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Abstract

We study the kinematics of the AS 209 disk using the J = 2—1 transitions of 12CO, 13CO, and C'®0. We derive the
radial, azimuthal, and vertical velocity of the gas, taking into account the lowered emission surface near the annular
gap at 1”7 (200 au) within which a candidate circumplanetary-disk-hosting planet has been reported previously.
In "*CO and "*CO, we find a coherent upward flow arising from the gap. The upward gas flow is as fast as
150 m s~ in the regions traced by '*CO emission, which corresponds to about 50% of the local sound speed or 6%
of the local Keplerian speed. Such an upward gas flow is difficult to reconcile with an embedded planet alone.
Instead, we propose that magnetically driven winds via ambipolar diffusion are triggered by the low gas density
within the planet-carved gap, dominating the kinematics of the gap region. We estimate the ambipolar Elsdsser
number, Am, using the HCO™ column density as a proxy for ion density and find that Am is ~0.1 at the radial
location of the upward flow. This value is broadly consistent with the value at which numerical simulations find
that ambipolar diffusion drives strong winds. We hypothesize that the activation of magnetically driven winds in a
planet-carved gap can control the growth of the embedded planet. We provide a scaling relationship that describes
the wind-regulated terminal mass: adopting parameters relevant to 100 au from a solar-mass star, we find that the
wind-regulated terminal mass is about one Jupiter mass, which may help explain the dearth of directly imaged
super-Jovian-mass planets.

Unified Astronomy Thesaurus concepts: Planet formation (1241); Protoplanetary disks (1300); Radio
interferometry (1346)

1. Introduction Currie et al. 2022). The Atacama Large Millimeter/submilli-
meter Array (ALMA) has revolutionized our ability to probe
for young, forming planets. ALMA has revealed detailed
substructures in continuum emission of protoplanetary disks,
such as rings, gaps, and spirals (e.g., Andrews et al. 2018; Long
et al. 2018; Cieza et al. 2021). These substructures provide
compelling evidence that planets could be present in the disks,
22 NASA Hubble Fellowship Program Sagan Fellow. although we cannot rule out other origins (see reviews by
Andrews 2020; Bae et al. 2022a).
In addition to continuum observations, by probing the

Detecting exoplanets during their formation stages allows for
a deeper understanding of planet formation processes. How-
ever, although there are more than 5000 confirmed exoplanets,
only a few of them have been directly detected at a stage when
they are still forming (Keppler et al. 2018; Haffert et al. 2019;
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distribution of this work must maintain attribution to the author(s) and the title observations, ALMA provides a unique and powerful means
of the work, journal citation and DOIL. to search for young planets. Molecular line observations are
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capable of discerning subtle localized kinematic perturba-
tions, the so-called velocity kinks, caused by embedded
planets (Perez et al. 2015; Pinte et al. 2018b, 2019, 2020).
With observations of this nature, one can constrain the
surface of the disk in different molecular tracers and therefore
understand the 3D velocity structure of the disk. This method
is particularly powerful because one can infer the location
and mass of the planet (e.g., Izquierdo et al. 2021). Molecular
line observations can also probe global-scale dynamics of the
protoplanetary disk gas, such as radial changes of the gas
velocity (Teague et al. 2018b, 2019a) and velocity variations
along large-scale spirals (Teague et al. 2019b, 2021; Wolfer
et al. 2022), which can be related to the perturbations created
by yet-unseen planets. When multiple molecular lines
probing different heights in a disk are used together, one
can also probe coherent flows from the surface to the
midplane (e.g., Yu et al. 2021; Teague et al. 2022). In
addition, circumplanetary disks (CPDs) can be detected with
molecular lines, providing unique and strong constraints on
their physical and kinematic properties (Bae et al. 2022b).

Here we study the kinematics of the AS 209 protoplanetary
disk using the J = 2-1 transitions of '*CO, '*CO, and C'*0
obtained as part of the ALMA Large Program Molecules with
ALMA at Planet-forming Scales (MAPS; 2018.1.01055.L;
Oberg et al. 2021). AS209 is a 1-2 Myr old T Tauri star
(Andrews et al. 2009, 2018) and is located 121 pc away in the
Ophiuchus star-forming region (Gaia Collaboration et al.
2021). Previous continuum observations revealed multiple
sets of concentric rings and gaps that extend out to ~140 au
(Guzmén et al. 2018; Huang et al. 2018; Sierra et al. 2021),
which are theorized to be caused by one or multiple giant
planets (Fedele et al. 2018; Zhang et al. 2018). Molecular line
observations also revealed rich annular substructures (Huang
et al. 2016; Teague et al. 2018b; Law et al. 2021a). In
particular, Teague et al. (2018b) kinematically identified a
pressure minimum at ~179 (230 au) in '*CO, which was
identified and spatially resolved previously by Guzman et al.
(2018). The previous work by Teague et al. (2018b) used the
'2CO J =2-1 transition to measure the rotational velocity of
the AS209 disk and found deviations from Keplerian
rotation. More recently, Bae et al. (2022b) reported a CPD
candidate detected in 'CO J=2-1 emission, at a radial
separation of 177 (200au) from the star. With these gas
substructures, along with a young, forming planet candidate
in the disk, the AS 209 disk warrants a detailed study of its
kinematics.

In this paper, we decompose the line-of-sight velocity into
three orthogonal velocity components, namely radial, rotational
(or azimuthal), and vertical velocities, for three CO isotopo-
logues, 20, 3C0, and C'®0 J=2-1. As we will show, this
allows us to have a more complete 3D view of the kinematic
structure of the disk.

This paper is organized as follows. We outline the
observations in Section 2. In Section 3, we describe the
analysis of the data, including the emission surfaces and
the velocity profiles, and present the results. In Section 4, we
discuss the results, focusing on the origin of the velocity
structure in the AS209 disk and its implications. We
summarize our findings and discuss future directions in
Section 5.
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2. Observations

All data used in this work were obtained as part of the
ALMA Large Program MAPS.* For the observational setup
and calibration process, we refer readers to Oberg et al. (2021).
The imaging process is described in Czekala et al. (2021). As
part of the MAPS data release, all images have been post-
processed using the Jorsater & van Moorsel (1995; JvM)
correction. For all analysis in this work, we use the
robust = 0.5 weighted, JvM-corrected images.”* The
synthesized beam size is 134 mas x 100 mas for '*CO
J=2-1 with a Position angle (PA) of 90983, 140
mas x 104 mas for °CO J=2-1 with a PA of 90°44, and
141 mas x 105 mas for C'®0 J = 2-1 with a PA of 91°37. The
rms noise measured in a line-free channel is 0.562, 0.471, and
0.339 mJy beam ' for each data cube, respectively. The data
were imaged with a channel spacing of 200ms™', set by the
MAPS Program.

In the top panels of Figure 1, we present peak brightness
temperature maps for '*CO, '*CO, and C'®*0 J=2-1 lines
calculated using bettermoments (Teague & Foreman-
Mackey 2018a). The 'CO J=2-1 peak brightness
temperature map clearly shows the annular gap at about 1”7
(~200 au), which is the main feature we focus on in this paper.
Additionally, the AS 209 disk suffers from foreground cloud
contamination on the western side of the disk, visible in the
2CO brightness temperature map. Teague et al. (2018b)
estimated that the cloud absorbs ~30% of the '*CO emission
along the western side of the disk and showed that this level of
perturbation does not impact the kinematic analyses (see their
Appendix A.2).

3. Analysis and Results
3.1. Emission Surface and Disk Geometric Properties

To begin the characterization of disk kinematics, we first
constrain the emission surface for 12CO, 13CO, and C'®0. For
our base model, we adopt a power-law emission surface with
an exponential taper, given by

r
Z(r) = — exp - — y
M=% 3 o - (1

where z(r) describes the height z at a given radius r, 1 is the
power-law exponent, r, is the characteristic radius for the
exponential taper, and ¢, is the exponent of the taper term,
following Law et al. (2021b, 2022a). We note that Law et al.
(2021b) already inferred the 2C0O and "*CO emission surfaces
of the AS 209 disk using the same data set as the one we use in
this paper. However, Law et al. (2021b) limited the outer bound
of the fit to 1798 for '*CO, which does not cover the full radial
extent of the '*CO disk (~2”5), and to 1”35 for °CO, which
does not cover the gap around the CPD at ~1”7. Because the
main goal of this study is to study the kinematics within and
around the gap, we opt to fit the emission surfaces adopting

2 Data used for this project can be downloaded at the MAPS webpage:
https://alma-maps.info,/.

2 We repeated the analysis using data cubes with a 0”15 taper and confirmed
that the inferred emission surfaces and velocity profiles presented in Section 3
do not change significantly. Likewise, we obtain consistent results with JvM-
uncorrected cubes as we show in Appendix B.
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Figure 1. Top panels: peak brightness temperature maps of '2CO (left), '*CO (middle), and C'®0 J = 2-1 (right) lines. The '*CO emission from the western side of
the disk experiences foreground cloud contamination as previously reported in independent data sets (Oberg et al. 2011; Huang et al. 2016; Guzman et al. 2018;
Teague et al. 2018b; Law et al. 2021a). Middle panels: emission surface heights above the midplane, taking into account the lowered emission surface across the gap
(Model 2; see Section 3.1). For CISO, our model is consistent with a flat surface located at the disk midplane. Dashed ellipses and lines show constant radius and
azimuth in the disk frame, with intervals of 0”5 and 30°, respectively. Bottom panels: centroid velocity maps v, (see Section 3.2). Synthesized beams are shown in the

lower left corner of each panel.

larger outer bounds of 2”5 in 12C0, 2”0 in '3CO, and 176 in
c'®o.

To fit the emission surface, we use disksurf —2° (Teague
et al. 2021), which implements the method outlined in Pinte
et al. (2018a), who used the asymmetry of the line emission
above the disk midplane to infer an emission height. This
method allows us to locate emission arising from specific
locations in the disk. We then use that information to construct
the 3D structure of the emission layer. Following Law et al.
(2021b), we use disksurf s get _emission _surface
function to extract the deprojected radius r, emission height z,

% htps: //disksurf.readthedocs.io/en/latest/

surface brightness /,, and channel velocity v for each pixel
associated with the emission. We do not exclude channels that
suffer from foreground contamination, as including the
contaminated channels is shown to have no significant effects
on the retrieved surface (Teague et al. 2018b). For the initial
geometric properties used to fit the surface, we assume the
disk-center offsets xy and yq to be zero and adopt PA = 85%8,
inclination i = 35°, and stellar mass M, = 1.2 M, from Oberg
et al. (2021). We refit these parameters later on and confirm that
the values we initially adopted describe the data well. For the
individual pixels inferred from this procedure, we apply two
constraints before we fit the emission surface. First, for all three
isotopologues, we implement a minimum z value equal to
minus half of the beam semimajor axis. This choice follows the
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Figure 2. Colored circles represent individual pixels inferred by disksurf

. Gray filled circles present radially binned pixels, binned by ~0.45 of the beam. Note that

the radially binned emission surfaces are shown for visualization purposes only, and the emission surface is fit with individual pixels. We explore three surface models
for 2CO and "3CO (see Section 3.1): Model 1 (smooth surface; solid curves) assumes a tapered power law described by Equation (1), Model 2 (Gaussian gap; dashed
curves) adds a Gaussian gap to Model 1, and Model 3 (midplane gap; dotted curves) adopts the same gap center and width as in Model 2, but the gap extends to the
midplane (i.e., Agap = 1 in Equation (2)). For C'80, we assume a flat surface. The semimajor axis of the synthesized beam is shown in the upper right corner of each
panel. Points above one beam size from the Model 1 curve have been removed for fitting the gap parameters.

Table 1
Emission Surface Parameters Derived for '>CO and '*CO J = 2—1 Lines
20 1/} rtaper qtaper Agap rgap Ugap
(au) (au) (au) (au)
2c0 22.99'121 147813 217.80% 3.697083 0.6 216.6 242
Bco 9.68342 4535 152.598% 41038 0.6 216.6 24.2

Note. The errors represent statistical uncertainties and do not account for systematic ones.

methods from Law et al. (2021b), where large negative z/r
values were removed, but some negative values were allowed
to remain to avoid positively biasing the resulting surface.
Additionally, for 13CO and ClSO, we remove the individual
pixels that are above the '>CO emission surface because '*CO
and C'®0 must be optically thinner than '*CO. Figure 2 shows
the individual pixels after data cleaning. We then use the
Markov Chain Monte Carlo (MCMC) method from dis-
ksurf , which wraps emcee (Foreman-Mackey et al. 2013),
adopting 128 walkers, 500 burn-in steps, and 1000 steps to
obtain zg, ¥, r,, and ¢, We confirmed the convergence of the
MCMC fit by checking the posterior distribution. Throughout
the paper, the emission surface obtained by this process is
referred to as Model 1. Table 1 presents the fitted parameters.

Although Equation (1) describes the overall emission surface
well, it cannot describe fine features, such as annular gaps. In
particular, the gap at 1”7 within which a candidate CPD-
hosting planet is found (Bae et al. 2022b) cannot be described
by Equation (1). To infer more accurate velocity structures
within/around the gap, we add a Gaussian gap to the emission
surface obtained in Model 1, adopting the following functional
form:

rov 4
z2(nN=2z — exp — —
(n Zol,, p -
(r — rgap)?
X 1— Agapexp ———— . 2
T gap

Here Agap, 7gap» and gy, describe the depth of the gap, radial
location of the center of the gap, and radial width of the gap,
respectively. After obtaining the tapered power-law parameters
using the aforementioned methods, we fit for only the gap
parameters using SCipy.optimize.curve _fit . For this
process, we remove individual pixels above one beam from the
Model 1 emission surface for a better convergence of the fit.
The pixels removed through this procedure are less than 10%
of all the pixels. We note that removing these individual pixels
at high altitude estimates a deeper gap than would otherwise be
found if these pixels were included. However, as we show
below, the inferred velocity profiles are insensitive to the depth
of the gap. As for Model 1, we sample the posterior
distributions using an MCMC approach, adopting 128 walkers,
500 burn-in steps, and 1000 steps.

From now on, we refer to this surface with a Gaussian gap as
Model 2, and this model is the main model we will use for our
analysis. We do not fit the gap in '*CO separately because the
3CO emission is weak beyond ~1”5 and does not probe the
full extent of the gap. Instead, we adopt the best-fit gap
parameters from the '*CO data. As we found that the C'®0
emission surface is consistent with a flat surface at the disk
midplane, we do not introduce a gap in the C'80 surface (see
Law et al. 2022b, for flat C'®0 emission surfaces in other
disks). As such, throughout this paper we adopt a single model
with zero emission height for C'®0. Figure 2 shows emission
surfaces from all the models. Table 1 presents the best-fit gap
parameters.
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Table 2
Geometric Properties Derived for the IZCO, 13CO, and C'®0 J = 21 Emission
Assuming a Tapered Power Law with a Gaussian Gap (Model 2)
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Table 3
Geometric Properties Calculated Assuming a Tapered Power Law for the
Emission Surfaces (Model 1)

Xo Yo PA M VLSR Xo Yo PA M VLSR

(aw) (au) (deg) M) (km's™ ) (au) (au) (deg) M) (km's™")
’co 38708 L6701 848805 12470508 46470001 ’co -386'0% 166015 84.8808; 1240083 46470301
Bco  -1673F  0739%  86.019% 1259537  4.65'99% Bco 382133 071933  86.039%  1.25'95%  4.65'3%%

c®o  -1579% —05779%2 86159 12639  4.6655%

Note. The errors represent statistical uncertainties and do not account for
systematic ones.

Finally, we allow the Gaussian gap to reach the midplane by
setting Ag,, = 1, which we denote as Model 3. The purpose of
having this hypothetical model is to allow the emission surface
to reach the disk midplane and examine the effect of the gap
depth in the derived velocity profile.

Once the emission surfaces are fitted, we take the best-fit
values to infer the geometric properties of the disk using
eddy *° (Teague 2019). We fit the disk-center offset x, and yo,
disk PA, dynamical stellar mass M., and LSR velocity of the
target vp s, while the disk inclination is fixed to 35°, a value
constrained by high-resolution continuum data (Huang et al.
2018). We use an MCMC method with the same setup
mentioned previously. The geometric properties obtained using
the Model 2 emission surface are listed in Table 2, while those
derived using Model 1 and Model 3 are listed in Tables 3 and 4
in Appendix A. The geometric properties obtained via this
method are broadly consistent with the dust-based values
obtained in Huang et al. (2018), who find a PA of
85°76 £0°16. Our PA values for '>CO (86.01732F) and
C"0 (86.148792%) are closer to the value obtained via
continuum fitting by Huang et al. (2018) likely because they
trace closer to the midplane. These geometric properties are
also consistent with those from Oberg et al. (2021).

3.2. Velocity Profiles

To infer the velocity profiles, we first make maps of the line
centers vy, using the quadratic method from bettermoments
(Teague & Foreman-Mackey 2018b). The resulting vy maps are
shown in the bottom panels of Figure 1. Then, with the derived
emission surface and disk geometric properties, we decompose
vo into the radial, rotational, and vertical velocities, following
Teague et al. (2018a, 2018b, 2019a).

This is done by breaking apart the following equation:

Vo = \; COS(¢) Sin( i) + % silig) sifi) — % cds) + Visr ,
(©)]

assuming that v¢ and v, are azimuthally symmetric, where v; is
the rotational velocity, v, is the radial velocity, v, is the vertical
velocity, i is the inclination of the disk,?” and f is the azimuthal
angle in the frame of reference of the disk. In practice, we use
the get _velocity _profile module from eddy (Tea-
gue 2019) with 20 iterations to obtain the stacked spectra, each
of which uses a random sample of independent pixels; a

26 https: / /eddy.readthedocs.io /en /latest/

" In Equation (3), positive i represents a disk that is rotating in a
counterclockwise direction, while negative i describes a clockwise rotation
(Pinte et al. 2022). Because the AS 209 disk rotates clockwise, we
adopt i = — 35°.

Table 4
Geometric Properties Calculated Assuming a Tapered Power Law with a
Gaussian Gap That Reaches Down to the Midplane (Model 3)

Xo Yo PA M VLSR
(au) (au) (deg) M) (km s~ ")
2co 38798 16791 84.8839% 1241338  4.64'38%
Bco —1.6773% 0737928 86.019%  1.2579%%  4.65705%

weighted average is then taken over these 20 samples to
calculate v, and v¢. We choose this number of iterations based
on Yu et al. (2021), who found that the gradient of the average
standard deviation of the results flattens after about 20
iterations.

As in Teague et al. (2018b), we model the stacked spectrum
with a Gaussian process, which allows for a more flexible and
robust model (Foreman-Mackey et al. 2017). As can be seen in
Equation (3), the vertical velocity has no dependence on f and
is thus not directly calculated by shifting and stacking spectra.
Instead, to calculate v,, we exploit Equation (3) and subtract
projected radial and rotational velocities, along with v gg, from
the vo map, following Yu et al. (2021).

The resulting velocity profiles for '*CO, '*CO, and C'®0 are
shown in Figure 3. Looking at the rotational velocity first, we
find evidence of super- and sub-Keplerian rotation in '2CO on
the order of +5% of the background Keplerian rotation. The
sub-Keplerian rotation is most significant at ~150-240 au and
has a double-peaked profile. At ~80—130au and 230 au, the
disk rotation is super-Keplerian, up to about 2% of the
background Keplerian rotation. Overall, the '*CO rotational
velocity profile is consistent with what was previously inferred
by Teague et al. (2018b). The '>CO emission shows a
rotational velocity profile that is broadly consistent with '*CO:
the disk at ~90-170 au has super-Keplerian motion. Addition-
ally, we find a rapid transition to sub-Keplerian rotation beyond
190 au. We conjecture that this is due to lower signal-to-noise
ratio (S/N). We find a similar rapid transition to sub-Keplerian
rotation in C'30 beyond 170 au, likel}/ due to low S/N.

Next, the radial velocity profile in '2CO shows a change in
sign, from about —100 to 50 m sfl, around 200 au. There is not
a similar trend in 13CO, and the magnitude of the radial
velocity is much smaller than that of 2CO, within 20 ms "
The radial velocity of C'®0 is consistent with zero within
uncertainties.

Lastly, we find a large upward vertical velocity flow in '*CO.

This upward vertical motion is persistent from 140 to 220 au
and has a maximum velocity of about 150 ms ™" at a radius of
~177 au, which corresponds to about 6% of the local Keplerian
speed or 50% of the local sound speed adopting the 2D r—z gas
temperature distribution inferred by Law et al. (2021b). The
vertical velocity in '*CO emission also shows evidence of large
coherent upward motions from 160 to 220 au, with a maximum
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Figure 3. Velocity profiles for '>CO (left column, blue), '*CO (middle column, red), and C'®0 (right column, purple). For '*CO and '*CO, we adopt the emission
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Figure 4. Gas flows in the r—z plane for '2CO (blue), '>CO (red), and C'®0 (purple). Note the strong upward gas flows arising from the gap. The emission surfaces are
shown with thick curves. The arrows are scaled to the local sound speed c,, where we use the 2D r—z gas temperature distribution inferred by Law et al. (2021b). The
size of the semimajor axis of the synthesized beam (‘*CO) is shown in the upper left corner. An arrow showing 10% of the sound speed is also presented in the upper

left corner. The vertical dark-gray dotted line shows the location of the CPD.

velocity of 85 m s 'at 193 au. In CISO, we see a much smaller
upward motion, reaching a maximum of about 10 m sfl, but
note that C'®0 emission is weak and does not probe the radial
regions where strong upward motions are seen in '*CO or '*CO.
These velocity profiles are broadly consistent with what are
found by Izquierdo et al. 2023, where the authors carried out an
independent kinematic analysis on the same data obtained by
the MAPS program. In Section 4.1 we discuss the potential
origin of these coherent, large-scale upward flows.

We examined how (in)sensitive the inferred velocity profiles
are to the assumed emission surface by repeating the analysis
and deriving velocity profiles adopting Model 1 (tapered
power-law emission surface without a gap) and Model 3

(tapered power-law emission surface with a Gaussian gap that
reaches the midplane). As we show in Figure 7 in Appendix A,
varying the emission surfaces does not have a significant
impact on the velocity profiles. For the rest of the paper, we
thus opt to use Model 2 for our discussion. To help visualize
the inferred velocity flows along with the emission surfaces, in
Figure 4 we depict the gas flows in the r—z plane. As shown, it
is apparent that the large upward motions in '*CO and '*CO
coincide with the gap in the disk.

In addition to searching for kinematic structures in
azimuthally averaged radial profiles of the velocity, we
investigate structure within the deprojected residual velocity
maps. To do so, we calculate a best-fit Keplerian model with
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substructure properties, potentially helping to explain the dearth of
directly imaged super-Jovian-mass young planets. Future kine-
matic studies of a larger sample of protoplanetary disks will enable
us to test whether wind-regulated growth of young planets is
ubiquitous.

In the discussion above, we simplified the picture by assuming
that there is no mass being fed to the CPD in the presence of large-
scale winds. In hydrodynamic simulations, it is shown that the
circumstellar disk gas can be supplied to the CPD through
nonaxisymmetric flows (Lubow et al. 1999). Whether the same can
happen in the presence of large-scale magnetically driven winds
needs to be tested in the future, using nonideal magnetohydro-
dynamic simulations with an embedded planet. If mass can still be
supplied to the CPD in the presence of large-scale magnetically
driven winds, the wind-regulated terminal mass in Equation (14)
would provide a lower limit to the final mass of the planet.

5. Summary

We have used IZCO, ]3CO, and C'®0 J=2-1 emission to
carry out the detailed analysis of the kinematics within the AS
209 disk. We found significant perturbations in the rotational
velocity in '*CO, up to 5% of the Keplerian rotation, which is
consistent with previous findings by Teague et al. (2018b). In
addition to the perturbations in the rotational velocity, we
found a strong meridional fountain (coherent upward flows) in
2C0 and "*CO at ~1”7 (200 au). The upward flows are as fast
as 150ms~" in '*CO, corresponding to about 50% of the local
sound speed or 6% of the local Keplerian speed. Interestingly,
these upward flows are colocated with an annular gap within
which a candidate CPD is recently reported (Bae et al. 2022b).

The observed upward flows are in the opposite direction to
collapsing, downward flows within planet-carved gaps seen in
hydrodynamic planet—disk interaction simulations and are difficult
to explain with an embedded planet alone. Instead, we propose a
scenario in which the low density within the planet-carved gap has
triggered magnetically driven winds via ambipolar diffusion. To
support this idea, we estimated the ambipolar Elsidsser number
using the HCO" column density. At the radial location of the
upward flows, we found that the ambipolar Elsdsser number is
about 0.1, broadly consistent with the value at which ambipolar
diffusion drives strong winds in numerical simulations. In this
scenario, we hypothesize that magnetically driven winds from a
planet-carved gap can limit/cease the growth of the planet
embedded in the gap. This may be the explanation for the dearth
of detections of gas giant planets in disks with observed dust
substructure with ALMA. We also provided a scaling relationship
that describes the wind-regulated terminal mass. Using parameters
generally applicable to protoplanetary disks, we found that the
wind-regulated terminal mass around a solar-mass star is about a
Jupiter mass at 100 au, which can explain the dearth of directly
imaged super-Jovian-mass young planets at large orbital distances.

These results show compelling kinematic evidence of disk
winds arising from the gap opened by a forming planet. In the
future, constraining the ion density beyond HCO™ will help
better constrain the environment under which ambipolar-
diffusion-driven winds are launched. Observations constraining
the morphology and strength of the magnetic fields in the
AS209 disk would help better understand the complex
interplay between a forming planet and disk winds. Observa-
tions of species that can probe the warm outflowing gas from
the low-density, higher regions, such as CI (Gressel et al. 2020;
Alarcén et al. 2022), could help further characterize the nature
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of the winds in the AS 209 disk. Kinematic studies for a larger
sample of protoplanetary disks will help assess whether winds
launched from planet-carved gaps are common or the AS 209
disk is a unique case. Additionally, nonideal magnetohydro-
dynamic planet—disk interaction simulations can prove (or
dispute) that the activation of magnetically driven winds within
planet-carved gaps can regulate the growth of embedded
planets. Finally, numerical studies of orbital migration in a disk
with active winds will allow us to infer whether the CPD-
hosting planet in the AS 209 disk had formed at the current
radial location or had formed at a different radial location but
experienced inward /outward migration.
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Appendix A
Results with Additional Emission Surface Models

In Tables 3 and 4, we list xq, yo, PA, M, and v gr fitted with
Models 1 and 3, respectively. Figure 7 compares '*CO and
Bco velocity profiles for Models 1, 2, and 3. Note that the
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Figure 7. Comparison of velocity profiles found for '>CO (left) and "*CO (right) adopting different emission surface models. Orange: emission surfaces without a
Gaussian dip (Model 1). Blue (IZCO) and red ('3CO): a tapered power law with a Gaussian gap (Model 2). Green: emission surface with Gaussian dip going to the
midplane (Model 3). Note that the derived velocity profiles are insensitive to the emission surface models we adopt. The vertical dark-gray dotted line shows the radial

location of the CPD (177 ~ 200 au).

derived velocity profiles are insensitive to the emission surface
models we adopt.

Appendix B
Results with JvM-uncorrected Cubes

In this appendix we repeat the velocity analysis presented in
Section 3 but with JvM-uncorrected data cubes. For
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consistency, we use the emission surfaces and geometric
properties derived from the JvM-corrected cubes. The resulting
velocity profiles are shown in Figure 8. As shown in the figure,
the inferred velocity profiles with the JvM-uncorrected data are
broadly consistent with what we obtained with the JvM-
corrected data. Most importantly, the upward motions at
~150-200 au are recovered.
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Figure 8. Same as Figure 3, but with cubes that have not undergone JvM correction. Models 1, 2, and 3 represent the three emission surface models shown in Figure 2.
The black curves are the velocity profiles for the JvM-corrected cubes for comparison. We do not present C'®0 because the S /N of the JyM-uncorrected data is not

sufficient for this velocity analysis.
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