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Abstract

In the past decade, the Atacama Large Millimeter/submillimeter Array (ALMA) has revealed a plethora of
substructures in the disks surrounding young stars. These substructures have several proposed formation
mechanisms, with one leading theory being the interaction between the disk and newly formed planets. In this
Letter, we present high angular resolution ALMA observations of LkCa 15’s disk that reveal a striking difference
in dust and CO emission morphology. The dust continuum emission shows a ringlike structure characterized by a
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dust-depleted inner region of ~40 au in radius. Conversely, the CO emission is radially smoother and shows no
sign of gas depletion within the dust cavity. We compare the observations with models for the disk—planet
interaction, including radiative transfer calculation in the dust and CO emission. This source is particularly
interesting, as the presence of massive planets within the dust cavity has been suggested based on previous near-IR
observations. We find that the level of CO emission observed within the dust cavity is inconsistent with the
presence of planets more massive than Jupiter orbiting between 10 and 40 au. Instead, we argue that the LkCa 15
innermost dust cavity might be created either by a chain of low-mass planets or by other processes that do not

require the presence of planets.

Unified Astronomy Thesaurus concepts: Planet formation (1241); Protoplanetary disks (1300); Circumstellar gas
(238); Circumstellar matter (241); Hydrodynamical simulations (767); Radiative transfer simulations (1967)

1. Introduction

In the age of the Atacama Large Millimeter/submillimeter
Array (ALMA), dust continuum observations of the proto-
planetary disks (PPDs) around young stars have revealed a
wide variety of substructures such as rings, gaps, spirals, and
crescents (see, e.g., S. M. Andrews et al. 2018). Many theories
exist about the origin of these substructures (J. Bae et al. 2023).
Yet the most widely accepted is that they arise due to the
interaction between newly formed planets and the circumstellar
disk. This hypothesis was confirmed in the case of PDS 70 with
the direct detection of two planets orbiting inside a dust- and
gas-depleted cavity imaged with ALMA (M. Keppler et al.
2018, 2019; A. Miiller et al. 2018; K. Wagner et al. 2018;
V. Christiaens et al. 2019a, 2019b, 2024; S. Y. Haffert et al.
2019; T. Stolker et al. 2020; S. Facchini et al. 2021; J. J. Wang
et al. 2021; Y. Zhou et al. 2021; G. Perotti et al. 2023;
D. Blakely et al. 2025; L. M. Close et al. 2025). Additionally,
ALMA observations revealed a circumplanetary disk (CPD)
around PDS 70 c, confirming the detection at optical
wavelengths and providing a new tool to discover and
characterize planets at millimeter wavelengths (A. Isella et al.
2019; M. Benisty et al. 2021). Yet despite the large number of
substructures detected in the dust continuum in various
circumstellar disks, the number of (candidate) planets in a
PPD remains low, as many of these planets are thought to be just
at or below current detection capabilities (R. Asensio-Torres et al.
2021). Therefore, simultancous observation and theoretical
modeling can work in tandem to constrain planet masses and
locations in sources where distinct substructures are visible, yet
detections remain elusive (C. Toci et al. 2020). The LkCa 15 disk
provides an outstanding example of one such source.

LkCa 15 is a 1.25 £ 0.1 M, star located in the Taurus
star-forming region (J. F. Donati et al. 2019) at a distance of
~157.2 pc (Gaia Collaboration et al. 2023). The star is surrounded
by a disk characterized by a 90 au wide cavity and three dusty
rings seen in the millimeter-wave continuum emission (V. Piétu
et al. 2006; S. M. Andrews et al. 2011; A. Isella et al. 2012; S. Jin
et al. 2019; S. Facchini et al. 2020), which have been
hypothesized to be the product of gravitational perturbations by
planets. In particular, the large dust cavity may have been cleared
by one or more planets, while the dust rings have been shown to
be consistent with perturbations from planets with masses between
0.1 and 0.3 M;j (S. Facchini et al. 2020; M. Leemker et al. 2022).
This hypothesis found further support in recent ALMA observa-
tions that revealed clumps along the innermost dust ring consistent
with dust trapped at the L, and Ls Lagrangian points of a 0.1-0.3
Mj planet orbiting at 42 au from the central star (F. Long et al.
2022).

However, the more-than-a-decade-long direct search for planets
in the LkCa 15 disk has not yet yielded conclusive results. Using

Keck near-infrared (NIR) sparse aperture masking (SAM)
observations, A. L. Kraus & M. J. Treland (2012) claimed a
likely detection of a ~6 Mj companion, LkCa 15 b, within the
dust central cavity at an orbital radius of 15 au. This discovery was
seemingly confirmed by S. Sallum et al. (2015), who claimed the
detection of LkCa 15 b in NIR SAM images acquired with the
Large Binocular Telescope and adaptive optics high-contrast
images of the Ha emission line obtained with the Magellan
telescope. The latter suggested that the planet was accreting
circumstellar material. Furthermore, they reported detecting an
additional NIR compact source inside the millimeter-wave dust
cavity attributed to a second planet, LkCa 15 c, orbiting at 19 au
from the central star. By comparing the observed fluxes with
models including the emission from both the planet and a CPD,
they concluded that LkCa 15 b and ¢ have masses between 1 and
5 M;. However, the presence of massive planets orbiting within
LkCa 15’s disk dust cavity has been disputed by more recent
studies that revealed scattered-light emission arising from this
region and, more importantly, at the presumed location of LkCa
15 b and ¢ (D. Oh et al. 2016; C. Thalmann et al. 2016; T. Currie
et al. 2019). These studies suggested that spatial filtering by SAM
of the scattered light from the disk inner rim, including scattered
Ha stellar emission, could have been misinterpreted as planetary
emission by previous studies (see also D. Blakely et al. 2022).

To shed light on the origin of the complex morphology of
LkCa 15’s disk, in particular on the presence of planets within
the millimeter-wave dust cavity, we analyze in this work
ALMA observations that map the 0.87 mm dust continuum and
2CO J=3-2 line emission at an unprecedented spatial
resolution of ~6au in both tracers, resolving the dust cavity
across more than 15 resolution elements. Until recently, studies
on the presence of planets in circumstellar disks based on
ALMA observations have focused on maps of the dust
continuum emission (see, e.g., S. Zhang et al. 2018).
Continuum observations alone, however, provide only partial
information on the distribution of the circumstellar material. In
particular, planet mass estimates based on the width of dust
cavities and gaps require assumptions on the dust—gas
coupling, which, in turn, depends on poorly known quantities
such as the gas density and kinematics, as well as the dust grain
size and composition. Thus, observations of molecular gas at
the same angular scales of the continuum are essential to
constrain the distribution of the circumstellar material and test
the planet—disk interaction hypothesis. However, since mole-
cular line observations that match the angular resolution and
sensitivity of the continuum require much longer observations,
they are available for very few objects (N. van der Marel et al.
2016; D. Fedele et al. 2017; A. Isella et al. 2018; M. G. Ubeira
Gabellini et al. 2019).
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This Letter is structured as follows. In Section 2, we describe
the data acquisition and imaging procedure. Section 3 presents
and describes our continuum and CO observations. Section 4
describes our hydrodynamic and radiative transfer modeling.
Finally, in Section 5, we discuss our results and their
implications.

2. Data

We analyze ALMA Band 7 data of LkCa 15 taken at two
different epochs. The first observations were obtained as part of
ALMA Cycle 6 in 2019 July (Project ID: 2018.1.00350.S) in an
extended configuration with baselines ranging from 91m to
8.5 km. The total integration time on source was about 3 hr. The
continuum data from these observations were initially published in
F. Long et al. (2022). LkCa 15 was observed again in 2021
October and November and 2022 May and September as part of
the exoALMA program (R. Teague et al. 2025) in a more
compact configuration with baselines ranging from 10 m to 3 km.
In this case, the integration time on source was about 7.5 hr. The
data were combined to increase sensitivity and reduce the effects
of spatial filtering by utilizing the short baselines while retaining
the high angular resolution achievable with the more extended
configuration. The exoALMA-only continuum data of LkCa
15 are presented in P. Curone et al. (2025). In both observations,
the ALMA correlator was configured to observe both continuum
emission (A = 870 um) and the '*CO J = 3-2 transition. At the
wavelength of the continuum observations, the ALMA config-
urations of the combined Cycle 6 and exoALMA data provide a
maximum resolution of about 0/02 and recover spatial scales as
large as 18”. These correspond to spatial scales between 3.3 and
2800 au at the distance of LkCa 15.

The observations at each epoch were calibrated using the
ALMA pipeline, and then independent self-calibration was
performed. When combining the data, there was a small shift of
about 20-30mas due to the proper motion between data
acquired in 2019 and 2021 after imaging. To align the data, we
first imaged the Cycle 6 data and created a model that was used
to adjust the phase of exoALMA data to match that of the
Cycle 6 data. After that, we performed a relative flux
calibration following the procedure used in the DSHARP
program as discussed in S. M. Andrews et al. (2018). For the
CO observations, we applied the same calibration table
generated from the continuum to calibrate and align the data.
We then rescaled the flux of the CO using the scaling factor
derived from the continuum.

The exoALMA data have much hig%her spectral resolution
than the Cycle 6 data (0.026 km s~ versus 0.85 km s7h
respectively). While we lose spectral resolution when combin-
ing the data, our goal is to characterize the dust and gas
emission within the inner cavity of LkCa 15, which requires as
high an angular resolution as possible. Because of this, we
chose to degrade the spectral resolution to that of the Cycle 6
data. Our final spectral resolution is 0.85 km s~ .

We used the CASA task tclean to concatenate and image
the continuum and molecular data, applying a Briggs weighting
scheme with a varying robust parameter. We find that for the
continuum, a robust parameter of 0.7 works best to achieve a
good balance between signal-to-noise and spatial resolution.
For the same reasons, we utilize a robust parameter of 0.2 for
the CO line. With these robust parameters, we achieve a
synthesized beam size of 07049 x 0'028 (7.8 au x 4.4 au) and
rms noise of 11 ;Jy beam ™! for the continuum and a beam size

Gardner et al.

of 0.047 x 0°037 (7.5 au x 5.9 au) and rms noise of 660 uJy
beam ! channel ! for the CO.

3. Observations
3.1. Continuum Emission

The left panel of Figure 1 shows the inner ~300 au of the
continuum image, where a three-ring morphology previously
discussed in F. Long et al. (2022) is visible. The inner ring is
the faintest of the three, while the central ring is the brightest.
The inner ring has a peak brightness of 0.37 mJy beam ' and
an azimuthally averaged brightness of 0.22 mJy beam™'. The
central ring has a peak brightness of 1.01 mJy beam ' and an
azimuthally averaged brightness of 0.7 mJy beam'. The outer
ring has a peak brightness of 0.6 mlJy beam ' and an
azimuthally averaged brightness of 0.42 mJy beam '. In
addition, a central marginally resolved source with a peak
brightness of 0.09 mJy beam™ ' is detected and marked with a
white star in the central panel of Figure 1. This panel shows the
inner ~100 au of the disk with key features labeled. The most
prominent of these features is the depression in the inner ring
noted by F. Long et al. (2022) and labeled “Deficit.” F. Long
et al. (2022) claim that this depression may be caused by a
planet, with the higher-intensity portions of the inner ring
(labeled with “Clump” and “Arc”) being corotational material
trapped at the Lagrangian points of the planet. The arc, clump,
and deficit are all along the ring with a radius of about ~43 au.

Within the 5x rms continuum contour, we detect additional
continuum emission. The morphology of this emission varies
depending on the robust parameter we use for imaging
(Appendix A). In the middle panel of Figure 1, we show the
continuum image with robust 0.7, which reveals a compact
source localized on the west side of the continuum cavity with
a flux density 5x higher than the rms noise (labeled “Compact
Source” in Figure 1). An image obtained with robust 0.9 (right
panel of Figure 1) reveals that this compact source is
surrounded by diffused emission (labeled “Faint Emission”)
extending along the nearest side of the disk (i.e., the northwest
side). This image also reveals a bridge of emission connecting
the central source to the innermost ring along the southeast
direction. S. Facchini et al. (2020) also detected faint
continuum emission within the main rings, but due to the
lower sensitivity of their observations, they concluded that it
could just have been an imaging artifact. The faint emission
appears to be spatially coincident with the bulk of the scattered-
light images (C. Thalmann et al. 2016; B. B. Ren et al. 2023).
However, none of the millimeter-wave emission peaks
correspond to the location of the candidate planets LkCa 15
b and c (plus signs and crosses in the middle panel of Figure 1).
These findings suggest that the faint emission might trace an
even fainter and perhaps asymmetric dust ring characterized by
a radius of about 15-20 au. This is in agreement with the results
of S. Sallum et al. (2023), which claim that the scattered light
and Ha in the inner disk can be explained by a dynamic small
grain population.

Finally, the central emission appears mostly pointlike with a
shape of the 5o contour of the same size and position angle as
the synthesized beam. However, at lower contour levels and in
the images obtained with higher robust values, the central
emission extends toward the southeast, and it connects to the
inner continuum ring.



THE ASTROPHYSICAL JOURNAL LETTERs, 984:L16 (18pp), 2025 May 1 Gardner et al.

mJy beam™!
0.1 02 03 04 05 0.6

mJy beam™! mJy beam™!
0.0 02 04 06 08 1.0 01 02 03 04 05

0.6“

dDEC
2
<

23ae

0.6" 0.2*

i ir= b L 1 L
OII 0-2|| OII _0‘2u 0.2" On _0'2"

dRA dRA dRA

Figure 1. Left: the 0.87 mm continuum image of LkCa 15’s disk obtained with robust = 0.7 corresponding to a beam FWHM of 0.049 x 0.028. The disk exhibits a
three-ringed morphology with a faint inner ring, a bright middle ring, and an intermediate-brightness outer ring. A continuum contour at 5 times the rms noise of 11
uJy beam ™! shows the size of the dust cavity and the extent of the disk at this wavelength. The synthesized beam of the continuum image is shown in the bottom left
corner. Center: a zoom-in on the same continuum image with contours of 5, 10, 20, 25, 30, 50, and 75 times the rms noise. Key features are labeled, including the
proposed corotational material from F. Long et al. (2022) and some emission identified within the cavity and described more fully in the text. Additionally, the
locations of the proposed LkCa 15 b and c (S. Sallum et al. 2015) are marked with a white plus sign and a white cross, respectively. The red plus sign and red cross
denote instead where the planets would be 5 yr later (~the difference in time between the S. Sallum et al. 2015 and ALMA epochs), assuming Keplerian rotation and
circular orbits. The central source is marked with a white star. Right: the same as the middle panel but using the robust = 0.9 image and its rms noise (10.4 pJy
beam"). Contours are 3, 5, 10, 20, 25, 30, 50, and 75 times the rms noise. The beam size of 0/055 x 0031 is shown in the bottom corner. More faint emissions can
be seen in the cavity in this image due to the higher sensitivity provided by the weighting scheme. A bridge of emission connecting the central source to the disk is also
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revealed.

Table 1
Properties of the Dust Emission Components Modeled as Gaussian Functions

with Intrinsic Radial Profiles [ (r) = [ e (—m0%/2w¢ (Appendix B)

Feature e e Wy I

(mas) (au) (au) (mly/ a.rcsecz)
CS 0 0 147297 28711
B43 2724111 433 +03 8.4 404 115+ 3
B69 43277 + 0.4 68.8 + 0.1 7.67 4 0.1 478 4+ 3
B100 629.8708 100.1 £ 0.1 141 £02 235 +2

Note. The central source (CS) and the dust rings (B) are centered at
R.A. = 04:39™:17581+(—0'0404 + 070003) and decl. = +22:21:03.13
+(—0.0844 =+ 0.0002). The disk inclination and position angle are
50.7 + 0.1 and 61.7 + 0.1, respectively.

Table 1 lists the radii, widths, and intensity of the three dust
rings, as well as the width and intensity of the central source,
obtained by modeling the ALMA observations in the uv-plane
using galario (M. Tazzari et al. 2018; see Appendix B). The
dust rings share the same center, inclination (50(.)7 + 0?1), and
position angle (61.7 + 0.1), implying that they are intrinsically
circular, concentric, and coplanar. Furthermore, they are almost
equally spaced in radius, with r3/r, ~ 1.5 and rpy/r; >~ 1.6.
Interestingly, these ratios are very close to a 2:1 mean-motion
resonance. All three rings appear to be spatially resolved in the
radial direction with relative widths w,/r, of 0.19, 0.11, and
0.14 for B43, B69, and B100, respectively. The implications of
these ratios in terms of dust trapping are discussed in
Appendix B.

Finally, we show in Figure 2 an image obtained by
subtracting the galario best-fit model, whose details are
outlined in Table 1, from the observations (Appendix B). The

clump and the arc are visible as positive residuals. The deficit
appears instead as a negative residual. Additionally, a large
positive arc-like residual occurs on the western side of B69,
while the eastern side is dimmer relative to the model. These
asymmetries in the continuum emission, which likely trace
azimuthal variations in the dust density, are important for
interpreting the observations regarding planet—disk interaction
models and will be further discussed in the next section.

3.2. CO Emission

Figure 3 presents the continuum-subtracted '*CO J=3-2
peak brightness temperature (using the full Planck law).*' In
terms of brightness temperature, the rms noise of the CO data is
6.8 K, while for the continuum, it is 2.6 K.*> A figure with the
CO channel maps is available in Appendix C. Overall, the CO
emission covers a wide range of spatial scales, extending both
outside the continuum emission and inside the dust cavity. As a
reference, we overlay the 50 contour of the continuum
emission. Additionally, the CO emission is more asymmetric
than the continuum along the azimuthal direction. In particular,
the CO emission in the southeast half of the disk is brighter and
extends farther away from the center than the opposite side.
This is due to the flaring of the CO-emitting layer, which
causes the nearest side of the disk (the northeast side in this
case) to be compressed in the direction perpendicular to the line
of sight.

1o improve the quality of the peak intensity map, we generated and coadded
four CO data cubes, each offset in velocity by 0.17 kms™'. This procedure
largely removes image artifacts generated by the coarse velocity resolution
when taking the peak intensity of each pixel and does not affect the physical
interpretation of the data.

42 Note that the brightness temperature using the full Planck law does not scale
linearly, as does the flux density. The values listed here correspond to the 1o
rms values of the flux density.
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Figure 2. Residual map obtained by subtracting the galario best-fit model from
the observations in the Fourier space. The central emission is removed by the
model. The locations of the bright rings found in galario are marked with
ellipses. Features identified in Figure 1 are visible here. Both the clump and arc
are visible along the inner ring (B43) as dark red residuals, while the deficit has
some of the most negative values. The bright continuum ring (B69) also shows
asymmetries, being brighter in the west and fainter in the east.

In the left panel of Figure 3, we plot both the continuum and
CO profiles, as well as their sum. Dashed lines indicate the
locations of the bright continuum rings whose subtraction
leaves clear signatures in the CO profile. This shows that the
continuum is likely optically thick at these radial locations.
Interestingly, there are modulations seen in the outer disk of
both the CO profile and the sum profile. These may also be
associated with continuum features (see, e.g., Figure 2 of
P. Curone et al. 2025) or may be driven by other mechanisms
(M. Barraza-Alfaro et al. 2025; C. Longarini et al. 2025).

While the continuum emission peaks at 68 au, the CO
emission peaks at 25 au, well within the innermost dust ring
and the orbital radius of the candidate exoplanets LkCa 15 b
and c. Taken at face value, the lack of any cavity in '*CO
seems to disfavor the presence of massive planets in the disk’s
innermost regions, which would instead clear out both dust and
gas and trap dust at pressure maxima (Z. Zhu et al. 2012).
However, the different radial profiles might be caused by
radiative transfer effects, such as the different vertical
distribution and optical depths of dust and CO emission. For
these reasons, it is important to analyze the observations using
theoretical models that include radiative transfer calculations of
the dust continuum and CO emission.

4. Hydrodynamic and Radiative Transfer Models

Our main goal is to investigate if the different morphology of
continuum and CO emission observed within LkCa 15’s disk
dust cavity might be consistent with the presence of massive
planets and derive constraints on their mass if this is the case.
We do this by comparing ALMA observations with hydro-
dynamic+radiative transfer simulations of the planet—disk
interaction for models characterized by different planetary
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configurations. However, a full exploration of the model
parameter space is impossible due to the large computational
time required to perform such simulations. Instead, we start
with simple assumptions on the number and radial distribution
of planets and the gas and dust properties and derive robust
conclusions against the specific choice of parameters.

The general modeling procedure is as follows: using some
initial profiles (e.g., surface density, aspect ratio, etc.; see
Section 4.1), we define an initial disk. With the disk defined,
we can then use radiative transfer codes to calculate the
temperature of the initial disk and hydrodynamic codes to
evolve the density perturbations created by embedded planets.
Note that we calculate the disk temperature only for the initial
unperturbed disk state and assume it to remain constant with
time. This might not be a good assumption if planets carve
deep gaps in the disk (S. Facchini et al. 2018), but it is the only
option for exploring a wide range of model parameters in the
absence of a fast radiation-hydrodynamic code.** As an
additional caveat, we calculate only the dust temperature,
assuming that it is equal to the gas temperature. The
implications of this assumption will be discussed further in
Section 4.3. Armed with a temperature, dust and gas densities,
and gas velocities, we can then produce synthetic dust
continuum and molecular line images, taking into account the
finite angular and spectral resolution of the observations. The
details of the codes used and the initial disk setup are described
below.

4.1. Model Setup

We use the 2D (7, ¢) version of the hydrodynamic code LA-
COMPASS (H. Li et al. 2005, 2009) to calculate the evolution of
circumstellar gas and dust under the gravitational influence of
planets. Following the evolution of an « disk (D. Lynden-Bell &
J. E. Pringle 1974; J. E. Pringle 1981; L. Hartmann et al. 1998;
A. Isella et al. 2009), we assume an initial gas surface density
profile

) =%e(£)

X exp {2(217)[(%)(27) B 1]}’ 0

where ¥, = 1.62 g cm ™2 is the surface density at the cutoff
radius r, = 150 au and ~y is the slope of the disk surface density,
which we set to 1. In our models, we assume a radially constant
value of the viscosity parameter o = 2 x 107°. The initial
values of X, and r.. are based on the results of S. Facchini et al.
(2020) and correspond to an initial disk mass of 0.04 M. We did
not include disk self-gravity in our models as these profiles
imply stability under the Toomre Q parameter (A. Toomre 1964).
Initially, dust and gas are perfectly mixed with a gas-to-dust ratio
of 100. Whereas LA-COMPASS allows for the inclusion of
multiple dust sizes, we assume that all the dust is in grains with a
size of a = 0.14 mm and density p, = 1.26 g cm ° (S. Facchini
et al. 2020). At the cutoff radius of 150 au, this corresponds to
St =0.017. This value of a was chosen because the dust grain size
that carries the maximum opacity at a given wavelength goes as a

a3 Running the temperature calculation on a perturbed disk with deep gaps
results in increases on the order of only a few percent throughout most of the
disk. Larger changes occur in the vertical transition region and the gaps and
reach a maximum of ~50%.
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Figure 3. Left: azimuthally averaged radial brightness temperature profile of both the continuum-subtracted CO and continuum. The sum of the two profiles in this
panel is also shown to highlight the effects of the subtraction. The peaks in the continuum profile correspond to drops in the CO, showing that the continuum is likely
optically thick at the location of the prominent rings. The rings are marked with vertical dashed lines. Center: moment 8 peak intensity map of the CO converted to
brightness temperature for the inner 2”7 x 2”7 The contour value is again 5 times the continuum rms and shows the continuum cavity and central source. The
synthesized beam size is shown in the bottom left corner. Right: same as the central panel but zoomed into the inner 0.6 x 0.6 to show the extent of the CO emission

within the cavity.
N%’; Therefore, 0.14 mm grains should dominate the continuum
emission observed at 0.87 mm.

We perform hydrodynamic simulations assuming a locally
isothermal equation of state. The temperature profile of the disk
follows the power-law relation

r )—1 /2
25 au ’

which resulted from the radiative transfer calculation discussed
below. In a vertically isothermal disk in hydrostatic equili-
brium, the assumed temperature profile can be equivalently
expressed in terms of the disk aspect ratio as

0.25
£:0.058( d ) ,
r 25 au

where H is the disk pressure scale height given by =% In this
r Vi

T(r) = 41.6K( )

3)

case, vy is the Keplerian velocity, and c; is the sound speed. Our
simulation domain covers from 4 to 200au in the radial
direction and O to 27 in azimuth. While other exoALMA
Letters (M. Galloway-Sprietsma et al. 2025) show that there is
12CO emission out to ~600 au, we are only concerned with the
inner disk structures, thus motivating our choice of outer
boundary. We use 1024 logarithmically spaced cells in the
radial direction and 3072 uniformly spaced cells in azimuth.
We tested that both the chosen boundary conditions and grid
resolution do not affect the results of the simulations.
Ultimately, we use open boundaries, as this led to the best
agreement with the steady-state similarity solution for the
evolution of a viscous disk over time (A. Isella et al. 2009).
To calculate the disk temperature and the emerging emission
in the dust continuum and CO line emission, we use the
publicly available 3D radiative transport code RADMC3D
(C. P. Dullemond et al. 2012). Under the assumption of a
passively irradiated disk, the disk temperature depends on the
incoming stellar radiation, the dust opacity (we assume that
atomic and molecular gas play negligible roles in setting the

disk’s interior thermal structure), and the dust vertical and
radial distribution. For the irradiation flux, we assume a
blackbody spectrum at a temperature 7, = 4500 K and total
luminosity L, = 0.95 L., (J. F. Donati et al. 2019). For the dust
opacities, we assume the DSHARP total absorption opacities
discussed in T. Birnstiel et al. (2018; see Equation (6)),
corresponding to a size-weighted opacity where the grain size
that dominates the absorption at a given wavelength is
Aobs . . . .
an~ . This gives us an absorption opacity at each
wavelength that no longer depends on the dust size, thus
allowing for the approximation of one dust size in our hydro
models. The vertical gas density profile is calculated assuming
that the disk is vertically isothermal and in hydrostatic
equilibrium, which leads to
22
Pl 72wz )

Eg(r ’ (b)

————exX
H\2m

where X, is the gas surface density calculated by LA-

COMPASS. The vertical dust density profile is calculated as

pg(}’, (b» 7) = 4

Ed(rs ¢) Zz
9 9 9 5
Pa (r ¢ Z) ., — C€Xp l: d2 ] ( )

where X, is the dust surface density calculated by LA-

COMPASS and H; = H, X (1 + %)_1/2 is the pressure scale

height of the dusty disk that accounts for dust settling toward
the midplane (A. N. Youdin & Y. Lithwick 2007). In the last

equation, St is the dust Stokes number calculated as St = %
4

Including dust settling is important to model ALMA observa-
tions and avoid the millimeter-wave emitting layer artificially
extending in the vertical direction, particularly when observing
inclined disks.

The disk temperature results from a balance between heating
(provided by the direct stellar irradiation via the dust opacity
and reprocessed radiation from dust itself) and cooling
(controlled by dust opacity). These processes primarily occur
at optical and infrared wavelengths and are controlled by the
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distribution of (sub)micron-sized grains that carry most of the
opacity at these wavelengths. In first approximation, these grains
have St/ < 1, meaning that they are well coupled to the gas.
For this reason, to calculate the disk temperature, we assume
pa = 0.01p, and a dust opacity corresponding to a grain size
distribution with a maximum grain size of 1 ym. To find the disk
temperature profile corresponding to the hydrostatic equilibrium,
we start from an initial guess of the disk aspect ratio and iterate
on the temperature calculated by RADMC3D until convergence.
Using the gas surface density profile of Equation (1), this
procedure leads to the midplane temperature profile reported in
Equation (2) and the disk aspect ratio of Equation (3).

After the temperature calculation, we use the ray-tracing
capabilities of RADMC3D to generate synthetic continuum and
CO emission images. For the continuum images, we use the
surface density of the 0.14 mm dust grains calculated by LA-
COMPASS together with the corresponding DSHARP opacity
and the disk inclination and position angle inferred in the
previous section (see Table 1). For the CO images, we utilize
the gas density and velocity calculated by LA-COMPASS. To
generate the 3D CO density distribution, we assume a CO/H
abundance ratio of 5 x 10~ and incorporate both CO freeze-
out and photodissociation following the prescriptions outlined
in Y. Aikawa & E. Herbst (1999), C. Qi et al. (2011), and
K. A. Rosenfeld et al. (2013). Calculating the photodissociation
surface involves integrating the vertical gas distribution from
the top down and finding the value of z = zpho at which it
reaches a threshold value opp = 5 X 10%° cm 2 (R. Visser
et al. 2009). This is by no means a complete treatment of
photodissociation in PPDs, and we refer the reader to
Section 4.3 and Appendix E for a more complete discussion
on the implementation. For CO freeze-out, we set the CO
abundance to zero where the gas temperature is below 19K
(K. A. Rosenfeld et al. 2013). We ray-trace the CO emission by
oversampling the velocity resolution of the observations. We
calculate the CO emission across 289 channels at a resolution
of 0.05 km s~' and then average it down to the observed
resolution of 0.85 km s~'. The CO simulations include dust
opacity to account for continuum absorption properly. Finally,
to compare to the continuum-subtracted CO observations, we
calculated a continuum-only data cube and subtracted it from
the CO synthetic channel map.

4.2. Continuum Modeling

The models of the planet—disk interaction depend on many
parameters, and exploring all of them in a systematic way is
unfeasible. Instead, we adopt a step-by-step approach based on
our observations and previous results and use our intuition to
optimize the model parameters to reproduce the observations.

All of our models include three planets. Our initial
assumption is that the first planet (planet 1) has an orbital
radius of 20 au, corresponding to the stellocentric distance of
the candidate planets LkCa 15 b and c, as well as the compact
source discussed in Section 3. Our working hypothesis is that
planet 1 is responsible for clearing out the innermost disk
regions. As the existence of multiple planets in the cavity
remains in doubt, we attempt to create a cavity with only one
massive planet to reduce our parameter space. The second
planet (planet 2) is located at an orbital radius of 42 au,
corresponding to the radius of the dust deficit and inner ring.
This follows the hypothesis of F. Long et al. (2022) that the
dust emission observed along the innermost ring arises from dust
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corotating with a planet. The third planet (planet 3) has an orbital
radius of 90 au, corresponding to the location of the outermost
gap. In this case, we assume that the planet is responsible for
clearing the gap seen in the continuum emission. Keeping the
planets’ orbital radii fixed, we then run a grid of models allowing
for three values for the mass of each planet.

For all of our models, we assume a stellar mass of 1.25 M,
(J. F. Donati et al. 2019). Due to the large cavity in the
continuum, one would expect planet 1 to be massive. Planets 2
and 3 are likely less massive given the dust morphology of the
outer disk. An estimate of the gap-opening criteria from
G. Dipierro & G. Laibe (2017) indicates that planet masses of
3.8, 1.9, and 0.8 M; will open gaps in the dust at the chosen
radii of the planets (20, 42, and 90 au, respectively). Because of
this, we chose 1.3, 3.8, and 6.3 Mj as possible values for the
planet 1 mass. For planets 2 and 3, we chose masses of 0.4, 1.3,
and 3.8 Mj. These choices for the planet masses allow us to run
models both above and below the theoretical gap-opening
criteria. We run each simulation for 0.625 Myr (5000 orbits at
25 au). This allows for the simulations to achieve a quasi-
steady state, meaning that the results do not strongly depend on
the time frame used for the comparison. For all of our
simulations, we assume that these planets are at fixed radial
locations on circular orbits, and we do not vary the azimuthal
angle at which they are initially placed.

For a quantitative comparison between models and observa-
tions, we use the chi2image function from galario, which
calculates a y* by comparing synthetic images and the
observed continuum emission in the visibility space. In this
way, we naturally account for the angular resolution and
discrete uv sampling of ALMA observations.

The left and middle panels of Figure 4 summarize the main
results. Overall, none of these models provide a good match to
the observations. The models with the lowest x* (left panel)
have M,,; > 1.3 My, M., = 3.8 My, and M,;3 = 0.4 M;. Planets 1
and 2 clear out material in the cavity and produce a bright
continuum ring at the location of the main dust ring seen in the
observations. However, due to the high mass, planet 2 creates a
large gap at the location of the innermost ring in the continuum.
Lowering the mass of planet 2 (middle panel of the figure)
leads to more continuum emission at the location of the inner
ring but results in the appearance of an undesired ring of dust
between Planets 1 and 2 at a radius of about 35au. An
additional feature of these models is that the dust ring created
by planet 3 has a larger radius than the outermost dust ring.

Following these results, we relaxed our assumptions on the
planets’ orbital radii and tried several combinations of planet
masses and orbital radii to reproduce the observed continuum
radial profile. We increased the orbital radii of planets 1 and 2
to match the morphology of the dust cavity and moved planet 3
inward to match the radius of the outermost ring. We find the
best agreement in the locations of the gaps and rings between
models and observations when planet 1 has an orbital radius of
about 29 au and a mass between 3 and 5 Mj, planet 2 has an
orbital radius of 51 au and a mass of 0.4 M}, and planet 3 has an
orbital radius of 80 au and a mass of 0.25 Mj (see right panel of
Figures 4 and 10). In these models, planet 1 is responsible for
the large dust continuum cavity, while the innermost dust ring
consists of dust trapped between planets 1 and 2. The models
reproduce the location of the dust rings and the overall
morphology of the dust cavity but overpredict the intensity
profile across the middle and outer rings by 30%-50%.
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Figure 5. Left: continuum map of LkCa 15 as shown in Figure 1. Center and right: synthetic continuum images corresponding to the models that provide the best
match to the observations (see also right panel of Figure 4). In each panel, the continuum intensity has been normalized to the peak intensity to facilitate the
comparison between models and observations in terms of the level of azimuthal asymmetries. We highlight a few of the asymmetries seen in the inner and middle

rings. The locations of the planets are shown with white dots in the models.

Additionally, a massive planet 1 generates a steep increase in the
dust intensity profile between 30 and 40 au, while the observations
show a more gradual increase. Matching the exact radial profile of
the dust continuum emission is beyond the scope of our
investigation. However, we note that lower continuum intensities
could be obtained, for example, by adopting a different (lower)
millimeter-wave dust opacity. Additionally, while the true disk
temperature may differ slightly from the adopted model that was
calculated for the unperturbed disk (A. Isella et al. 2018), the
midplane values are largely in agreement with those derived in
M. Galloway-Sprietsma et al. (2025).

Figure 5 shows synthetic observations of the two models
presented in the right panel of Figure 4. To better compare the
azimuthal structure of the synthetic emission to the observa-
tions, we show the normalized intensity in the figure, keeping
in mind the differences in absolute intensity discussed above.
Overall, the models qualitatively match the observations in that
the innermost and middle rings are asymmetric, while the
outermost ring is mostly symmetric. Notably, the middle rings
are characterized by large-scale azimuthal bumps that match

the asymmetry discussed in Section 2. All our models also
show compact emission at the location of the planets. However,
this feature is caused by an incorrect treatment of the
circumplanetary material wherein the material is expanded
vertically using the scale height of the PPD rather than the
CPD. Therefore, these sources of compact emission should be
disregarded in the model images. Considering all the caveats
discussed above, these two models for the continuum emission
match the size of the dust cavity and the level of dust depletion
within the cavity. In particular, the model with M,,; = 3.8 M;
reproduces the dust continuum emission within 30 au, provid-
ing a base for constraining the gas depletion in the innermost
regions of LkCa 15’s disk. In the next section, we will adopt
this model as a reference model to investigate the CO emission
arising from the dust-depleted cavity.

4.3. CO Modeling

Figure 6 shows synthetic observations of the CO peak
intensity emission corresponding to our initial disk model with
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Figure 6. Left: the peak intensity map of CO emission recorded toward LkCa 15 converted to brightness temperature. This is the same image shown in Figure 3.
Center: CO peak intensity map of the disk with no planets included. The resemblance between this image and the observations indicates that a disk with no planets can
approximate the observed CO emission. Right: CO peak intensity map of the reference model discussed in Section 4.2 with a 3.8 M; inner planet. We mark the
locations of the planets in this model with white dots as in Figure 5. In this model, the effect of the massive planet is clearly visible in the CO emission and shows that
a massive planet is not consistent with the observations. The corresponding surface density maps are shown in Figure 10. We overplot the 5o contour of the continuum
in all images to emphasize the location of the dust cavity. CO photodissociation is included in both of the models shown.

no planets and the reference model discussed above, which is
characterized by three planets with masses of 3.8, 0.5, and 0.3
M; orbiting at 29, 51, and 80 au, respectively. CO photo-
dissociation is included in both the middle and right panels.
Adopting the values mentioned in Section 4.1 for the
photodissociation vertical threshold and CO abundance leads
to little change in the depletion of CO within the dust cavity
(see Appendix E and Figure 12).

The effects of the massive innermost planet are clearly visible
in the inner disk in the model shown in the right panel of Figure 6,
where gas has been cleared out and CO emission reduced. The
CO emission within ~0'2 from the center becomes optically thin
in this model. This result suggests that if the inner disk of LkCa 15
is shaped by a single planet, its mass is likely lower than ~3 Mj.
Even in the case of our ~1 Mj model (with or without
photodissociation), a cavity is still present in the synthetic CO
images, suggesting that if there is a planet, its mass must be <1
M,. In fact, a model that does not include any planets (see middle
panel of Figure 6) matches the observed CO emission.

To determine whether a higher gas temperature can account for
the observed emission in the presence of gas depletion by a planet,
we recalculate the disk temperature after the innermost planet has
cleared a cavity. As a result, the gas temperature and CO emission
within the cavity increase by approximately 10%. However, this
enhancement is insufficient to explain the observed emission in
the presence of a massive planet. A discussion of the implications
of these results is presented in the next section.

Finally, it is worth noting similarities and differences between
the CO synthetic models and observations that highlight the
successes and shortcomings of our modeling procedure. These
features are better seen by comparing observed and synthetic
channel maps as shown in Figure 7. Most importantly, our models
of disks both excluding (second column of Figure 7) and including
(fourth column of Figure 7) planets match the overall morphology
of the CO emission, which is primarily controlled by the disk
differential rotation, the vertical CO distribution, and the CO
temperature. For example, the CO emission observed at £1.7 km
s~ ! relative to the central star velocity shows spatially separated
emission from both the front and back sides of the disk

(K. A. Rosenfeld et al. 2013). Importantly, the CO disk dims in
a dark lane in roughly the same location in both the observations
and models that corresponds to the location of the bright continuum
ring and is a result of the continuum subtraction. This is made
particularly clear in the residual channels of the fifth column, where
the red residuals follow the B43 ring, since this specific model
overpredicts the continuum brightness of that ring (see blue profile
in right panel of Figure 4). Indeed, the optical depth at 0.87 mm,
calculated from the DSHARP absorption opacity and dust surface
density of our model, shows that the disk is optically thin in dust
but becomes marginally optically thick in the bright rings.
Furthermore, the shape of the CO emission arising from the near
side of the disk, which in the case of LkCa 15 is the northwest side,
differs in shape from the emission arising from the opposite side,
appearing more compressed and less extended than emission on the
far side of the disk (see Figure 7; zero velocity channels). Both of
the models shown reproduce these features, giving us confidence in
our assumption of the stellar mass and our calculation of the disk
geometry, temperature, and vertical density structure.

As for the main differences between models and observa-
tions, the synthetic models overpredict the CO peak brightness
temperature beyond ~100 au by about 30%-50%. Since the
center of the CO line in those regions is optically thick, this
discrepancy suggests that our model overpredicts the temper-
ature of the CO-emitting layer, which is typically located a few
scale heights above the disk midplane (E. Weaver et al. 2018;
C. J. Law et al. 2022, 2023; M. Galloway-Sprietsma et al.
2025). In our model, the temperature is calculated using
RADMC3D based on the stellar luminosity and disk structure.
Reducing the temperature of the outer disk by 40% would
require either lowering the stellar luminosity from about 1 L
to about 0.3 L., which is inconsistent with observations of
LkCa 15; altering the opacity of the small grains that intercept
the stellar radiation; or reducing the flaring angle of the outer
disk.** Computing the gas temperature and abundance self-

4 In the first approximation, the disk temperature scales as (aL,)!'/4, where a
is the incident angle between the stellar radiation and the disk surface
(C. P. Dullemond et al. 2001).
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Figure 7. Select channels from the 2CO (J = 3-2) data cube of the observations (first column), the models shown in Figure 6 (second and fourth columns), and the
residuals of the observations minus the models (third and fifth columns). The dashed ellipses in every panel show the location of the three continuum rings derived
from our continuum observation analysis. Some key features of the observations are reproduced well in the models, namely, the backside of the disk being visible.
Additionally, both sides of the disk dim in roughly the same place as in the observations due to continuum subtraction from the bright continuum rings (see, e.g., the
dark lanes in CO coincident with the location of B69). In the model shown with planets, red residuals tend to follow the B43 ring since this model overpredicts its
brightness and thus subtracts too much continuum. The residuals in both models show that the observations are brighter in the inner disk, while the models are brighter
in the outer disk. The zero velocity channel shows a small S-shaped kink that is marked by a circle in the middle row and shows up as dark red spots in the residual

maps. CO photodissociation is included in both of the models shown.

consistently with a physical-chemical model may also lower
the temperature in the outer disk. Finally, the zero velocity
channel of the data reveals an S-shaped kink at about ~20 au
from the center of the disk that shows up as two red spots in the
residual channel maps. This kink is along the minor axis of the
disk, like the bridge of emission identified in the continuum,
but lies closer radially to the peak of the first continuum ring.
These kinks can be interpreted as the effect of kinematic
perturbations caused by an embedded planet, though their
origin is still under debate (C. Pinte et al. 2023). We refer the
reader to C. Pinte et al. (2025) for a discussion of the velocity
kinks in the exoALMA sample.

5. Discussion and Conclusion

As discussed in the Introduction, it has long been speculated
that LkCa 15°s disk hosts accreting protoplanets. The presence
of the large continuum cavity was the first motivation for these
claims, followed by optical and NIR observations of candidate
planets within the cavity. High angular resolution observations
from ALMA showing bright continuum rings also supported
these theories with speculation that they could be due to dust
trapping from planet-driven pressure bumps. Yet the proposed
protoplanets have been disputed with scattered-light imaging
suggesting that the compact emission observed in the NIR
could instead arise from diffused dust particles with the dust
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cavity. This hypothesis is consistent with the faint 0.87 mm
dust continuum and CO emission recorded within the inner-
most dust ring, discussed in Section 3. Indeed, the (sub)micron-
sized particles responsible for the observed scattered-light
emission should be coupled to the gas and therefore follow a
radial distribution similar to that of CO molecules.

The simultaneous analysis of high angular resolution
continuum and CO observations with hydro and radiative
transfer models allow for a detailed study of the cavity
identified in the continuum. In Section 4.2, we showed that the
dust continuum emission is consistent with dynamical
perturbations from three planets orbiting at 29, 51, and 80 au
with masses of 3-5 Mj, 0.4 Mj, and 0.25 Mj, respectively. The
three rings are likely circular and coplanar (based on the same
center and inclination), suggesting that the putative planets
would be on circular orbits. In that context, a single but
massive planet is required to carve the large inner cavity.
However, in Section 4.3, we found that the presence of a
massive innermost planet is inconsistent with observed CO
emission, which would instead require a less massive planet
(M,, < 1 Mj) even in the most conservative case in which CO
photodissociation is not considered. In practice, there is a
delicate balance in the mass of the innermost planet. The
planet’s mass cannot be so low that it does not clear out a deep
cavity in the continuum, but it cannot be so massive that it
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leaves a signature in the CO emission. Our results indicate that
such a delicate interplay cannot be obtained with a single
planet.

We conclude this section by discussing how our results might
depend on the initial choice of model parameters kept fixed in our
simulations. In particular, the relative distribution between gas
and dust depends strongly on the aerodynamic coupling between
dust and gas, which is controlled by the ratio between the dust
Stokes number St and viscosity parameter o (G. Dipierro et al.
2016). The Stokes number depends on the dust size a and shape
(C. Pinte et al. 2019), which are fixed, and the gas surface density
2., which depends on the choice of .. Our models indicate that
for the given choice of a and «, the dust is too coupled to the gas,
resulting in the large cavity, or the lack thereof, being visible in
both tracers. To reduce the coupling, we could increase St/ by
increasing the dust size or decreasing a.. A lower o would mean
that massive planets would clear more gas within the dust cavity
and excite instabilities, such as the Rossby wave instability
(R. V. E. Lovelace et al. 1999; H. Li et al. 2000), resulting in
more asymmetric substructures. Therefore, the inner planet mass
would have to be lowered even more to match the observations.

Our model assumes that grains with size a = 0.14 mm are
the main carriers of the 0.87 mm dust opacity. This is a good
assumption in the case of a standard grain size distribution
(n(a) < a~*%), but it might be inappropriate if the grain size
distribution is strongly skewed toward millimeter/centimeter-
sized grains. In this case, a larger dust size would result in a
larger Stokes number and less coupling. A less massive inner
planet may still be able to trap these larger dust grains while
less effectively clearing a cavity in the gas, therefore bringing
us closer to the differences in gas and dust that we observe.
Constraining the grain size distribution in LkCa 15’s disk,
however, requires high angular resolution observations across a
broad range of wavelengths (e.g., 0.8-3 mm), which, as of the
time of this study, do not exist (see, e.g., G. Guidi et al. 2022).

Another alternative to reduce the coupling is to reduce X,.
Doing this while holding « and a fixed, however, would make
the cavity more clear of gas, which is the opposite of what we
would want. If a planet exists in the cavity, then its mass being
low seems to be a robust result even with changes to the
coupling.

Alternatively, a chain of properly spaced low-mass planets
orbiting within 30 au from the central star could also explain
the observed dust and gas morphology, as suggested by
M. Leemker et al. (2022). If this is the case, observations of the
dust and CO emission at higher angular resolution and
sensitivity might reveal rings and gaps within the dust cavity
created by these planets. Alternatively, physical processes that
do not require the presence of planets could be responsible for
LkCa 15’s dust cavity. These are discussed in other exoALMA
Letters, and we refer the reader to those for more details
(M. Barraza-Alfaro et al. 2025). In any case, high angular
resolution observations of gas tracers more optically thin than
12CO, such as '*CO and ClgO, would help to better constrain
the gas density and CO photodissociation within the dust cavity
and inform about its origin. This goal could be achieved by
combining exoALMA observations of these CO isotopologues,
which achieved an angular resolution between 0.1 and 0.3
(R. Teague et al. 2025), with future ALMA long baseline
observations. As of now, the exo)ALMA 13CO resolution only
allows for ~one to two beams across the disk cavity, meaning
that structures will only be marginally resolved at best.
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In conclusion, in this work, we have shown that observing
molecular line emission at the same angular resolution of the
sharpest dust continuum images is a key step in investigating
the origin of dust substructures. In the case of LkCa 15,
observations of the CO line emission that achieve a spatial
resolution of about 6 au reveal the presence of gas inside a dust-
depleted cavity. Under reasonable assumptions on the disk’s
physical properties, we demonstrated that these observations
are inconsistent with the postulated presence of massive planets
orbiting between 10 and 30au. We show that planet—disk
interaction models reproduce the overall radial and azimuthal
morphology of dust and gas emissions well. However, the
estimated planet masses are less than the mass of Jupiter and,
for this reason, might be too faint to be directly detected by
existing NIR high-contrast cameras.
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Appendix A
Dust Appearance versus Robust Parameter

Figure 8 shows images of the dust continuum emission
obtained using robust parameters between 0.5 and 0.9, resulting
in synthesized beam sizes increasing from 0.041 x 0.026
to 0.055 x 07031 and rms noises decreasing from 11.7 to

10.7 pJy beam™ .

Robust = 0.8 Robust = 0.9

J3Qp

Figure 8. A figure showing the effects of using different robust parameters when imaging the continuum data. (Top row) An image of the full disk with contours of 4
times the rms noise of each image. As the robust parameter increases, the compact source slowly becomes part of the more extended dust emission present in the
cavity. (Bottom row) The inner cavity with contours of 3, 4, 5, 6, 7, and 8 times the rms noise. As the robust parameter increases, emission near the central source
begins to connect with emission near the inner continuum ring. More material also becomes visible in the cavity at lower rms with the higher robust parameter.
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Appendix B
Disk Geometry and Properties of the Dust Rings

To measure the properties of the dust rings, we start by fitting
ellipses to the continuum image following the procedure from
J. Huang et al. (2018). This approach uses the Python-based
Markov Chain Monte Carlo sampler emcee (D. Foreman-Mackey
et al. 2013) to find the best-fitting ellipse for intensity maxima or
minima within a given radial interval. All the rings and gaps
have similar centers, inclinations, and position angles, indicat-
ing that these substructures are concentric and coplanar. Using
the average value of the ring centers and orientation, we then
deproject the continuum emission and create the azimuthally
averaged profile shown in the left panel of Figure 3 and all
panels of Figure 4. This profile clearly shows the presence of
central emission and of three rings with radii of about 43 au,
69 au, and 100 au.

Next, we measure the continuum rings’ width in the image
and visibility plane. Both the image and visibility fitting require
an additional diffused component to account for the extended
emission observed beyond 150 au, which here is modeled as an
additional broader ring. In the case of the image plane, we use
emcee to fit 1D Gaussian functions to the azimuthally averaged

Gardner et al.

continuum intensity profile shown in the left panel of Figure 3.
We then take the width of each component and deconvolve it
via a simple sum of squares calculation using the geometrical
mean of the synthesized beam size. We also deconvolve the
amplitudes of the Gaussians using a ratio of the measured o to
the deconvolved o. This provides the widths listed in column
(9) of the image fitting section of Table 2. For the analysis in
the visibility plane, we use the galario software package
(M. Tazzari et al. 2018). galario takes an input model image,
which in this case consists of the sum of the Gaussian rings,
and calculates the corresponding visibilities. Using emcee, we
then find best-fitting model parameters by comparing observed
and theoretical visibilities. In both cases, we only fit for one
center, inclination, and position angle, assuming that the rings
are concentric and coplanar. The image and visibility fittings
deliver consistent results regarding the disk orientation and the
ring properties. We find that the ratios between the width of the
rings (defined as the dispersion of the Gaussian function) and
their radius are 0.19, 0.11, and 0.14 for the innermost, middle,
and outermost rings, respectively. The implication of the
widths of the rings in terms of dust-trapping models is
discussed further in J. Stadler et al. (2025).

Table 2
Results of Various Fits to the Rings of LkCa 15
Fit Feature Ax Ay To To Incl. P.A. o Amplitude
(mas) (mas) (mas) (au) (deg) (deg) (au) Jy arcsec )
¢)) (@) ©) @ Q) ©) N ®) ©) (10
Ellipse B43 —37.17%% ~76.9 + 2.3 267.6°%] 4254+ 05 491+ 1.1 63.0114
Fitting D46 —34.27%33 —7724 30  290.6%37 462 + 0.6 48.171% 66.011
B69 —3374+ 07 —788+ 0.6 43424+ 08 6904+ 0.1 505+ 02 617+ 02
D87 —40.1113 —81.1 £ 1.1 547.541¢ 87.0793 50.3793 62.0 £ 0.3
B101 —37.6114 —81.9 + 1.1 634.4+17 1008+ 03 510+ 02 61.7+ 03
Average -36.5718 —792+ 16 498 + 07 629+ 0.8
Image Central source -36.5114% -792 + 1.6 [49.8] [62.9] 25+ 18 0.064 1§07
Fitting B44 -36.5114 —792+ 1.6 277.9%% 442 £+ 02 [49.8] [62.9] 85 &+ 02  0.111 + 0.008
B69 —36.5+14 -792+ 1.6 436.3403 69.3 + 0.04 [49.8] [62.9] 8.0+ 0.05 0451 + 0.007
B100 -36.5718 —7924+ 1.6 631.0+ 0.6 100.3 + 0.1 [49.8] [62.9] 1454+ 0.1 0232+ 0.006
B107 -36.5114% —792+ 1.6 673.6%02 107.0112 [49.8] [62.9] 517 + 05 0.073+3:9%3
Visibility ~ Central source ~ —40.4 + 03 —84.0 + 02 507+ 0.1 617 + 0.1 147507 0.287794%¢
Fitting B43 —404 4+ 03 -840+ 02 2724717 433403 507+ 01 617 + 0.1 84+ 04 0115+ 0.003
B69 —4044+ 03 -840+ 02 4327+ 04 688+ 0.1 5074 0.1 617 £ 0.1 767+ 0.1 0478 + 0.003
B100 —404 4+ 03 -840+ 02  629.8703 1001+ 0.1 507+ 01 617 + 0.1 141+ 02 0235+ 0.002
B104 —404 4+ 03 -840+ 02 6548495 1041+ 1.5 507+ 01 617 + 0.1 48.0%97 0.079 + 0.002

Note. The table is divided according to the three different fitting procedures outlined in the text, the ellipse fitting routine of J. Huang et al. (2018), image fitting of the
observed radial profile, and fitting in the visibility space using galario. The ellipse fitting finds both rings (B) and gaps (D). Only the ellipse fitting fits for many
concentric and coplanar rings leading to different values for each ring in columns (3), (4), (7), and (8). We average these values together and use them to deproject the
disk and create the radial profile used in the image fitting. The ellipse fitting, however, does not account for the width or amplitude of the rings. In columns (9) and
(10), we list the deconvolved standard deviations and amplitudes from our image fitting and visibility fitting. Since galario works in the visibility space, the values
were already deconvolved. In the image domain, we use a simple sum of squares formula to deconvolve the beam and get the standard deviation. This deconvolved
standard deviation is then used to deconvolve the amplitude.
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Appendix C only 0.85 kms™', as the exoALMA data were spectrally

CO Channel Maps averaged in order to combine with the Cycle 6 data. Combining

In Figure 9, we show the channel maps of the exoALMA + these data helped to reduce the effects of spatial filtering, a

Cycle 6 full data cube. In other figures, we limited the extent of result of the Cycle 6 data not having shorter baselines in the uv-

the images to the inner ~100 au, whereas here we show the full coverage. This lead to large regions of negative emission in the
extent of the disk out to ~600 au. The velocity resolution is Cycle 6 channel maps.
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Figure 9. Channel maps of the combined '>CO data cube. The velocity resolution is quite poor at only 0.85 km s™", as the original observations were focused on
2! p: y quite p

maximizing continuum sensitivity and resolution, leaving CO to be detected serendipitously. Whereas this work focuses mostly on the interior of the disk, these maps
show its full extent out to ~600 au. We use vi, = 6.3 km s~ to calculate vq.
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Appendix D
Disk-Planet Models

In this section, we provide more details about the simulations
we run using LA-COMPASS and RADMC. Many recent
studies using hydro simulations of planets embedded in PPDs
show the importance of three dimensions in capturing all of the
appropriate accretion flows onto the planet. Namely, studies
like those of J. Szuldgyi et al. (2016) showed that accretion
flows onto the planet from the surrounding circumstellar disk
originate from mid-to-high latitudes above the disk midplane
and then flow outward through the CPD midplane. This
meridional cycling of material is a behavior that can only be
captured in 3D; however, at the highest of latitudes above the
midplane of the CPD, material accretes at a significant fraction
of the freefall velocity. In order to satisfy the Courant—
Friedrichs—Lewy criteria with these rapid motions, the time
step must be very small. This makes 3D simulations very
computationally expensive to run, even if only run for ~10?
orbits. As we are interested in the evolution of the circumstellar
disk on timescales of 10 orbits in this study, 3D simulations
are computationally unfeasible.

To further reduce computational costs, we ran the simula-
tions with only one grain size. Our choice of grain size arises
from taking the integral average of the opacity, weighted by the
Mathis—Rumpl-Nordsieck distribution (J. S. Mathis et al.
1977). When this is done, one finds that the grain size that
tends to dominate the opacity is a ~ %, which for our
observations corresponds to 0.14 mm grains.

Figure 10 shows the gas and dust surface densities as well as
Stokes/a for the ~4 Mj; model shown in the right panel of
Figure 5 (taken at 5000 orbits for the innermost planet). The
massive planet clears out a cavity in the gas that is visible in the
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synthetic images shown in Figure 6. Much of the dust has
already drifted inward, leading to the smaller radial extent of
material in the dust surface density. The larger cavity in the
dust shows the extent of the decoupling of the dust grains.
While the decoupling can typically be quantified with the ratio
of Stokes/«, here we are keeping the grain size and « constant.
Thus, our plot of St/« is controlled by the gas surface density,
and the two are anticorrelated.

To perform the temperature calculations using RADMC3D,
we initially degrade the resolution of our grid from LA-
COMPASS to decrease the computation time of our thermal
Monte Carlo simulations. Our RADMC grid is 205 x 100 x 80
(N, X Ny x Ng), covering the same radial and azimuthal extent
of the LA-COMPASS simulations. We linearly interpolate
from the LA-COMPASS to RADMC grids, taking care to
ensure that the interpolation does not change the gas or dust
mass by more than ~10%. In the polar angle, we run from 60°
to 90° (midplane) and assume that the disk is symmetric about
the midplane. RADMC3D also allows for a variable number of
photons to be used in the thermal simulation; however, too few
photons results in temperature profiles that are dominated by
Monte Carlo noise. We tried running the thermal calculation
with up to 2 x 10 photons but found that 2.5 x 10® photons
achieved a good balance between computational time and
reducing the noise.

Figure 11 shows an azimuthal slice of the temperature
calculated with RADMC3D. The disk naturally settles into two
layers (midplane and surface). Also overplotted is the photo-
dissociation surface calculated as described in Section 4.1. The
drop in the photodissociation surface at ~25—30 au comes from
the massive planet removing much of the gas at that location.

St/a

1071 10° 10! 102

200

100

-100

100 200 -100 0 20[)200
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Figure 10. A snapshot of our 2D hydro runs from LA-COMPASS. Each snapshot is taken at 5000 orbits. The blue dots represent the location of the planets in the
simulation. Left: ¥, of the 3.8 My model. The massive planet in the inner disk clears out a cavity that later becomes visible in our synthetic images generated from
RADMCS3D. Middle: ¥, of the 3.8 M; model. This configuration of planets is able to clear out a cavity in the dust and reproduce three rings, but the rings are more
asymmetric than those seen in the observations. Right: St/« of the 3.8 M; model. This image is anticorrelated with the gas surface density as St o<Z;,l and other

quantities that set St are held constant in time.
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Figure 11. Color plot of an azimuthal slice of the 3D temperature calculated
with RADMC3D. We also show the photodissociation surface calculated in
Section 4.1 as a black line. There is a dip in the photodissociation surface
associated with the massive planet at 25 au in this model.

Appendix E
Photodissociation

The prescription for photodissociation that we take from C. Qi
et al. (2011) and K. A. Rosenfeld et al. (2013) does not fully
capture the complexity of this physical process. The CO
photodissociation threshold depends on the amount of shielding
from dust and H,, the CO self-shielding, and the shape of the
radiation field. The surface density threshold of 5 x 10*° cm ™2
corresponds to an extinction of Ay, = 1 when assuming a dust-to-
gas ratio of 1% (C. Qi et al. 2011). However, if the dust-to-gas
ratio is reduced, the CO photodissociation will occur deeper in the
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disk atmosphere due to a reduction in the shielding from dust. In
C. Qi et al. (2011), the threshold value is reached above the 7 =1
surface for the dust, implying that a sufficient column for shielding
has already been reached in H, and CO. However, adjustments in
the assumed CO abundance would either lessen or magnify the
effects of CO self-shielding and again shift the depth at which the
photodissociation surface forms. To complicate matters further, the
shielding also depends on the gas temperature (R. Visser et al.
2009). We assumed that the gas temperature was the same as the
dust temperature in order to decouple the radiative transfer
calculations from the hydrodynamic evolution. This allowed for a
more thorough exploration of the model parameter space, but
physical-chemical modeling has shown that this is not always true
above the disk midplane (S. Bruderer et al. 2012;
S. Bruderer 2013).

Ultimately, in the absence of physical-chemical modeling,
full radiative-hydrodynamic calculations, or chemical networks
like those of M. L. R. van ’t Hoff et al. (2017), a number of
assumptions had to be made about gas and dust abundances
and temperatures. In the future, a more thorough treatment of
the radiative and thermal physics, or the use of the
aforementioned chemical networks, will preclude the assump-
tions made in this work. In that case, the implementation of
effects like CO photodissociation can be done more accurately.
Regardless, Figure 12 shows the effect of both excluding and
including photodissociation in our CO models. Since the
differences in the two images are marginal, we have confidence
that the results derived on planet masses in this work are robust.
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Figure 12. Left: the same image shown in the right panel of Figure 6 zoomed in to the inner 0.5 x 075 with no photodissociation. Right: the same as the left panel but
including our prescription for photodissociation. There are only small changes in the brightness of the emission in the cavity between the two images. Because of this,
we can reasonably place an upper limit on the mass of any possible planets. As in Figure 5, we show the 5o contour of the continuum to emphasize the location of the

dust cavity and mark the locations of the planets with black dots.
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