au based on the gas mass derived from CO and +N2H
emission (L. Trapman et al. 2025a, 2025b) and the characteristic
radius from the rotation curve analysis (C. Longarini et al.
2025), using the parametric tapered power-law profile. The gas
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surface density at r = 60 au is estimated to be Σg ∼ 5 g cm−2.
The gas scale height is given by

( )
µ

=H
k T r

m GM
3 au, B1g

p

B mid
3

gas

where kB, Tmid, μgas, mp, and G are the Boltzmann constant,
midplane temperature, mean molecular weight of the gas,
proton mass, and gravitational constant, respectively. We
adopt μgas = 2.37 and

( )
/

=T
L

r

0.02

8
17 K, B2mid 2

SB

1 4

where L� = 1.2 L⊙ (Á. Ribas et al. 2023) and σSB is the
Stefan–Boltzmann constant, assuming that stellar irradiation
sets the midplane temperature (e.g., J. Huang et al. 2018). The
resulting midplane gas density is ×n 1 10 cmH

10 3
2 , two

orders of magnitude higher than the critical density. Thus, the
lines should be thermalized if collisional and spontaneous
processes dominate the excitation.

Still, a possibility remains that the 30SiS J = 18−17 emission
is masing. The narrow line width and high peak flux could
imply a maser, though they are also consistent with thermal
broadening. 28SiS masers are observed under similarly dense
conditions around the carbon star IRC+10216 (J. P. Fonfría
Expósito et al. 2006; Y. Gong et al. 2017), where infrared
pumping due to overlapped lines between the 28SiS rovibra-
tional lines and other molecular lines such as C2H2 is a possible
mechanism. This could be relevant for PDS 66 if a strong
infrared source (e.g., a protoplanet) is present. However, the
lack of collisional rate data and high-excitation spectroscopic
data for 30SiS J = 18−17 prevents detailed modeling.

Future high-resolution observations and detailed modeling
would be valuable. Nevertheless, all the above scenarios are
consistent, to varying degrees, with the presence of a local
heating source and the sublimation of dust grains.

Appendix C
Comments on the Catalog Frequencies

We found that the 28SiS J = 16−15 and 30SiS J = 18−17 lines
exhibit slightly different line-of-sight velocities. One possibility is
that the gas velocities are intrinsically different, which could
arise from complex physical structures along the line of sight
(Appendix B).

Another possible explanation is an uncertainty in the
spectroscopic data. In Figure 8, we show the spectra assuming
the frequencies from the JPL database (H. M. Pickett
et al. 1998) instead of those from the CDMS database
(H. S. P. Müller et al. 2007). While the 28SiS J = 16−15 line
remains unchanged, the 30SiS J = 18−17 line is redshifted by
∼3 km s−1 compared to the CDMS-based spectrum (Figure 3).
Because this transition was not directly measured experimen-
tally but predicted from other transitions in the catalogs, the
spectroscopic parameters might carry some uncertainty. To test
this, we refer to a spectral survey of the carbon star IRC+10216
by N. A. Patel et al. (2011), in which seven 30SiS transitions,
including 30SiS J = 18−17, between 294–350 GHz were
detected with the Submillimeter Array. They measured the line
frequencies and compared them to the CDMS database. Among
these lines, 30SiS J = 18−17 shows the largest blueshift,
∼1 MHz (or ∼1 km s−1), from the mean value, although the

scatter is considerable. This supports the possibility that the
CDMS frequency for 30SiS J = 18−17 might be slightly
overestimated. Future laboratory measurements are required to
confirm this.
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