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Abstract

Detecting planet signatures in protoplanetary disks is fundamental to understanding how and where planets form.
In this work, we report dust and gas observational hints of planet formation in the disk around 2MASS J16120668-
301027, as part of the Atacama Large Millimeter/submillimeter Array (ALMA) Large Program “AGE-PRO:
ALMA survey of Gas Evolution in Protoplanetary disks.” The disk was imaged with the ALMA at Band 6
(1.3 mm) in dust continuum emission and four molecular lines: 12CO(J =2-1), 13CO(J =2-1), C180(J =2-1),
and H,CO(J =3(3022.0)- Resolved observations of the dust continuum emission (angular resolution of
~150 mas, 20 au) show a ring-like structure with a peak at 0”57 (75 au), a deep gap with a minimum at 0”24
(31 au), an inner disk, a bridge connecting the inner disk and the outer ring, along with a spiral arm structure, and a
tentative detection (to 30) of a compact emission at the center of the disk gap, with an estimated dust mass of ~2.7
—12.9 Lunar masses. We also detected a kinematic kink (not coincident with any dust substructure) through
several '2CO channel maps (angular resolution ~200 mas, 30 au), located at a radius of ~0”875 (115.6 au). After
modeling the '2CO velocity rotation around the protostar, we identified a purple tentative rotating-like structure at
the kink location with a geometry similar to that of the disk. We discuss potential explanations for the dust and gas
substructures observed in the disk and their potential connection to signatures of planet formation.

Unified Astronomy Thesaurus concepts: Circumstellar dust (236); Millimeter astronomy (1061); Planet formation
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(1241); Protoplanetary disks (1300); Radio interferometry (1346); Submillimeter astronomy (1647)

1. Introduction

Planet formation takes place in protoplanetary disks
(J. P. Williams & L. A. Cieza 2011). Dust grains in disks
(inherited from the original molecular cloud with sizes <1 pm)
collide, aggregate, and eventually form the cores of planets like
Earth (thousands of kilometers in size; T. Birnstiel 2024). The
process of how dust grains can grow more than 12 orders of
magnitude in size in less than a few million years remains a
topic of debate.

The different stages of planetary growth are not fully
understood (J. Drazkowska et al. 2023), making observational

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

evidence crucial to discern when and where planet formation
takes place in protoplanetary disks. The meter-sized barrier and
the expected fast radial drift of solids (P. Goldreich &
W. R. Ward 1973; S. J. Weidenschilling 1977) are, to date,
still one of the most challenging problems to understand in
planet formation theory.

Observed dust continuum morphologies such as rings, gaps,
vortices, or spirals at millimeter wavelengths (e.g., S. M. Andr-
ews 2020) have been interpreted as indirect evidence of early
planet formation around Class II disks,'® although other
processes can also explain these features (e.g., J. Bae et al.
2023). Annular structures have also been found at millimeter

18 This classification pertains to young stellar objects categorized based on the
shape of their spectral energy distribution at infrared wavelengths. Specifically,
Class II disks are characterized by a spectral index between 2 and 20 ym
ranging from —1.5 < aqg <0 (C. J. Lada 1987).
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observations in the young disks around IRS 63 (an embedded
Class I disk, D. M. Segura-Cox et al. 2020), HL Tau (a disk
evolving from spectral energy distribution Class I to Class II,
ALMA Partnership 2015), and in some of the Class I disks in
the eDisks Atacama Large Millimeter/submillimeter Array
(ALMA) Large Program (N. Ohashi et al. 2023). These
findings suggest that planets could form, even at tens of au
from their host stars, earlier than previously expected
(within <1 Myr).

Although the origin of the observed dust substructures has
been associated with dust traps (e.g., P. Pinilla et al. 2012b;
T. Birnstiel et al. 2012) in several disks, it remains a subject of
ongoing debate. Various physical mechanisms, including
planet—disk interactions (e.g., G. Dipierro & G. Laibe 2017),
dead zones (e.g., Z. Regaly et al. 2012; M. Flock et al. 2015;
M. Garate et al. 2021), traffic jams (e.g., S. Okuzumi et al.
2016), snowlines (e.g., K. Zhang et al. 2015), and photo-
evaporation (R. Alexander et al. 2014; M. Gdrate et al. 2023),
have been also proposed to explain the ring structures observed
in protoplanetary disks (e.g., F. Long et al. 2018; S. M. Andr-
ews et al. 2018).

Indirect evidence of planet formation has also been found
from observations of molecular lines at high-angular and
spectral resolution. Protoplanetary disks rotate around the
central star following a sub-Keplerian speed unless perturbed
by embedded planets or external dynamical interactions. The
perturbation of CO kinematics in the disks around HD 163296
(C. Pinte et al. 2018a; R. Teague et al. 2018), HD 100546
(S. Casassus & S. Pérez 2019), HD 97048 (C. Pinte et al.
2019), and around eight of the DSHARP disks (C. Pinte et al.
2020), has been interpreted as observational signatures from
embedded planets in these disks. In all cases, the observed
structures in channel maps and velocity moments align with
predictions of kinematic signatures resulting from perturbing
planets (e.g., S. Perez et al. 2015, 2018; A. F. Izquierdo et al.
2021).

To date, the disk around PDS 70 (A. Isella et al. 2019;
M. Benisty et al. 2021) is the best laboratory system to study
planet—disk interactions. It stands out as the only system where
confirmed direct evidence of protoplanets has been found.
Recent observational evidence from circumplanetary disks
(CPDs) has emerged through high-angular-resolution and
sensitive observations of this system (M. Keppler et al. 2018;
A. Isella et al. 2019; S. Y. Haffert et al. 2019; M. Benisty et al.
2021). These observations revealed compact dust continuum
emission around PDS 70c, located within a deep gap at 34 au
from the disk center.

A CPD/protoplanet candidate has also been proposed using
molecular line emission at ALMA wavelengths in the disk
around AS 209 and Elias 2-24 (J. Bae et al. 2022; C. Pinte
et al. 2023; M. Galloway-Sprietsma et al. 2023), and using the
Subaru Telescope and Hubble Space Telescope in AB Aur
(T. Currie et al. 2022). The ages of PDS 70, AS 209, Elias
2-24, and AB Aur are estimated to be only a few Myr,
suggesting that massive planets have already formed in some
disks (at least) at the Class II stage. Additional observational
evidence of planets embedded on protoplanetary disks is
needed to understand how and when planet formation starts,
and how the expected fast radial migration of solids can be
prevented.

In this paper, we unveil hints of planet formation signatures
in the large-cavity disk around 2MASS J16120668-3010270
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(J16120 hereafter). The disk was observed with ALMA at Band
6, as part of the ALMA Large Program “AGE-PRO: ALMA
survey of Gas Evolution in Protoplanetary disks” (K. Zhang
et al. 2024, in preparation). The observations encompass dust
continuum emission and four detected molecular lines: '*CO
(=2-1), "CO (=2-1), C'®O (J=2-1), and H,CO
(J=303—20,2)-

J16120 is an MO star with an estimated age between 5 and
10 Myr, a luminosity of 0.25 L., a radius of 1.2R., a mass
accretion rate of 4 x 10~ ' M yr~', (M. Fang et al. 2023), and
a mass of 0.7M, (this work). This star is localized in the Upper
Scorpius star-forming region, at a distance of 132.1 pc (Gaia
Collaboration 2023). It is situated far from most of the O and B
stars in the Upper Scorpius star-forming region, distinguishing
it as the disk with the lowest external far-ultraviolet irradiation
field among the AGE-PRO sample in Upper Scorpius (R.
Anania et al. 2024, in preparation). The morphology of the disk
around J16120 has not been studied to date, even though it was
detected and classified as a protoplanetary disk, encompassing
evolved, transitional, and full disks by M. Fang et al. (2023).

This paper follows the structure outlined below: Section 2
provides a summary of the ALMA Band 6 dust continuum
observations and the detected molecular lines. Our analysis of
the dust continuum visibilities and the disk morphology is
detailed in Section 3.2. Sections 3.3 and 3.4 focus on the study
of molecular line kinematics and moment maps. The discussion
of results and observed disk substructures is found in Section 4,
followed by the paper’s summary and conclusions in Section 5.

2. Observations

The ALMA Band 6 data in this work was obtained as part of
the ALMA Large Program “AGE-PRO: ALMA survey of Gas
Evolution in Protoplanetary disks” (ALMA Project ID:
2021.1.00128.L), during March and July 2022. The observa-
tions of J16120 consist of three short baseline (SB) executions
and five long baseline (LB) executions. The execution block
UIDs uid://a002/xf6d51d/x931e were not included in the
final data set due to semipassed quality insurance. Each
correlator setup consists of six spectral windows: one for
continuum observations with a velocity resolution of
1.4km s_l, and five for molecular line emission, with a
velocity resolution of 0.09 kms™'. The SB and LB executions
were self-calibrated using CASA version 6.4.3.27. Continuum-
only data sets were obtained by flagging the molecular line
emission in each spectral window and averaging to a maximum
125 MHz channel width. For astrometric alignment, we created
low angular resolution continuum images of each data set and
fit a 2D Gaussian to identify the disk center of each execution.
Then, we align them to a common phase center (J2000
16"12™M065664505 —30410™27:61789).

Self-calibration was first performed using the SB data only.
Before concatenating the short baselines, we checked for flux-
scale alignment using the deprojected visibilities of each SB
execution, and all of them have a similar total flux. During the first
self-calibration step, all the spectral windows and scans were
combined to improve the signal-to-noise ratio (SNR) using
combine = “spws, scans” within the gaincal task, and the
initial solution time interval was setto solint =“inf”. We use
the task applymode = “calonly” to calibrate data only and
do not apply flags from solutions. The SNR improved by 47%
after the initial self-calibration step. No further self-calibrations
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Table 1
Image Parameters

Data Robust Beam rms® Vel Resolution
(mas x mas; deg) (mJy beam ™) (km s~

Continuum 0.0 171 x 142; 71.9 0.021

2co y=2-1 0.0 217 x 188; 71.2 251 0.1

Bco y=2-1 0.5 297 x 241; 62.8 1.22 0.2

co (J=2-1) 1.0 407 x 324; 66.1 0.56 0.2

H,CO (J = 393—202) 1.0 347 x 319; 78.4 0.14 1.6

Note.
# For line maps, this is the rms per channel.

were applied to the SB data sets because the SNR did not
significantly increase for smaller solution time intervals.

Before concatenating the self-calibrated SB data with the LB
executions, we double-checked for flux-scale alignment and
found that the total flux in LB executions was 14% higher than
that in the self-calibrated SB. The SB executions were observed
closer in time to the amplitude measurements of the flux
calibrator from the ALMA calibrator monitoring.'® Therefore,
the LB visibilities were rescaled to match the SB flux.

After concatenating the self-calibrated SB and the rescaled
LB data sets, we self-calibrated the data following the same
strategies and parameters previously described. We did not
apply amplitude self-calibration since we did not observe
significant SNR improvement in this case. To obtain the
molecular line data sets, we apply the astrometric alignments,
flux-scale alignment, and resulting calibration tables to the
original data sets that had no spectral averaging. Then, we used
the task uvcontsub to extract the continuum emission from
the data set, and finally we split out frequency ranges
corresponding to the different molecular lines. Full compre-
hensive details regarding the observational setup and self-
calibration process for all the disks in the Upper Scorpius star-
forming region will be provided in C. Agurto-Gangas et al.
2024, in preparation.

In order to study the small gas and dust substructures in the
disk around J16120, we prioritize increasing the angular
resolution of the dust continuum and detected molecular lines
observations ('>CO (J = 2-1), 3CO (J =2-1), C'*0 (J = 2-1),
and H,CO (J=3(3—20,2)). Therefore, in this study, we
reimage the data by adopting a smaller Briggs robust
parameter, aiming for higher resolution compared to C.
Agurto-Gangas et al. 2024, in preparation, where all the disk
observations in Upper Scorpius were imaged at the same
angular resolution (~0”27) for comparison. The choice of the
Briggs robust parameter for each molecular line map is
optimized to strike a balance between angular resolution and
SNR. In particular, we choose a robust of 0.0, 0.5, 1.0, and 1.0
for imaging the '*CO, '*CO, C'0, and H,CO molecular
emission, respectively, and 0.0 for the dust continuum map.

We use the tclean task in CASA, with a multiscale
algorithm corresponding to point sources and scales of half,
one, two, and three times the beam's full width at half-
maximum. We adopted a clean threshold of 1o and 4¢ for the
dust continuum and molecular lines, respectively. The 4o
criteria were chosen following the same imaging strategies in
the MAPS ALMA Large Program (I. Czekala et al. 2021;
K. 1. Oberg et al. 2021). In addition, we applied the JvM

' https:/ /almascience.eso.org /sc/

correction to the molecular emission maps (S. Jorsater &
G. A. van Moorsel 1995; 1. Czekala et al. 2021), which corrects
the units of the residual maps from Jansky per dirty beam to
Jansky per CLEAN beam. We obtain a residual correcting
factor of € =0.71, 0.47, 0.33, and 0.31 for '*C0O,"*CO, C'®0,
and H,CO respectively. Table 1 shows the final imaging
properties for each molecular line and dust continuum
emission. We double-check that the observed disk substruc-
tures in the following sections are not dependent on the
inclusion of the JvM correction (Appendix A). In addition, we
also computed all the results involving molecular line emission
in Sections 3.3-3.4 without including the JvM correction, and
we confirm that the final results do not depend on this
correction. The standardized flux measurements for each
molecular line for the entire Upper Scorpius region in AGE-
PRO (including J16120) will be presented in C. Agurto-Gangas
et al. 2024, in preparation.

3. Results
3.1. Continuum and Molecular Moment Maps

The continuum and molecular emission maps of J16120 are
shown in Figure 1. The top panels show the dust continuum
emission map and radial profile. The second, third and fourth
row show the moment 0 maps (integrated intensity over the
spectral line), peak intensity maps, and moment | maps
(integrated intensity-weighted velocity over the spectral line),
respectively, of four detected lines: 2co J=2-1), Bco
(J=2-1), C'*0 (J=2-1), and H,CO (J =303~ 2(02))> from
left to right. The deprojected radial profiles are shown in the
right panels of each row (the disk inclination and position angle
are computed in Section 3.2). The bottom right panel shows the
velocity in a 5° slice around the disk’s major axis.

The moment maps were computed using the BETTERMO-
MENTS tools described in R. Teague & D. Foreman-Mackey
(2018) and R. Teague et al. (2019). We include a Keplerian
mask using the disk geometry (computed from the visibilities;
see Section 3.2 for details), a systemic velocity of 4.52kms ™",
a central mass of 0.72 M., an emitting surface given by z(r)
=0"17 x (r/1")?, and 2 beam smearing. The data are clipped
using a threshold of 1o and 30 for the moment 0 and moment
1 maps, respectively.

The disk shows a ring structure in the dust continuum and
13CO, ClgO, and H,CO moment 0 maps. The 12C0O also shows
a ring structure, but it overlaps with the emission from the inner
disk. The radial extent of the dust continuum emission is
smaller than that of the molecular emission, similar to most of
the known resolved protoplanetary disks (e.g., S. M. Andrews
et al. 2012; M. Ansdell et al. 2018; C. J. Law et al. 2021a;
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Figure 1. Continuum and molecular emission of the disk around J16120. First row: dust continuum map (left) and dust continuum radial profile (right). Second row
from left to right: 2o Uy =2-1), ’CO (J=2-1), C"®0O (J =2—1), and H,CO (J = 30.3—2(0,2)) moment 0 maps and azimuthally average radial profiles. Third
row: peak intensity maps for the molecular lines in the above panels in addition to the continuum radial profile. Fourth row: moment 1 maps for the molecular lines in
the above panels and velocity along the disk major axis. The beam is shown as a dashed ellipse in the bottom-left corner of each panel, and in the bottom-left corner of
the moment 0 map radial profile panel. Dust continuum isocontour at 3¢ is shown in all panels.

F. Long et al. 2022), and as expected from dust evolution
models (e.g., L. Trapman et al. 2019; T. Birnstiel 2024).

We double-checked that all our imaging strategies are not
creating artificial moment O structures. The nonaxisymmetric
structures in the moment 0 maps of '*CO and C'®0 are below
50, except for the bright emission in the northeast of CISO,
where the excess emission is ~60, and could be tracing a
higher temperature or gas density. This bright emission is also
observed in the peak intensity maps of the three CO
isotopologues, although they are slightly spatially shifted,
likely due to differences in emission heights or spatial smearing
effects caused by differences in the angular resolution. In all
cases, the emission in this region is 250 when the averaged
azimuthal intensity is subtracted.

On the other side, the velocity resolution of the H,CO data
set (Table 1) only allows us to detect this molecule in three
independent channels. Therefore, its moment O map looks like
a hexagon (two surfaces per channel).

We model the visibilities of the dust continuum emission,
and we study its azimuthal asymmetries in Section 3.2. The
moment 1 maps, which exhibit a rotation around the central
protostar, are employed in Sections 3.3 and 3.4 to constrain the
stellar mass, the 2C0 emission surface, and the gas kinematics.

3.2. Dust Continuum Emission Morphology

We model the visibilities of the dust continuum emission of
J16120%° with FRANKENSTEIN (J. Jennings et al. 2020), a
PYTHON library that fits the visibilities using a nonparametric
radial brightness profile, assuming azimuthal symmetry. The
interferometric visibilities are extracted from the self-calibrated
measurement sets using a modified version of the export_uv-
table function in M. Tazzari (2017). In our version, the uv-
distances are normalized using the wavelength of each channel
and spectral window instead of the average wavelength of the
whole data set. Beyond the emission of the dust continuum
disk, a very faint additional source is detected (see a larger
continuum map in Appendix A) at a projected distance of
~4"5 (~600 au at the J16120 distance) away from the disk
center. While we mask and subtract the visibilities of the
additional source, its presence has negligible effects on the final
visibility modeling due to its considerable faintness and the
substantial distance from the disk.

The disk offset (AR.A., Adecl.) with respect to the phase
center is computed by minimizing the imaginary part of the

20 The visibility analysis of the 30 protoplanetary disks in the AGE-PRO
ALMA Large Program is addressed in M. Vioque et al. 2024, in preparation.
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Figure 2. Dust continuum modeling of the disk around J16120. Top-left panel: observed binned visibilities (blue and orange dots, at a bin size of 10> and 10*),
respectively), and visibility model (black curve) of the dust continuum data. Top-right panel: Deprojected continuum radial profile from the image plane (blue curve)
and from the visibility fit nonconvolved model (orange curve). The arrow marks the radial position of the compact emission. Bottom-left panel: CLEAN image of the
dust continuum data. Bottom middle panel: CLEAN image of the visibility model. Bottom right panel: CLEAN image of the visibility residuals. The isocontour in the

bottom panels is at a 3¢ level.

visibilities (e.g., A. Isella et al. 2019). The disk inclination (i),
and disk position angle (PA, measured counterclockwise from
the north) are computed by minimizing the spread of the real
part of the visibilities (e.g., A. Isella et al. 2019). We used a
Markov Chain Monte Carlo method (implemented in the
PYTHON library EMCEE, D. Foreman-Mackey et al. 2013) to
explore the space parameter of the offset and geometry. The
starting point of the Markov Chain is chosen based on an initial
guess of the geometry and offset in the image plane, and
uniform priors are included for all parameters. The inferred
disk offset (relative to the phase center in Section 2)
and geometry are AR.A. = 4.63) mas, Adecl. = 6.6"]) mas,
inc = 37.0°3} deg, PA = 45.1702 deg

The FRANKENSTEIN reconstructed radial profile depends on
two hyperparameters: o, Wsmoom- 1he former mimics the SNR
threshold where the data are not taken into account when fitting
the visibilities, and the latter controls the smoothness of the fit
to the power spectrum (see full details in J. Jennings et al. 2020
and J. Jennings et al. 2021). We tested a grid of hyperpara-
meters within 1.05<a<1.3 and 10™* < wanoom < 107,
recommended by J. Jennings et al. (2020), and found no
important differences in the reconstructed brightness radial
profile. Therefore, we fix them to o = 1.05 and wgoom = 1074,

The top-left panel in Figure 2 shows the real part of the
observed visibilities (binned at 10°)\ and 10*)) as a function of
baseline, and the visibility model obtained with FRANKEN-
STEIN. The model is a good representation of the observed
visibilities, and it is able to find a visibility substructure at long

baselines (2106)\). The top-right panel shows the deconvolved
brightness temperature from the visibility fit (orange line), and
the azimuthally averaged brightness temperature computed
from the CLEAN image of the data (blue line). Both profiles
show a ring structure with a peak position at 0”57 (75 au), and
an inner disk. Note that the width of the main ring obtained
with FRANKENSTEIN is narrower than that from CLEAN. This
difference occurs because the radial profile obtained with the
former is deconvolved, while the latter is limited by the angular
resolution in the image plane.

The gray arrow marks the deprojected radial distance of a
compact dust continuum emission, which can be seen in the
dust continuum map in the bottom-left panel. It lies between
the disk ring and the inner disk, at a projected radius of 0”20
(26.4 au) and deprojected radius of 0”23 (30.4 au), and at an
azimuthal position (with respect to the northeast major axis) of
~126 deg, in the deepest region of the disk gap. In addition,
there is a tentative emission bridge connecting the western part
of the inner disk and the ring. We discuss the possible origins
of these substructures in Sections 4.1-4.2.

Note that the inclination and position angle of the inner disk
look different compared with that of the main ring (bottom-left
panel of Figure 2). However, due to the low SNR in the inner
disk, the geometry from this region is poorly constrained, and
we assume the same geometry in all the disks.

The clean image of the disk model is shown in the bottom
middle panel of Figure 2. The model is computed using the
deconvolved radial profile from FRANKENSTEIN and sampling
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Figure 3. Spiral arm structure inferred from the disk azimuthal asymmetries. Left panel: zoom into the residual map in Figure 2. Black markers are the position of the
spiral arm structure, the green solid line is the best-fit spiral model, and its extrapolation is shown as a green dashed line. The purple lines around the red knots are 30
isocontours. The blue lines at 0° and 90° are the disk's major and minor axis, respectively. Right panel: azimuthal position and deprojected radius of the spiral arm
structure (black markers), and best-fit model (green solid line). The thin turquoise solid lines represent 1000 random chains from the posterior distribution.

its visibilities at the same observational uv-coverage. This
model is a good representation of the axisymmetric morph-
ology of the dust continuum map. The azimuthal asymmetries
of the data with respect to the axisymmetric model are shown
in the bottom right panel (the residuals were computed in the
visibility space, and then the visibility residuals were imaged
with the same parameter as the original image). Note that the
residual map shows negative values (in blue) in the southwest
of the ring, where the ring is faint compared with the average
azimuthal intensity. There are also positive residuals (in red) at
the position of the compact emission, the bridge, and within the
ring. The latter follows a spiral arm structure, as shown in
Figure 3.

The residual map can be affected by errors in the disk
geometry or the offset of the disk center with respect to the
phase center (S. M. Andrews et al. 2021). We explored these
effects in Appendix B.1, where we show that the offset can
significantly modify the spiral arm structure, while the disk
geometry has a lower impact on the residuals. However, our
offset and geometry estimations minimize the residual
structures. We also show that the residual structures can be
observed directly in the clean image of the data (model
independent) when the color bar is adjusted to highlight the
bright emission of the disk, confirming the azimuthal
asymmetries in the residual map. On the other hand, the
residuals corresponding to the compact emission and the bridge
are always observed, independent of the geometry and offset
constraints within our error bars.

We analyze the spiral arm structure by using the deprojected
radius and azimuthal position as references (with respect to the
disk major axis in the northeast), as marked in the left panel of
Figure 3. These coordinates correspond to the brightest pixel
within each red knot. The deprojected coordinates are then
fitted using the logarithmic spiral arm prescription outlined in
L. M. Pérez et al. (2016),

r(0) = Roexp(bt), ey

where Ry is the radius at the azimuthal position § = 0, and b is the
rate at which the spiral increases their distance from the origin. We
found R, =074240"01, b= (244+0.2)x 10> deg”". The

right panel in Figure 3 shows the best fit (green dashed line) to
the spiral arm structure and 1000 random chains from the
posterior distribution. The best fit is extrapolated (green solid line)
and plotted in the left panel. The extrapolated curve matches the
position of the compact emission and the bridge. The only
remaining red residual is located at the north of the disk. The
extrapolation of the spiral arm does not match the position of this
knot, and its origin is not clear. Possible explanations of the origin
of the dust continuum substructures are discussed in Section 4.

3.3. 2CO Kinematic Properties

The observed 'CO channels of J16120 reveal interesting
kinematic signatures. Figure 4 shows selected 'CO channel
maps where a perturbation is observed in the south of the disk,
beyond the dust continuum ring (similar to AS 209, J. Bae et al.
2022), and at a deprojected radius of ~0785 (112 au). This
kind of kinematic perturbation, as discussed in Section 1, is
expected from the dynamical interaction between the disk and
an embedded planet. Additional '*CO channels can be seen in
Appendix A.

The emission from CO usually does not trace the disk
midplane (e.g., A. Dutrey et al. 2017; C. J. Law et al. 2021b;
T. Paneque-Carrefio et al. 2023), but rather an emission surface,
which is usually parameterized as

P Gtaper
2 = m(%) exp| —| = : )
1 Ttaper

where zq is the emission surface at a reference radius, r is the
deprojected radius, 7iper is the taper radius, and the exponent
power laws 1), guper modulates the slope of the emission
surface in the inner and outer disk, respectively.

The free parameters of the emission surface (Equation (2))
can be estimated by extracting the coordinates of the emission
surface from selected channels and fitting the extracted data
(e.g., C. Pinte et al. 2018b; C. J. Law et al. 2021b), or using the
velocity field map of the disk and fitting a Keplerian model
(e.g., R. Teague et al. 2021a). We use both methodologies and
compare the results.
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Figure 4. Selected '2CO channel maps of J16120. The white isocontour is taken from the dust continuum emission in Figure 2. The synthesized beam and the channel
velocity are shown in the bottom-left and top-right corners of each panel, respectively. The color bar is not linear but slightly adjusted to highlight the kink emission.

In the former, we use the Python package DISKSURF
(C. Pinte et al. 2018b; R. Teague et al. 2021b) to extract the
surface in different channels. We masked all the surface
measurements that had negative values or had unrealistic aspect
ratio z/r > 1. The unmasked surface measurements are fitted
using the height parameterization (Equation (2)). The extracted
surface in different channels and the emission surface
parameterization are shown in Figure 5. Note that the emission
height goes to 0 at r ~ 0”4, which is the radius where the dust
continuum emission shows a clear gap (Figure 2).

We also fit the '2CO emission surface from the velocity field
map using the Python package EDDY (R. Teague 2019). In this
modeling, the velocity map is fitted using a Keplerian velocity,
taking into account the height above the midplane (z) as:
Vkep = \/GM*rz/(r2 + z%)3/2. The velocity map is computed
using the quadratic methodology described in R. Teague &
D. Foreman-Mackey (2018), which is part of the BETTERMO-
MENTS tools. This velocity map has been proven to be a robust
method for measuring centroids of spectral lines (R. Teague &
D. Foreman-Mackey 2018). However, we also computed
velocity maps using additional methodologies (including
moment 1 maps), and similar constraints to the emission
surface were found (see Appendix C.2).

We use EDDY (R. Teague 2019) to explore the posterior
probability distribution of the stellar parameters and emission
surface. The disk inclination and position angle are fixed using
the dust continuum constraints computed in Section 3.2. We fit
the emission within a deprojected radius of 0733 (1.5 times the
beam major axis) and 1”4 (where the SNR < 3). The emission
surface is also parameterized using Equation (2).

The offset of the disk center (éxg, 8yg), the mass of the
central star (M,.), and the disk systemic velocity (v, are also
free parameters of the fit. A summary of the best-fit parameters
computed from the velocity map is given in Table 2, and the
corner plots of the posterior distribution of each free parameter
are shown in Appendix C.1. The parametric emission surface
computed from the velocity map with EDDY is also shown in
Figure 5.

Both parameterizations (selected channels with DISKSURF,
and velocity map with EDDY) show consistency within the
error bars of surface measurements (represented by the binned
data). Disagreement between them only occurs beyond
approximately ~1”, where the SNR decreases.

Data
0.201 —— Best Fit (eddy)
Best Fit (disksurf)
¢ Binned Data 1
__0.151
5]
: I
=
£ 0.10 1
=
5]
=
0.05 1
0.00 A

04 05 06 07 08 09 10 LI
Deprojected Radius [arcsec]

Figure 5. Emission surface extracted from the CO channel maps (gray dots),
and binned surface (blue diamonds). The error bars are computed from the 16th
and 84th percentiles. The surface parameterization from the velocity map and
selected channel maps is shown as a red and yellow line, respectively. The
emission surface measurements beyond 1”1 have a large scatter due to
low SNR.

Figure 6 shows the '2CO velocity map (left panel), the best-
fit model using the emission surface parameterization from the
velocity map (middle panel), and the velocity residuals (right
panel). Appendix C.1 shows the velocity best-fit model and
velocity residuals when the surface emission parameterization
is fixed to that obtained from '>CO channel maps with
DISKSURF. There are no important differences between the two
models.

Upon inspecting the velocity residuals in Figure 6, we
highlight a residual structure within the green circle, close to
the position where the kinematic signature is observed in the
channel maps (Figure 4). There are negative and positive
residuals in the northwest and southeast of this structure,
respectively, with a smooth transition between them. The
inclination and position angle are similar to that of the dust
continuum emission. This structure is similar to the expected
rotation of circumplanetary disks (e.g., S. Perez et al. 2015;
A. F. Izquierdo et al. 2021). The possible origins of the kink
and velocity residuals are discussed in Section 4.3.

We also use EDDY and the '2CO channel maps to compute
the deprojected velocity along the disk radius (v,), azimuth (v,),
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Figure 6. '>CO velocity modeling of the disk around J16120. Left: observed velocity structure in '*CO. Middle: best-fit Keplerian model. Emission contours
corresponding to 4c, 85, and 120 of the 4.2 km s~ ' channel map (Figure 4) are included as a spatial reference. Right: velocity residuals. The green circle highlights a

velocity structure at the position of the kinematic perturbation shown in Figure 4.

Table 2
Best-fit Parameters Computed from Different Molecular Line Emission

DISKSURF EDDY
Parameter 2co 2co Bco c'®o H,CO
6xo [mas] -35.0° -35.0419 —1.7%02 —67.840¢ —22.4791
6yo [mas] —1.0° ~1.0419 —9.6%02 0.415¢ —26.8791
Mya [M.)] 0.70* 0.70731 0.66701 077531 0.75%31
V@ [km s 45" 4.5501 45591 45504 4.5591
2o [arcsec] 0.58*9% 0.17:59!
) 3.979% 20191
Faper [arcsec] 0. 86*0 x 13492
qtaper 261>I 3 83j8§

Notes. The emission surface is only fitted for '2CO. Error bars are computed from the 1¢ posterior corner plots. However, a more realistic velocity uncertainty is given

by the spectral resolution and angular resolution for each molecule in Table 1.

# Fixed parameters during the fitting.

and vertical disk axis (v,). We used the disk geometry, offset,
systemic Ve1001ty, and emission surface prev1ously computed
to fit the '2CO velocity field. The top panels in Figure 7 show
the three velocity components as a function of radius. The
azimuthal velocity (v4, solid blue line) decreases with radius,
and it is similar to the Keplerian velocity model in the midplane
(solid orange line), which is computed using the stellar mass
estimated from the '?CO emission line (see Table 2). The
embedded plot zooms in on the Keplerian profile and azimuthal
velocity around the dust continuum ring, where the difference
between both profiles is on the order of the azimuthal velocity
error bars. The radial velocity oscillates around zero, and there
is not a clear tendency due to the large error bars. The vertical
velocity also has large error bars, especially at <0”6. However,
v, tends to be positive (upward) between ~0”75 and 1”0.
Beyond this range (where the disk surface decays with radius),
v, is negative (downward), and the '*CO is presumably moving
toward the midplane. Given the large error bars and inferred
subsonic velocities (c;~0.3kms ! for a gas with a

temperature of 20 K), it is difficult to identify the radial and
vertical velocities as a robust signal of coherent motion.

The bottom-left panel shows the normalized deviation of the
azimuthal velocity with respect to the Keplerian velocity in the
midplane, given by vy/Vkep = (Vg — Viep)/Viep- We plot the
area below %(cs /vkep)z, where ¢, is the sound speed computed
from a passively irradiated disk and a 0.25L, star (M. Fang
et al. 2023). This term represents the expected azimuthal
velocity deviation (with respect to the Keplerian rotation) for a
disk with no pressure bumps, but a smooth and monotonically
decreasing pressure gradient (created by a smooth temperature
and gas density radial profiles, responsible for dust radial drift),
and can be used to investigate the effect of azimuthal deviations
as pressure maxima, as discussed in Section 4.1. Note that the
azimuthal disk velocity tends to be super-Keplerian in the
region around the dust continuum ring (v, > 0). However, due
to the large error bars, it remains consistent with a Keplerian
model.
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Figure 7. Gas kinematics inferred from the '>CO channel maps in the disk around J16120. Solid blue lines in the top panels show the azimuthal, radial, and vertical
velocity (from left to right) as a function of radius. Error bars are 1o uncertainties, and the vertical bar in the middle and right panel shows the spectral resolution of the
data. The orange line in the top-left panel is the Keplerian model in the midplane. The embedded plot in the top-left panel zooms in on the radial profiles around the
dust ring. Bottom left: normalized deviation of the azimuthal velocity with respect to the Keplerian model (blue line) and expected velocity deviation of an
unperturbed smooth disk (green shaded area). Bottom middle: velocity field in the radius—height plane. The blue line is the parameterized '>CO emission surface.
Bottom right: velocity field in the radius—azimuth plane. The color bar shows the deviation of the azimuthal velocity with respect to the Keplerian model. The error
bars of the velocity vectors in each direction can be seen in the radial profile panels. In all panels, the continuum radial profile is shown as a dashed gray line for

reference.

The velocity fields in the radius-height/radius—azimuth
plane are shown in the bottom middle/right panel, respec-
tively. The blue line in the former is the parameterized
emission surface with EDDY, and the gray arrows show the
deprojected radial position of the compact emission and
the kink for reference. The color bar in the right panel shows
the central value of azimuthal velocity deviation. However,
as discussed previously, the error bars are on the same order
of magnitude.

3.4. 3co, c'®0, and H,CO Kinematics

The 13CO, C180, and H,CO molecular emission are faint
compared with that of '2CO. Detecting faint emission from our
data with a good SNR requires a higher robust value (lower
resolution) compared with that used for '2CO. The synthesized
beam sizes for 13CO, CISO, and H,CO (Table 1) are a factor of
1.8, 3.2, and 2.6 larger compared with the '>CO synthesized
beam, respectively. The '*CO velocity structure was fitted over
a radial range 0”3-1"4. For the rest of the molecular lines, this
interval is only 3.6, 2.6, and 3.1 times the beam size for the
3Co, C'"0, and H,CO observations, respectively. This
somewhat limits our ability to sample this region of the disk
with precision in these tracers.

Despite this limitation, we fit the velocity field for 13CO,
CISO, and H,CO using a flat disk (no emission surface is
fitted), and we obtained a stellar mass and systemic velocity
similar to that obtained from '*CO. The best-fit parameters for
all lines are summarized in Table 2, and the velocity best-fit
models and residuals are in Appendix C.l1. No significant
residual structures are found in any of the faint molecular
transitions at this resolution and sensitivity.

4. Discussion
4.1. Possible Origins of the Dust Ring

One of the most common origins of ring structures at
millimeter wavelengths is dust traps. Dust traps mainly affect
the spatial distribution of large grains (millimeter to centimeter
sizes, P. Pinilla et al. 2012a), and thus, their signatures can be
inferred from millimeter observations. If dust grains are trapped
in the ring of J16120, the width of the observed ring should
decrease with wavelength (e.g., P. Pinilla et al. 2012b; A. Sierra
et al. 2019). The dust-trap hypothesis can also be studied by
inferring the grain size as a function of the radius around the
ring. This can be achieved by fitting the spectral energy
distribution (e.g., C. Carrasco-Gonzdlez et al. 2019; A. Sierra
et al. 2021), and looking for evidence of local maxima in the
grain sizes at the ring peak.

Dust traps originate from pressure bumps where the gas
velocity changes from sub-Keplerian to super-Keplerian
around the pressure peak. Consequently, dust traps can also
be studied using '*CO kinematics. As mentioned in
Section 3.3, the average azimuthal velocity over the dust
continuum ring tends to be super-Keplerian, as shown in the
embedded plot in the top-left panel of Figure 7. However, the
deviation of the azimuthal velocity from the Keplerian model in
this work is not significant enough to definitively confirm or
rule out any dust-trap scenario. Note that the Keplerian profile
falls within the error bars of the azimuthal velocity.
Furthermore, the magnitude of the inferred azimuthal velocity
deviation is low compared to the expected azimuthal deviation
for smooth disks with no local pressure bumps, which is of the
order of dvy ~ 3¢7 /viep (T. Takeuchi & D. N. C. Lin 2002;
G. P. Rosotti et al. 2020). This value is shown as a green
shaded area in the bottom-left panel in Figure 7. The inferred
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Figure 8. Estimated total dust mass for different disk-averaged maximum grain
size models. The horizontal dashed line shows the estimated dust mass in
L. Trapman et al. 2024, in preparation. The vertical shaded area represents the
amax constraint estimated from the spectral index for a particle size distribution
ranging from p =2.5 to 3.5.

velocity deviation around the dust continuum ring is only
marginally below the unperturbed threshold, and it is also
consistent with zero within the error bars.

The location of a pressure maximum should coincide with a
negative slope in the azimuthal velocity deviation and be
greater in absolute value than that of an unperturbed pressure
profile (G. P. Rosotti et al. 2020). For J16120, a slightly small
negative slope around the ring is inferred, but is also consistent
with zero and positive slopes within the error bars. The central
value of the slope between two consecutive radii (separated by
Ar="72.4mas) is m~ —0.15 arcsec” . Thus, the total varia-
tion induced by the tentative pressure bump is |[m|Ar~ 1%,
which is below the ~2% unperturbed value at the ring location.
Given the uncertainties, we cannot rule out or confirm a dust-
trap signature from these estimates.

Finally, errors in the estimation of the mass of the central star
(e.g., inferred from different line isotopologues, see Table 2)
influence the region where sub-Keplerian or super-Keplerian
velocities are inferred (G. P. Rosotti et al. 2020), making it
challenging to provide strong evidence for the dust-trapping
mechanism based on our '>CO observations.

On the other side, the central values of the radial velocity
show a flip between gas moving radially outward and radially
inward around the peak of the dust continuum ring (right
middle panel, Figure 7). However, given the large uncertainty
in the gas radial velocity and the low subsonic velocities (left
middle panel, Figure 7), it is difficult to know if the gas is
dragging dust grains toward the position of the dust continuum
ring by dynamical coupling, which could explain its origin.

Dust-trap signatures from both continuum and gas kine-
matics require constraints on the radial profile of the dust grain
size. Due to the lack of high-angular resolution observations at
different wavelengths, we cannot address this problem.
However, we can estimate the radially averaged grain size
using the averaged spectral index between ALMA Band 6
(226 GHz) and Band 7 (341 GHz) using the integrated flux
density constraints in this work and in J. Carpenter et al. 2024,
in preparation, where J16120 was observed at ALMA Band 7
with an angular resolution ~0”25, but only a few minutes on
source. The integrated flux density at Bands 6 and 7 is 16.6 and
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65.5 mly, respectively. Thus, the average spectral index is
o =3.3 £ 0.3, consistent with the expected spectral index for a
75 au cavity radius (P. Pinilla et al. 2014), and the estimated
spectral index between 1.3 and 1.05 mm from AGE-PRO (D.
Deng et al. 2024, in preparation; N. Kurtovic et al. 2024, in
preparation). This spectral index typically traces optically thin
emission. In this regime, the opacity spectral index (3 can be
estimated as f=a—2=1340.3. This corresponds to
maximum grain sizes of 1.6 mm and 4.0 mm for particle size
distribution n(a)da < a” ’da (number of particles with a size
between a and a + da) with p =2.5 and p = 3.5, respectively,
based on the DSHARP opacities (T. Birnstiel et al. 2018).

Constraining the average disk grain size is important because
it helps in estimating the dust opacity and thus, the dust mass.
Figure 8 shows the total dust mass for different maximum sizes
models. The total dust mass was computed using the
deconvolved radial profile shown in Figure 2, the DSHARP
opacities for spherical compact grains, and the scattering
radiative transfer solution in A. Sierra & S. Lizano (2020), and
assuming a dust temperature radial profile given by
T; = [(Ly/(@mogr?)]'/*4, where ¢=0.02 is the flaring angle
(e.g., J. Huang et al. 2018), oz is the Stefan—Boltzmann
constant, and L, = 0.25L, is the stellar luminosity (M. Fang
et al. 2023). The vertical shaded area shows the constraints on
amax from the spectral index between Band 7 and 6.

In addition, the horizontal dashed line is the total dust mass
(Mgys = 8.5 M) estimated in L. Trapman et al. 2024, in
preparation, where optically thin emission, a dust opacity of
23cm?g !, and an average disk temperature of 20K are
assumed. This dust mass is consistent with averaged grain sizes
of some hundred micrometers or some millimeters. However,
the spectral index constraints support the estimation of
millimeter grains. Future dust continuum and molecular line
observations at alternative millimeter wavelengths will be able
to test the dust-trap signatures around the J16120 ring.

4.2. Compact Dust Emission, Spiral Arm Structure, and
Bridge. Evidence of Planet Formation?

We tentatively detected a compact source in dust continuum
emission located inside the dust continuum gap. The source is
detected at 30 level at peak. The peak flux within one beam
centered at the compact source is ~63 pJy. Assuming OPtically
thin emission, a particle size distribution n(a)da < a™ - da, a
temperature of 21 K (estimated from the stellar irradiation at the
compact emission radius), and opacities x,=0.42 and
1.9 cm? g ! for 100 yum and 1 mm grain sizes (T. Birnstiel
et al. 2018), this flux corresponds to a dust mass of 12.9 and 2.7
Lunar masses for grain sizes of 100 ;sm and 1 mm, respectively.
In PDS 70c, the estimated dust mass is between 2.6 and 0.6
Lunar masses for the same assumptions (M. Benisty et al.
2021). In AS 209, the nondetection of millimeter emission at
the location of the CPD candidate (200 au) sets an upper limit
on the dust mass at 2.2 Lunar masses, contrasting with the
estimated CPD gas mass of ~30 Mg, (J. Bae et al. 2022).

We propose that the compact source detected in the gap of
J16120 is a CPD candidate. However, as pointed out by
S. M. Andrews et al. (2021), it is important to take into account
that the distribution of pixel intensities within the gap tends to
be very correlated because there are not enough independent
resolution elements sampling this area. This artificially
increases the rms in this region. In the J16120 gap, the rms is
mS,,, = 35 1Jy beam ™' (a factor of 1.6 higher than the rms in
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a large empty area), which reduces the effective SNR of the
compact source detection and makes it difficult to differentiate
between random noise or genuine emission from a CPD.

In Appendix B.2, following the procedure in S. M. Andrews
et al. (2021), we study the ability to detect a faint compact
source in the gap of J16120, which is particularly important for
high-contrast environments. The results show that the recovery
fraction of a CPD with a flux similar to that of the compact
emission is ~20%. Deeper dust continuum observations of
J16120 are needed to confirm or rule out the possibility of
compact emission as a robust continuum detection.

On the other hand, we can also speculate that the tentative
detection of a bridge connecting the ring with the inner disk
(Figure 3) is a gap-crossing stream, constantly feeding the inner
disk and fueling ongoing accretion into the star, as expected for
a gap produced by a planetary-mass object (e.g., D. J. Price
et al. 2018). Note that we do have some evidence of a gas gap
(which spatially coincides with that from the dust continuum
emission) for the optically thinner line emissions in Figure 1.

Although we show in Appendix B.1 that the spiral residuals
can be strongly affected by the uncertainties of the offset of the
disk with respect to the phase center, our offset estimations
minimize the residual structures and match with the brightest
emission structures observed in the model-independent clean
image. The extrapolation of the inferred spiral arm structure
matches the position of the compact dust emission and the
bridge connecting the inner disk with the ring (Figure 3). Thus,
it is not clear if these residuals are also part of the spiral arm
structure or if they are decoupled. Another possibility is that the
spiral arm may be launched by a planet located at the compact
emission, as has been observed in numerical simulations and
analytical studies (e.g., J. Bae & Z. Zhu 2018). To date, there is
no additional observational evidence where a spiral arm
structure is connected to a compact emission or CPD in a disk
gap.

It is also important to remark that the emission from the
positive residuals in the ring may originate from the upper
layers of the disk, where the observed emission is sensitive not
only to dust surface density but also to dust temperature
structures. For example, K. Doi & A. Kataoka (2021) showed
that the intensity of dust rings depends on the dust scale height
for inclined disks. This geometrical effect may mimic
azimuthal intensity asymmetries in the dust continuum maps.
Our interpretation is only valid if the emission mainly
originates from the disk midplane. Meanwhile, the emission
from the compact source and the bridge is presumably tracing
the midplane due to the deficit of mass in the gap. Future dust
continuum observations tracing optically thicker and thinner
wavelengths will allow us to disentangle the origin of all these
disk substructures.

4.3. A '°CO Kink. Evidence of a Circumplanetary Disk
Candidate?

The kinematic signature observed in the '>CO channel maps
of Figure 4 is similar to the kinematic perturbation expected
from embedded planets in disks (e.g., S. Perez et al. 2015;
A. F. Izquierdo et al. 2021), although disk stress profiles can
also affect the velocity disk structure (I. Rabago &
Z. Zhu 2021). Particularly, the channel at 4.3 km s ! shows a
compact source close to the disk minor axis, beyond the dust
continuum emission. This compact emission is connected to the
inner region of the disk via an arm-like structure in the channel
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map at 42kms . There are no similar kinematic structures
below 4.0kms ™" or above 4.3kms ™', as shown in Figure 10.

An interesting velocity residual structure (within the green
circle in the right panel of Figure 6) is close to the kinematic
perturbations observed in the channel maps. However, there are
residuals of the same order of magnitude outside this region,
although none of them show a similar blue—white—red structure
with approximately the same disk geometry. No similar
velocity residuals are found when the velocity map is computed
from Gaussian fits to the line spectrum (Appendix C.2),
although they are not a good representation of line morphology
close to the kink region. We can only speculate that this feature
is tracing a rotational pattern at this position.

The center of this structure is localized at a deprojected radial
position of ~875 mas (115.6 au), and at an azimuthal position
of ~130deg. The size of the convolved structure has a
diameter of Q@cyient ~ 0738 (50 au), with peak residuals of
Vpeak = £0.17 km s~ !. Note that this is not the actual size, but
an upper limit, as it is only marginally resolved. Even when
deconvolved, this diameter is larger than typical values
expected for circumplanetary disks. However, if this were a
rotating circumplanetary disk, the upper limit of the mass of the
planet candidate (estimated from a Keplerian rotation) would
be approximately Mpjanet ~ vﬁeak Textent/ G =~ 0.8 Mypicer. The
expected velocity deviations in the azimuthal profile for such a
planet range between 2% and 3% (Disk Dynamics Collabora-
tion 2020), which cannot be spectrally resolved given the
spectral resolution of our observations (Table 1).

Planet candidates have been found via gas kinematics
perturbations in several disks. The mass of the planet
candidates is approximately ~1 Mjypier in HD 163296
(R. Teague et al. 2018; A. F. Izquierdo et al. 2021) and
~2 Mypicer in HD 97048 (C. Pinte et al. 2019). Additionally,
masses of the order of a Jupiter mass have been estimated for
planet candidates in DoAr 25, Elias 2-27, GW Lup, HD
143006, HD 163296, IM Lup, Sz 129, and WaOph 6 (C. Pinte
et al. 2020). All these planet mass estimations, derived from
kinematic kinks, are higher than our upper limit estimate for
J16120. Less massive planets (S0.3Mjypier), Or those located
near the disk minor axis, may not be detectable through
kinematic perturbations, as they lack sufficient mass to
significantly influence the gas dynamics, or may be camou-
flaged by the background velocities (A. F. Izquierdo et al.
2021). In addition, not all kinks are necessarily associated with
planets but with a Doppler flip, as in the disk around HD
100546 (S. Casassus et al. 2022). Higher resolution and
sensitivity observations could help to support or discard our
speculations about the planet candidate in the observed kink of
J16120.

5. Conclusions

As part of the ALMA Large Program “AGE-PRO: ALMA
survey of Gas Evolution in Protoplanetary disks,” we present
ALMA Band 6 observations of the disk around J16120. We
image and model the dust continuum visibilities, and four
detected molecular lines: '2CO (J=2-1), *CO (J=2-1),
C"®0 (=2-1), and H,CO (J=3(3~2¢02) Both the
continuum emission and molecular lines show a large gap
and ring structure, with a peak at ~0”57 (75.3 au). We find
hints of planet formation signatures in the dust continuum and
'2CO emission, including tentative detection of a compact dust
continuum source in the disk gap, a dust continuum spiral arm,
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a bridge connection between the outer ring with the inner disk
and a kink-like perturbation in the disk kinematics located
outside of the dust ring. We summarize our findings below:

1. The resolved dust continuum observations of the J16120
disk reveal a wide ring, a large cavity, and a faint inner
disk. We also detect a compact dust continuum source
inside the large gap of the disk, at a deprojected radius of
0”24 (32 au). This compact emission is detected at a 30
level, with an estimated total dust mass between 12.9 and
2.7 Lunar masses (for grain sizes between 100 ym and
1 mm, respectively). Although we propose this compact
emission as a CPD candidate, the enhanced rms within
the gap makes it difficult to distinguish this emission
from local thermal noise.

2. The nonaxisymmetric structures in the dust continuum
emission of J16120 show an excess emission localized at
(1) the CPD candidate, (2) a bridge connecting the inner
disk and the ring, and (3) within the southwestern part of
the ring. The residuals within the ring follow a spiral arm
structure, and its inward extrapolation matches with the
spatial position of the CPD candidate and the bridge.

3. Moment 0 maps of the detected molecular lines show a
ring-like structure, localized around the radial position of
the dust continuum peak. The '*CO, C'®0, and H,CO
radial profiles show an emission cavity within the ring,
while the '*CO emission shows the presence of gas
within the cavity.

4. Peak moment maps of the detected molecular lines
(including "*CO) show a clear ring-like structure, with a
peak around the radial position of the dust continuum
ring. These maps suggest a gas gap that spatially
coincides with that observed in the dust continuum
emission. In addition, a bright emission structure is
observed in the northeast of all the CO molecular lines,
which could be tracing high temperatures of gas surface
densities.

5. The '*CO channel maps between 4.0 and 4.3kms ™'
show a kinematic perturbation toward the south of the
disk, at a deprojected radius of 0”85 (112 au). We did not
detect similar kinematic perturbations in the CO iso-
topologues and H,CO channel maps, presumably due to
their limited angular resolution and sensitivity.

6. The modeling of the '*CO velocity map around J16120
helps us to constrain a stellar mass of 0.7 M, an emission
scale height of 0717 (22.5 au) at a radius of 1” (132 au),
and a taper radius of 173 (172 au).

7. After subtracting the best velocity model from the line-of-
sight velocity map, we observed a rotating-like structure
close to the kink location, with a position angle and
inclination similar to that of the disk. Similar order of
magnitude residuals are found beyond the kink area, but
none of them show a gradient with approximately the
same disk geometry. We speculate that these residuals
could be tracing a rotating structure close to the kink
location.

8. The '>CO kinematics reveals an azimuthal velocity (vy)
that matches (within the error bars) with the expected
Keplerian velocity in the midplane. Thus, it is not clear if
the origin of the dust continuum ring is a dust trap created
by a pressure bump.
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Future infrared and millimeter observations (e.g., ALMA
Band 7, Project Code 2023.1.01100.S in progress) will help in
further understanding, confirmation, and identification of the
planet formation signatures in the disk around J16120.
Observational evidence is crucial for determining when planet
formation around low-mass stars begins and understanding the
physical properties of forming planets.
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Appendix A
Supporting Figures

Figure 9 shows the moment Omaps and two selective
channel maps where JvM correction was not applied. The ring
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Figure 9. Top panels from left to right: 12Co (J=2-1), ’CO (J =2-1), C'®0O (J = 2-1), and H,CO (J = 30.3~2(0,2)) moment 0 maps without JvM correction.
Middle panels: peak intensity maps for the same molecular lines without JvM correction. Bottom-left panel: Dust continuum emission map with a Briggs robust
parameter = 0.5 and an additional faint source detection. Contour levels are 4¢ in this panel. Bottom-right panels: '>CO emission channel maps at 4.2 and 4.3 km s~
without JvM correction. Dust continuum isocontours at 3¢ from Figure 2 are shown in all panels with molecular line data.

structure and velocity deviations in these maps are similar to
those shown in Figures 1 and 4, showing that the JvM
correction is not creating artificial disk structures. Additionally,
the bottom-left panel shows a larger map of the dust continuum
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emission, where a faint additional source is detected. Figure 10
shows an additional '*CO emission channel maps between 1.9
and 6.9kms™'. The full cube was imaged between —5.5 and
14.4kms™".
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bottom-left panels, and a horizontal line with a size of 100 au is shown in the last row and first column panel.

Appendix B
More on Dust Continuum Modeling

B.1. Effects of Geometry on the Residual Maps

Errors on the disk inclination (inc), position angle (PA), or
the offset of the disk center with respect to the phase center
(AR.A., Adecl.) can lead to artificial residual features when an
axisymmetric disk model is subtracted from the data
(S. M. Andrews et al. 2021). We study the effects of these
parameters on the dust continuum residual maps by varying the
disk geometry and offset within the error bars computed in
Section 3.2. The left side of Figure 11 shows the residual maps
for different inclination and position angles (the first three
columns on the left), and the disk center offset with respect to
the phase center (the last three columns on the right).
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The effects of varying the inclination and position angle
within twice the error bars are almost indistinguishable from
the best-fit values (central panel in green). However, the
effects of the offset on the residual maps are more significant.
Symmetric positive and negative residual structures appear
when the disk center is spatially shifted in any direction.
These artificial structures merge with the spiral residuals
inferred from the best-fit values (central panel in green). The
error bars in R.A. and decl. are 20 and 10 mas, respectively,
corresponding to a pixel size and half a pixel size of the
20 mas cell size of the clean image. Note that although the
spiral arms residuals can be strongly affected by the disk
offset, the residuals of the compact emission and the bridge
are only slightly different, confirming a robust detection of
these structures.
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Figure 11. Left: effects of geometry and offset on the residual continuum maps. The first three columns show the effects of the inclination (inc) and position angle
(PA), and the last three columns show the effect of the disk offset with respect to the phase center (AR.A., Adecl.). The central panel highlighted in green is the
residual map corresponding to the central values of geometry and offset presented in Figure 3. The isocontour in all panels is taken from Figure 2 at 3¢ level. Right:
dust continuum clean image. The color bar was adjusted to visualize the high-intensity emission. The solid lines show the disk's minor and major axis, while the solid
ellipse shows an ellipse computed from the position angle and disk inclination and centered at the disk offset. The yellow cross shows the disk center computed from
the 'CO kinematics. The white dashed lines are the 3¢ isocontours from the residual map of the central panels in the green boxes of the left figure.

Although offset effects can have important effects on the
residual maps, our best fit for the geometry and offset minimizes
the residual structures. A more sophisticated disk morphology
model could be able to explain the residuals observed in the dust
continuum map, as the eccentricity model of the circumbinary
disk around CS Cha (N. T. Kurtovic et al. 2022). The residual
maps in this work only show the deviations from axisymmetric
structures. These asymmetries can be observed directly in the
clean image data, independently of the constraints on the
geometry and offset and the subtracted model, as shown on the
right side of Figure 11. In this image, the color bar has been
adjusted to better visualize the high-intensity morphologies of the
disk. The spatial location of the dust continuum residuals
coincides with the positions of bright structures observed in
the dust continuum map, confirming the presence of these
nonaxisymmetric structures. The asymmetries are detected at
30 level ~0.06mJybeam ' in a ring with an intensity of
~0.6 mJy beam ', resulting in a contrast of ~10% in the dust
continuum map. The right figure also shows a yellow cross with
the disk center coordinates computed from the CO kinematic
model fit in Section 3.3. This center is west of the dust continuum
center, with a separation of ~40 mas (2 pixels or ~1/4 the dust
continuum beam size). The difference in decl. is negligible.

B.2. CPD Injection Tests

Imaging and detecting faint sources in high-contrast
environments is challenging, requiring the assessment of our
ability to detect them in the dust continuum data of this work.
To address this study, we first remove the emission of the
compact structure and the bridge presented in Figure 2. This is
done by isolating and computing the visibilities of the model
image (clean components) around the compact emission and
the bridge region and then subtracting them from the original
data visibilities. The visibilities of the compact emission and
the bridge are computed with GALARIO (M. Tazzari et al. 2018)
at the same observed spatial frequencies (u, v).
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input flux within the gap of J16120. The 50% recovery fraction (horizontal
dotted line) corresponds to 93 pJy (vertical dotted line).

Once the gap is free of compact sources, we follow the
procedure described in S. M. Andrews et al. (2021). We created
50 different data set models where we injected the visibilities of a
CPD with different fluxes at random coordinates within the gap.
Then, the visibilities from a Frank model are subtracted from the
data, and the residual visibilities are imaged with CASA. The peak
emission within the gap region is measured and compared with
the input flux model. If the peak emission is equal to or higher
than the input flux, the detection is a “success.” Figure 12 shows
the recovery fraction as a function of the CPD input flux model.
For a CPD with a flux similar to the flux of the compact emission
(~63 1Jy), the recovery fraction is ~0.2. The interpolated 50%
fraction corresponds to 93 pJy.
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Figure 13. Corner plots of the last 3000 steps of the Markov Chain Monte Carlo used to explore the '>CO emission surface parameters.

Appendix C
More on Kinematics Modeling

C.1. Isotopologue Dynamics

Figure 13 shows the corner plots of the emission surface fit
using the 2CO kinematics and EDDY (Section 3.3). The corner
plots were computed using the last 3000 steps of the Markov
Chain Monte Carlo, and the 64 walkers were used to explore
the parameters of the 2CO emission surface (Equation (2)).
The space parameter is initially explored using 3000 steps for
each walker, but they are finally discarded to create the corner
plots.
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Figure 14 shows the kinematic modeling for the three
detected CO isotopologues and H,CO. For '*CO, the emission
surface is given by the parametric fit obtained from emission
surface measurements (yellow line in Figure 5, respectively), in
contrast to the emission surface parameterization (red line in
Figure 5) obtained from the Keplerian fit in Figure 6. As
discussed in Section 3.3, there are no important differences
between both '>CO emission surface models. The residual
structure highlighted with a green circle in Figure 6 is also
shown in the top-right panel in Fngure 14.

The kinematics models for 1CO, CISO, and H,CO in
Figure 14 are flat disks (no emission surface is fitted), as
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Figure 14. Kinematic modeling of CO (first column), 13CO (second column), C'®O (third column), and H,CO (fourth column). The first row shows the velocity field
maps, the second row is the best-fit velocity model, and the third row is the velocity residuals.

discussed in Section 3.4. The best-fit parameters for each
Keplerian model are summarized in Table 2.

C.2. Line-of-sight Velocity Maps and Modeling

The line-of-sight velocity has traditionally been estimated
using the moment 1 map (intensity-weighted average velocity).
However, it is known that the moment 1 map is strongly
affected by noise in the spectrum and any asymmetry in the line
profile (R. Teague & D. Foreman-Mackey 2018). Here we
show velocity maps computed by alternative methodologies:
Quadratic, Gaussian, GuassThick, which are part of
the BETTERMOMENTS tools described in R. Teague & D. For-
eman-Mackey (2018). The maps shown in the top row of
Figure 15 show the line-of-sight velocities computed from
different estimations. The maps in the bottom panels show the
residuals when a best-fit model is subtracted for each velocity
map. The best-fit model for each velocity map is computed
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independently. Table 3 shows the best-fit parameters for
each case.

The differences between the line-of-sight velocities com-
puted from the Quadratic and Gaussian-GaussThick
methodologies are smaller than the spectral resolution
(0.1 km s_l) in most of the disk. However, they differ by
>0.15kms ™' in the region close to the kink location, where
the line spectrum looks asymmetric, and the Gaussian fit is not
a good representation of the line emission, as shown in the right
panels for two line spectra within the green circle of the left
panels. The Quadratic method has been used in several
works (e.g., H. Yu et al. 2021; M. Galloway-Sprietsma et al.
2023; M. Zhao et al. 2024), due to it has been proven to be a
robust methodology to estimate the line-of-sight velocity. Note
the residual structure observed within the green circle of the
Quadratic method does not appear in the other cases where
the line of sight is not well estimated.
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Table 3
Bet-fit Parameters for '>CO Velocity Maps Computed by Different Methodologies
Method 6xo &y0 M, Vise 20 P Ttaper Guaper
(mas) (mas) M) (km sfl) (arcsec) (arcsec)

First Moment 10719 —54% 0.76-3 45701 0.17* 1.03 027, 1117393
Quadratic —35.0H19 —1.049 0.70791 4.5 0.175931 20191 1.3%92 8.370%
Gaussian —36.619% —8.0108 0.70+31 45152 0.17* 2.6°51 11594 54793
GaussThick —36.5108 —7.7%07 0.70+0! 45401 0.17° 26593 L1553 54793
Note.

 Fixed parameters during the fitting.
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