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Abstract

The exoALMA Large Program has revealed a wealth of substructures in the dust and molecular line emission of
several protoplanetary discs, suggesting that planet formation may unfold within highly dynamic environments. Using
synthetic observations of planet—disk interactions and disk instabilities, we demonstrate how the origin of these
substructures can be investigated through a tomographic study of molecular lines, extending the scope of the analysis
beyond line-centroid kinematics alone. Our results indicate that with only a few hours of ALMA integration at
moderate angular resolution (0”15 — 0730), it is possible to identify the key signatures driven by planets more
massive than 0.1% of the stellar mass. These signatures manifest not only as deviations from Keplerian motion but also
as localized line broadening, enabling accurate constraints on the orbital radius and azimuthal location of the planets.
We further show that a diagnostic based on line skewness in spectrally resolved observations can help distinguish
between planetary and instability-driven signatures, owing to the distinct degrees of velocity coherence associated with
each mechanism. Finally, we apply this tomographic analysis to exoALMA CO line data for the disks of HD 135344B
and MWC 758. In HD 135344B, we identify strongly localized velocity and line-width perturbations, suggesting the
possibility of three massive planets embedded in the disk: one at R = 95 au, exterior to the continuum substructures,
and two within dust gaps at R = 41 au and R = 73 au. For MWC 758, the dominance of vertical-velocity spirals over
localized signatures is consistent with predictions from models of moderate disk eccentricities or warps, potentially
induced by a substellar companion in the inner regions of the system.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planet formation (1241); Exoplanet
detection methods (489); Planetary-disk interactions (2204)
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data have revealed different families of dust and gas
substructures in numerous disks (S. M. Andrews et al. 2018;
K. I. Oberg et al. 2021; R. Teague et al. 2025; M. Fukagawa
et al. 2026), potentially arising from the interplay between
thermochemical processes (e.g., A. Miotello et al. 2023;
K. L. Oberg et al. 2023) and physical mechanisms, including
planet— and star—disk interactions (see C. Pinte et al. 2023, for
a review), as well as gravitational and (magneto) hydro-
dynamical disk instabilities (e.g., J. Bae et al. 2023; G. Lesur
et al. 2023).

In particular, the dynamical interaction between disks and
planets is known to induce distinct signatures in molecular-line
data, which can be broadly categorized into two groups
according to their observed symmetry. The first group
comprises axisymmetric substructures dominated by azimuthal
velocity flows associated with pressure modulations around
planet-carved gaps (e.g., R. Teague et al. 2018; G. P. Rosotti
et al. 2020; A. F. Izquierdo et al. 2023; J. Stadler et al. 2025).
The second group includes nonaxisymmetric patterns extend-
ing across the disk, typically in the form of spirals (e.g.,
R. Teague et al. 2021; J. Calcino et al. 2022; L. Wolfer et al.
2023), as well as localized kinematic perturbations (e.g.,
C. Pinte et al. 2018; S. Casassus & S. Pérez 2019; A. F. Izqu-
ierdo et al. 2022; J. Stadler et al. 2023) and chemical
anomalies detected in the vicinity of embedded planets
(C. J. Law et al. 2023; A. F. Izquierdo et al. 2026). A
comparatively less explored feature in this group involves
localized meridional flows induced by a planet, which lead to
enhanced velocity dispersion. These flows arise from the
interplay between planet-induced gravitational torques and
viscous torques that act to refill the planet-driven gap from
disk layers above the midplane (R. Dong et al. 2019;
A. F. Izquierdo et al. 2023).

Similar observational features may, however, also arise
from fluid instabilities that develop under specific disk
conditions. For instance, nearly axisymmetric flows are a
common outcome of the vertical shear instability (VSI; e.g.,
M. Barraza-Alfaro et al. 2021), which operates in thermally
stratified disks with short cooling times that sustain differential
rotation above the midplane. Spiral-like structures, by contrast,
are more characteristic of gravitational instability (GI; e.g.,
C. Hall et al. 2020; J. Speedie et al. 2024), which occurs in
sufficiently massive disks where self-gravity overcomes
thermal and rotational support. Large-scale spiral morpholo-
gies, together with localized eddies, can also arise from the
magnetorotational instability (MRI; e.g., M. Barraza-Alfaro
et al. 2025), which develops in regions where the gas is
sufficiently ionized for magnetic fields to couple to the flow
and drive turbulence.

In this work, we quantify the detectability of planet-driven
perturbations using exoALMA-like observations of three-
dimensional planet—disk interaction simulations. We adopt a
tomographic approach in which line broadening and line
asymmetries are used as diagnostics of coherent velocity flows
in the vicinity of embedded planets, and compare these
signatures with those produced in VSI, MRI, and GI
simulations. We then apply this analysis to two distinct
exoALMA targets: the disk of HD 135344B, where multiple
localized perturbations are identified, and MWC 758, where
large-scale substructures predominate.
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This Letter is organized as follows. Section 2 describes the
observational data and channel-map models of the exoALMA
targets analyzed in this study. Section 3 presents the extraction
and characterization of observable features from models of
planet—disk interactions and fluid instabilities. Section 4
illustrates the application of this methodology to the disks of
HD 135344B and MWC 758. Section 5 discusses the inter-
pretation of the detected signatures, and Section 6 highlights
the main results of the work.

2. Data and Models

The ALMA data used in this Letter consist of exoALMA
continuum-subtracted  fiducial images of '*CO and
Bcos = 3 2 for the disks of HD 135344B and
MWC 758, as defined in R. Teague et al. (2025). These data
cubes have a circular synthesized beam of 0715 and a
channel spacing of 0.1 kms™'. Details of the calibration and
imaging procedures are provided in R. A. Loomis et al.
(2025). We also use exoALMA fiducial continuum images
centered at 0.9 mm from P. Curone et al. (2025), and Very
Large Telescope (VLT)/SPHERE scattered-light images
presented in T. Stolker et al. (2016) and M. Benisty et al.
(2015). Channel-map models of the targets produced with
DISCMINER, as reported by A. F. Izquierdo et al. (2025), are
used as references to compute residual maps. These residuals
enable the analysis of gas substructures that manifest as non-
Keplerian motions and, more generally, as perturbations in
the shape of the molecular-line profiles. The Keplerian stellar
masses obtained from the channel-map models are 1.61 and
1.40 M. for HD 135344B and MWC 758, respectively,
assuming Gaia-derived distances of 135 and 156 pc (Gaia
Collaboration et al. 2023). The low disk inclinations of —16
and 19 , as inferred with DISCMINER, render the backside
emission contribution negligible for both targets, resulting in
line profiles that are generally symmetric about their
centroids. We therefore characterize the line peaks, centroid
velocities, and line widths of both the observed and modeled
spectra by fitting single-Gaussian profiles along the spectral
axis at each image pixel.

3. Analysis of Synthetic Observations

In this section, we present our analysis methodology for
identifying gas substructures in molecular line images
produced by planet—disk interactions and fluid instabilities,
including VSI, MRI, and GI. The simulations are postpro-
cessed to match the observational constraints of exoALMA,
allowing us to assess the detectability of the associated
signatures under realistic conditions. Residual maps of the
analyzed mechanisms, obtained after subtracting smooth
Keplerian DISCMINER models, are shown in Figure 1, with
selected '*CO intensity channels presented in Figure 18 of the
Appendix.

3.1. Simulation Setup and Radiative Transfer

The planet—disk interaction simulations explored in this work
were performed using the FARGO3D code (P. Benitez-Llambay &
F. S. Masset 2016). This choice is not critical, however, as other
hydrodynamic packages produce consistent observable kinematic
signatures when analyzed through the same pipeline applied here
(J. Bae et al. 2025). The simulations are set up following
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Figure 1. Velocity and line-width residuals derived from DISCMINER models applied to synthetic observations of planet—disk interaction (g =2 x 1072, op=—45)
and disk instabilities. Details of the simulation setups are provided in Section 3.1. All disks are inclined by —30 , and the residuals from all mechanisms are shown
on the same color scale indicated on the left. Semi-red/blue circles in the bottom left corners of the top-row panels indicate the locations of the redshifted and
blueshifted sides of the simulated disk, which are useful to understand the velocity structure of the non-Keplerian flows (see Figure 2).

R. Teague et al. (2019), who aimed to reproduce the gas
kinematics in the disk of HD 163296. In brief, the disk is
initialized with a density distribution that satisfies the hydrostatic
equilibrium and adopts a uniform alpha viscosity of 10.> The
disk midplane and atmosphere follow independent power-law
temperature distributions with radius, connected in the vertical
direction by a squared-cosine function (E. Dartois et al. 2003).
Instead of inserting multiple planets as in R. Teague et al. (2019),
we run two single-planet simulations with planet masses of
M, = 2 My, and 4 My, orbiting a 2 M, star, corresponding to
planet-to-star mass ratios of ¢ ~ 1 x 107> and ~2 x 1073,
respectively. The orbital radius of the planet is fixed at
R, = 240 au, while the azimuth ¢, is varied in eight increments
of 45 to study the effects of projection and radiation transport on
the retrieved perturbations along the entire disk circumference.

Radiative transfer calculations of CO line intensities were
performed with RADMC3D (C. P. Dullemond et al. 2012),
assuming a distance to the source of 101 pc and three disk
inclinations: i = —15, —30 , and —45 . The central star is
assumed to have a mass and luminosity of 2M, and 17 L.,
respectively, similar to those of HD 163296 (J. R. Fairlamb
et al. 2015). We assume that CO is fully photodissociated in
surface layers of the disk where the vertically integrated gas
density falls below 10%" cm 2 (R. Visser et al. 2009), and that
CO is frozen onto dust grains in regions where the temperature
drops below 21 K (K. R. Schwarz et al. 2016). For the
remaingier of the gas disk, we adopt a CO/H, abundance ratio
of 107".

Synthetic observations replicating the main properties of the
fiducial images from exoALMA were generated using the

SYNDISK code,” adopting a channel spacing of 0.1kms ",

% https: //github.com /richteague /syndisk

and circular beams of 0”15 and 0”3. Two rms noise levels of
1.2 and 24K were adopted for the fiducial 0”15 beam,
corresponding to signal-to-noise ratios (SNRs) of ~15 and
~30 relative to the azimuthally averaged peak intensity of
35K measured at the planet’s orbital radius in the
g ~ 2 x 107, i = 15 simulation. Under the same
observational constraints, the larger 0”3 beam also used here
yields an 8x increase in SNR.

The simulations and synthetic observations of the disk
instabilities studied in this work are described in detail by
M. Barraza-Alfaro et al. (2025). They were performed using
the magnetohydrodynamics code PLUTO (A. Mignone et al.
2007) and were originally presented by M. Flock et al.
(2020) for the VSI, M. Flock et al. (2015) for the MRI, and
W. Béthune & H. Latter (2022) for GI. In all cases, the
adopted stellar mass was M, = 0.5M., with a self-
gravitating disk mass of 0.1 M, in the GI simulation, and a
disk inclination of i = — 30 . For the postprocessing stage,
we generate synthetic '2COJ = 3 2 emission for each
mechanism using RADMC3D, assuming a source distance of
140pc, a channel spacing of 0.1kms™', and a '*CO
abundance of 10_4, reduced by a factor of 10° in regions
of the disk where the temperature falls below 21K (to
emulate CO freeze-out) or where the vertically integrated gas
column density drops below 10*' cm™? (to account for CO
photodissociation). Since the physical domains of the
simulations are typically smaller (~100au) than those of
most exoALMA disks, the angular resolution of the synthetic
observations was set to 07035 in order to sample the disk
radial extent with ~20 resolution elements, consistent with
the average of our targets. The rms noise level was set to
1.3 K, yielding SNRs between 15 and 30 relative to the
measured peak intensities across the disk.
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Figure 2. Illustrating axisymmetric velocity residuals for different combinations of velocity components, projected disk rotation, and the resulting folded maps
obtained using either the additive or subtractive folding method. The first three columns show residuals for negative velocity flows after subtraction of a Keplerian
model, while the following two focus on positive ones. In this context, positive denotes super-Keplerian motion for v, outward motion in cylindrical radius for vg,
and upward motion relative to the disk midplane for v,. The rightmost column shows a scenario where the underlying disk emission surface includes a dip (30 au
wide and 20 au deep) that is not considered by the subtracted model. This substructure introduces an antisymmetric contribution to the residuals around the disk

minor axis, which is consequently filtered out after additive folding.

3.2. Folded Maps and Localized Signatures

Embedded planets are known to induce localized perturba-
tions in the dynamical and physical structure of their host disks
(e.g., S. Pérez et al. 2018; R. Dong et al. 2019). To identify
such signatures in our simulated data, we search for high-
amplitude, spatially clustered residuals in folded velocity and
line-width maps following the approach of A. F. Izquierdo
et al. (2021). By applying this folding procedure, which
compares two-dimensional maps of these line-profile proper-
ties on the redshifted and blueshifted sides of the disk, we can
selectively isolate nonaxisymmetric perturbations driven by
planets and other mechanisms.

Folded maps — For velocities, folded maps can be
constructed either by adding or subtracting one side of the
disk from the other, depending on which velocity components
are to be suppressed. As illustrated in Figure 2, additive
folding minimizes the contribution of axisymmetric azimuthal
velocity flows (e.g., those prominent around gas gaps,
A. F. Izquierdo et al. 2023; M. Benisty et al. 2026), whereas
subtractive folding is more effective at filtering out axisym-
metric vertical or radial velocity components (e.g., J. Stadler
et al. 2023). Since azimuthal velocity flows typically dominate
around surface-density gaps (J. Stadler et al. 2025) and on
global scales primarily due to the disk Keplerian rotation

(C. Longarini et al. 2025), we adopt additive folding as the
default method for reducing velocity maps unless otherwise
specified. Conversely, because line width is a scalar quantity,
we search for localized enhancements in this property using
subtractive folding. Peak intensities are excluded from this
analysis, as for the optically thick line adopted, they respond
more strongly to large-scale temperature fluctuations than to
the local influence of the planet. However, they may still be
valuable for optically thinner tracers that probe closer to the
midplane, where they can capture both temperature and
density anomalies in the planet’s vicinity.

Localized signatures — We take the locations of global peak
residuals as proxies for embedded planets. These are derived
from a two-dimensional distribution of peak velocity and line-
width values extracted per annulus from the folded maps, with
annuli spaced at intervals of one-fifth of the beam size. A
global peak is considered significant when it exceeds 3o
relative to the mean value of all identified peaks, where o
denotes the standard deviation of the peak distribution. As a
less conservative alternative, and to avoid bias from the
candidate itself inflating the noise value, we additionally
evaluate a scatter estimator of the peak distribution (p) based
on the median absolute deviation (MAD), defined as

omap = 1.4826 x median(|p — median(p)|), M



THE ASTROPHYSICAL JOURNAL LETTERS, 1000:L13 (29pp), 2026 March 20

which provides a Gaussian-equivalent estimate of the standard
deviation for normally distributed data while remaining
insensitive to a small number of outliers (e.g., C. Leys et al.
2013), such as planet-induced peaks. Hence, oyap offers a
more representative measure of the background disk perturba-
tions away from the planet vicinity.

We also apply a K-means algorithm to identify localized
clusters of residuals across both the azimuthal and radial
extents of the disk as additional indicators of planet locations.
The clustering analysis uses the same distribution of peak
velocity and line-width residuals extracted from the folded
maps. A cluster is classified as significantly localized and
coherent when its variance exceeds the mean variance of all
other clusters identified in the disk by more than 30, where o
denotes the standard deviation of the cluster-to-cluster
variance distribution.

3.2.1. Planet-driven Signatures

Figure 3 illustrates a subset of the folded maps obtained
from our planet—disk interaction models, highlighting the
localized line-width and velocity signatures induced by the
embedded planet. These maps correspond to models with a
planet-to-star mass ratio of ¢ ~ 2 x 107> and are extracted
from images convolved to beam sizes of 0715 (with
SNR ~ 30) and 0”3, assuming a disk inclination of i = —30 .

Line width vs. velocity signals — For the 0”15 beam,
detections based on line-width residuals are successful for all
eight planet azimuths considered, with median offsets of 6.2 au
in radius (i.e., less than half a beamwidth) and 6.0 in azimuth
relative to the true planet position. The corresponding median
detection significances across planet azimuths are 4.30 with
respect to all peak residuals and 8.3c when referenced to the
scatter estimate oyap (Equation (1)), which is less sensitive to
the strong outliers associated with the planet signal. Under the
same setup, these metrics are considerably improved for an
inclination of i = —15 , yielding median offsets of 0.9 au in
radius and 1.5 in azimuth, and median detection significances
of 5.30 relative to all peaks and 15.50 with the MAD
estimator. For i = —30 , the line-width signals are detected as
highly clustered in six of the eight planet azimuths; planets at
¢p, = —135 and ¢, = —90 are identified only through global
peak values. For i = —15 , planets at all azimuths are detected
using both global peak and clustered residuals.

Detections based on velocity residuals are significantly less
robust, with success rates of 2/8 and 4/8 for inclinations of
i = —30 and i = —15, respectively. They also yield
considerably lower significances than those based on line
widths. For the detected signals at i = —30 , we obtain a
median significance of 3.10 relative to all peaks and 6.10 using
the MAD estimator, while at i = —15 the corresponding
values are 3.10 and 4.30. The similarity between the all-peak
and MAD significances indicates that the peak velocity
residuals are more nearly normally distributed than the line-
width residuals, implying a weaker dominance of the planet-
driven signal with respect to background disk fluctuations.

This behavior arises because strong velocity perturbations
develop not only in the immediate vicinity of the planet but
also at larger radial and azimuthal separations, particularly for
high-mass planets or in the presence of fluid instabilities. A
similar result was reported by A. F. Izquierdo et al. (2021),
who showed that the signals induced by their most massive
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planet (3 My, or g ~ 3 X 107?) were less localized in velocity
than those produced by lower-mass planets. Crucially, we note
that this effect is likely further exacerbated by the large-scale
vertical motions driven by the planet, which were not included
in the two-dimensional simulations of A. F. Izquierdo et al.
(2021). Additionally, as illustrated in Figure 19 in the
Appendix, this effect can be amplified by projection;
depending on the planet’s azimuthal location, multiple velocity
components may add coherently (or destructively) along the
line of sight at regions far from (or near) the planet, thereby
competing with the localized signal associated with the
embedded object.

Despite these challenges, velocity residuals remain a
valuable diagnostic of planet presence. As shown in
Figure 20 of the Appendix, although the velocity perturbations
around the modeled planet are not strongly localized relative to
background fluctuations, they still respond to the large-scale
pressure modulation associated with the carved gap, and
produce pronounced azimuthal gradients linked to the planet-
induced Doppler flip, defined as a local reversal in the sign of
the velocity signal across the planet location (e.g., S. Pérez
et al. 2018; I. Rabago & Z. Zhu 2021; A. F. Izquierdo
et al. 2022).

Line-width signal vs. planet azimuth and beam size — By
contrast with velocity residuals, the amplitude of the detected
line-width signals shows a minimal dependence on the planet’s
azimuth, as demonstrated in Figure 4, making it a more direct
proxy for planet mass. An additional advantage of this
diagnostic is its robustness to beam size; although degrading
the angular resolution reduces the observed amplitude of the
perturbations, their detectability remains largely unaffected.
For a planet-to-star mass ratio of g ~ 2 x 10, we estimate a
decrease in the median peak line width across planet azimuths
from 124 ms™' at a beam size of 0."15 to 74ms~" at 0."3.
However, in all cases, the coarser beam does not compromise
the accuracy of the recovered planet location, highlighting the
feasibility of systematically searching for planets even in
lower-resolution data or in images deliberately degraded to
improve the SNR.

Planet mass detection limit — The line-width peaks from the
g ~ 1 x 1072 hydro models are typically identified near the
true planet azimuths but lie close to the 3o threshold relative to
both the all-peak and background (MAD) fluctuations. This
suggests that a planet with a mass comparable to Jupiter
orbiting a solar-mass star provides a reasonable lower bound
for the detection of planet-driven line broadening at the
adopted orbital radius and under the observational constraints
of exoALMA. This estimate is consistent with the lowest-mass
planet independently inferred by C. Pinte et al. (2025) to
reproduce kink-like features in channel maps of the exoALMA
targets.

Detection robustness across parameter space — We extend
this analysis by summarizing the robustness of line-width peak
detections across all adopted disk inclinations, SNRs, planet
masses, azimuths, and beam resolutions in Figure 5. This is
quantified using a scoring system ranging from O to 1, where a
score of 1 corresponds to a detection located exactly at the
planet’s true position with a significance of at least 30. The
score is defined as the product of three unit-amplitude
Gaussian functions that evaluate the detection’s proximity to
the planet in radial and azimuthal coordinates, as well as its
significance. The two spatial Gaussians adopt standard
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Figure 3. Illustration of the localized signatures identified in folded line-width and velocity residuals traced by 'CO emission from a planet—disk interaction
simulation with a planet-to-star mass ratio of ¢ ~ 2 x 107>, assuming a disk inclination of i = —30 . Results are shown for two planet azimuths, ¢p = —45 and
180 , and for two beam sizes, 073 and 0”15. Green circles and crosses mark the locations of peaks and clustered residuals, while the unfilled circle denotes the true
planet position. A signal is considered detected when its global peak exceeds a significance of 3o, as indicated by the horizontal dotted and dashed lines,
corresponding to thresholds defined using all peak residuals and the MAD estimator, respectively. Detections based on line widths have a higher success rate due to
their stronger spatial localization (clustered residuals), compared to their velocity counterparts, which in this example remain undetected for the ¢, = —45 planet
and only marginally detected for ¢, = 180 . Since embedded planets are expected to produce localized line-width enhancements rather than reductions, the sign of
the line-width signal also helps resolve the ambiguity between opposite sides of the disk introduced by the folding process.

deviations of o, = 35 au, corresponding to half the radial width
of the pressure modulation induced by the planet (or 1-2
beams), and o, = 20, equivalent to an azimuthal slice of
1/18th of the disk circumference. The significance Gaussian is
capped at 30 and decreases normally for lower values, making
the metric only weakly dependent on the choice of scatter

estimator (o or opap) introduced in Section 3.2. Under these
definitions, any planet with a score above 0.6 (blue squares)
satisfies the condition of being detected within its radial
pressure bump and azimuthal sector, with a significance of at
least 30. The same analysis is performed using peak velocity
residuals, as illustrated in Figure 21 of the Appendix.
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073 weakens the observed signal around the planet, its detectability is not compromised, suggesting that relatively inexpensive ALMA observations are sufficient to
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division by two) to avoid self-subtraction of the signal in the former method. Vertical lines indicate the true planet azimuths used in each of the eight simulation
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detection threshold for the low-mass planet simulations.
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Figure 5. Goodness of planet detections based on localized line widths across all disk inclinations, planet masses and azimuths, beam sizes, and SNRs. Subsquares
represent the eight adopted planet azimuths (from —135 to 180 in steps of 45 ). A score of 1 corresponds to a planet detected at its true location with a significance
of at least 3. The score is defined as the product of three Gaussian functions evaluating the proximity of the detection in radial and azimuthal coordinates, as well as
its significance. Planets with scores above 0.6 (blue subsquares) are detected within their radial pressure bump and azimuthal sector, with a significance of at least 30.
Central subsquares indicate the median score across all planet azimuths, with those exceeding 0.6 outlined in red to highlight the inclination-mass configurations
where planet-driven line broadening is detectable for each adopted beam size and SNR.

Effect of SNR, beam size, and channel spacing — Regardless
of the SNR or angular resolution employed, line-width features
are robustly detected for disk inclinations of —15 and —30
for the highest planet mass considered (g ~ 2 x 107°).
Importantly, doubling the SNR at fixed beam size substantially
enhances the detectability of these signatures for the lower-
mass planet (g ~ 1 x 10~%) and for the higher inclination of
—45 . This analysis further indicates that lower angular
resolution does not necessarily hinder detectability; in some

cases, it reveals features that remain undetected in higher-
resolution (but lower-SNR) images and can even enhance the
significance of the planet signal at larger disk inclinations.
Similarly, adopting coarser channel spacings by factors of
2-3 does not compromise the detectability of either line-width
or velocity signals, as illustrated in Figures 6 and 7. However,
in contrast to degrading angular resolution, the amplitudes of
the planet signals remain largely unaffected until channeliza-
tion effects begin to dominate. This suggests that relaxing the
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Figure 7. As Figure 6, but for peak velocity residuals.

spectral resolution may be a viable observational alternative
for boosting SNR without sacrificing planet detectability or
angular resolution, particularly when probing the innermost
regions of the disk where beam smearing can significantly
suppress perturbations in the planet’s vicinity.

Izquierdo et al.

3.2.2. Localized Signatures of Disk Instabilities

Although the kinematic structures produced by disk
instabilities are predominantly characterized by large-scale
residuals, consistent with previous studies (e.g., C. Hall et al.
2020 for GI; M. Barraza-Alfaro et al. 2021 for VSI), localized
perturbations can also arise in observations of these mechan-
isms. This is illustrated in Figure 8, which presents folded
velocity and line-width residuals together with the locations of
global peaks and clusters above the 30 detection threshold.
Among the localized signals identified, the highest significance
(in the MRI line-width maps) reaches only 3.5¢, lower than the
typical values (>40) obtained for the planet—disk simulation
with ¢ ~ 2 x 1077, though comparable when the planet mass
is reduced by half. Nevertheless, we do not identify
complementary signatures that could plausibly mimic a
planetary origin, as summarized in Figure 20 of the Appendix.
For instance, variations in the rotation velocity associated with
pressure modulations, or local minima in azimuthally averaged
line widths indicative of a gap, are absent at the locations of
the detected features.

Crucially, we find that the morphology of the line broad-
ening associated with the signals detected in the disk-
instability models is substantially more symmetric about the
line centroid than in the case of an embedded planet, indicating
an intrinsic difference in the projected motions responsible for
the observed line-width enhancements. As discussed in the
next section, this behavior provides a robust diagnostic for
distinguishing localized planet-driven signatures from sub-
structures induced by disk instabilities.

3.3. Line Asymmetries and Intensity Distributions: Planets
versus Disk Instabilities

To investigate the origin of the localized features in the
planet—disk and disk-instability simulations, we examine the
observed intensity distributions and stacked line morphologies
around the detected signals in Figure 9. The most prominent
difference is that the planet-driven line broadening arises from
intensity distributions that are significantly more skewed
toward low intensities and blueshifted velocities than those
found in quiescent regions of the disk. This pattern is
consistently observed around the line-width features detected
across all other planet—disk simulations, regardless of the
planet azimuth, beam size, or SNR. In contrast, regions of
enhanced line width in disk instabilities exhibit intensity
distributions centered at higher intensity values relative to
other areas of the disk and show no significant asymmetries in
velocity.

The pronounced line asymmetries induced by the planet in
its vicinity point to intricate yet structured motions probed by
the observations. They indicate that coherent velocity flows
capable of producing multicomponent spectra dominate in the
planetary case, whereas more isotropic motions prevail in the
disk instabilities. For reference, in planet—disk synthetic
observations with a beam size of 0”3 and a disk inclination
of i = —15 , we measure a blue-to-redshifted line asymme-
try>® of 103 3ms~ ' for a planet with 0.2% the mass of the
star, and 50 3 ms~' for a planet of 0.1%.

30 Defined as the difference between the velocities at the 16th (blueshifted)

and 84th (redshifted) percentiles of the line profile, computed with
BETTERMOMENTS, after subtraction of the same quantity measured from the
reference DISCMINER model.
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Figure 8. Folded velocity and line-width maps for the disk-instability simulations, showing the detected global peaks (green circles) and clusters (crosses) above the
30 threshold. The right-hand panels display the distribution of peak line-width residuals as a function of the azimuth and radius, which are used for signal extraction
and are color coded according to the radial region of the disk from which they were derived. In Section 3.3, we examine the spectral origin of these signals in

comparison with the planet—disk interaction scenario.

We attribute these asymmetries to meridional flows
converging toward the planet, consistent with the velocity
structure predicted by the simulations (see Figure 22 in the
Appendix). These flows are traced in the warm upper layers on
the front side of the disk, where they predominantly recede
relative to the observer and therefore produce a bright
redshifted component in the '2CO line profile. In contrast,
the mirrored velocity counterpart on the opposite side of the
midplane (i.e., the backside) is largely suppressed by the high
optical depth of the line, resulting in a deficit of blueshifted
intensity. If the disk is thermally stratified, as observations
systematically suggest (M. Galloway-Sprietsma et al. 2025),
this asymmetry is expected to be even more pronounced, since
only gas from the colder lower layers on the backside (at
velocities sampling the optically thinner line wings) can
contribute to the observed blueshifted emission.

To demonstrate this behavior, we ran simulations using the
optically thinner tracer *COJ = 3 2 and extracted line
profiles at the same locations for all mechanisms (see
Figure 23 in the Appendix). In the planet—disk interaction
model, localized line broadening is still detected at the planet
location, but the line-intensity asymmetries vanish, confirming
that, in this case, converging motions from above and below

the midplane contribute more equally to the observed
emission. For the disk instabilities, the 13CO lines remain
similarly symmetric about their centroids as in the '*CO
models, indicating that the velocity fluctuations responsible for
the line-width enhancements in these mechanisms are also
vertically isotropic.

Another consequence of the velocity asymmetries induced
by planets in optically thick observations is an increase in the
uncertainty of the line-centroid measurements in the planet’s
vicinity. As illustrated in Figure 10, this effect also produces a
highly localized and clustered signal at the planet’s location,
whereas for the disk-instability models, the corresponding
uncertainties are distributed more broadly across the disk and
show no significant correlation with the velocity or line-width
substructures identified in the residual maps.

4. Application to the Disks of HD 135344B and MWC 758

The disks of HD 135344B and MWC 758 are characterized
by the presence of gaps, rings, arcs, and spiral patterns in
continuum emission, potentially induced by massive yet
unseen embedded planets (e.g., A. Garufi et al. 2013; R. Dong
et al. 2015). Here, we apply our tomographic analysis of
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Figure 9. Comparison of '>CO intensity distributions and line-profile morphologies for the mechanisms explored in this work. The left column shows line-width
residuals overlaid with the regions analyzed. The middle column presents the probability density functions of intensities from the regions highlighted on the left with
the same color code, computed across all velocity channels. For reference, the dotted and dashed lines show the probability densities obtained for a Gaussian and a
thick-Gaussian profile, respectively, assuming the same rms level and channel spacing of the synthetic data. In the planet—disk scenario, the magenta curve
corresponds to the intensity distribution in the planet’s vicinity (“P” on the left), while the blue curve traces the gap region. For the disk instabilities, the magenta
curves indicate regions of enhanced line widths or velocities (“L” or “V” on the left) detected above the 3¢ threshold (in Figure 8), while the blue curves represent
other selected areas with increased line width for comparison. In all cases, the yellow and black curves represent the innermost and outermost parts of the disk. The
reported skewness values are computed directly from the probability densities, with low and high values corresponding to flatter and more peaked distributions,
respectively. The right column shows 500 randomly drawn spectra from each region, stacked in velocity after deprojection assuming Keplerian rotation. These
comparisons highlight that the line broadening associated with disk instabilities is relatively isotropic, whereas planet—disk interactions produce extended tails
toward low intensities and velocities, responding to the presence of high velocity gradients and coherent flows around the planet.

molecular-line data to investigate the possible planetary origin which closely traces temperature variations due to the high

of the gas and dust structures identified in these systems. optical depth of the tracer; line width, which responds to
Figure 11 presents a gallery of the residual maps derived for surface-density and temperature fluctuations as well as

these sources, obtained by subtracting the best-fit DISCMINER unresolved velocity flows; and velocity centroids, which probe

models of the *COJ = 3 2 line emission following deviations from Keplerian rotation.

A. F. Izquierdo et al. (2025). Both disks exhibit a high degree Localized features are particularly prominent in the velocity

of substructure across all residual diagnostics: peak intensity, map of HD 135344B, manifested as sharp sign reversals (or

10
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Figure 10. Folded maps of line-centroid uncertainties extracted from the Gaussian least-squares fits to the line profiles of the planet—disk and disk-instability
simulations. This quantity is computed as the square root of the absolute value of the diagonal elements of the covariance matrix returned by the fit. A localized and
coherent signal is detected only around the planet’s location in this observable, resulting from the strong line asymmetries induced by the embedded planet in its
vicinity, as demonstrated in Figure 9 (top right). No strong correlation is found between these residuals and the velocity or line-width substructures observed in disk
instabilities.
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Figure 11. Peak-intensity (left column), line-width (middle left), and velocity (middle right) residuals traced by '>COJ =3 2, along with band 7 continuum
emission (right), from the disks of HD 135344B (top row) and MWC 758 (bottom), deprojected onto each disk’s reference frame. In this frame, the vertical axis is
aligned with the projected minor axis of the disk on the sky. Also shown is the north axis (where PA = 0 ) of the sky for reference. The blue/red circle in the bottom
right corner of the leftmost panels marks the blueshifted and redshifted sides of each disk. Solid and dashed lines indicate the radial location of millimeter dust rings
and gaps, respectively, and the purple dotted lines highlight the orbits of the outermost planet candidates proposed in the literature to explain the observed dust
features. These targets exhibit a high degree of substructure in all three types of residuals, suggesting the presence of strong pressure fluctuations and deviations from
Keplerian motion.

Doppler flips) that closely overlap with regions of enhanced 4.1. Localized Features in HD 135344B
line broadening. In contrast, MWC 758 is dominated by

. o . We follow the approach described in Section 3.2 to search
extended signatures, manifesting as spirals, annular structures,

) , ‘ ] for planet candidates associated with localized signatures in
and arcs throughout the different line diagnostics. In the the line-width and velocity maps of HD 135344B. In this
remainder of this section, we focus on the retrieval and source, we identify strongly localized line-width peaks and

interpretation of these features. For applications to the full clusters, shown in Figure 12 as circles and crosses,
exoALMA sample, we refer the reader to M. Fukagawa et al. respectively. Two such features, labeled “1” and “2,” are
(2026) and M. Benisty et al. (2026), which present a detected in '?CO at (R = 41 au, ¢ = 36 ) and (R = 73 au,
systematic identification and analysis of residual features ¢ = 15 ), and in 13CO at (R = 78 au, ¢ = 26 ), where R
across all targets. denotes the cylindrical radius and ¢ is the azimuthal angle

11
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Figure 12. Folded line-width residuals from '>CO and *COJ = 3 2
emission for the disk of HD 135344B. The region between R = 30-90 au in
the first quadrant displays significant line-width enhancements in both tracers,
indicating perturbations spanning multiple altitudes above the disk midplane,
potentially driven by a massive planet. Green circles mark the locations of
global peaks, while green crosses represent detected clusters associated with
highly localized signals. Yellow contours highlight cospatial peak velocity
residuals in the range of +50 to 4300 ms™'. The outermost '*CO cluster
coincides with both the global velocity peak and the detected cluster in '*CO.

measured from the redshifted major axis in the deprojected
disk frame. Although these features dominate the peak
extraction, line-width enhancements in 12CO are also
observed near the velocity Doppler flip labeled “DF”,
reported in Section 4.1.1 at (R = 95au, ¢ = —133).
Table 1 summarizes the locations of these planet candidates,
together with their sky-projected coordinates relative
to the disk center from the best-fit DISCMINER model of
A. F. Izquierdo et al. (2025).
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Table 1
Planet Candidates Identified in the Disk of HD 135344B, Including Their
Locations in Polar and Sky-projected Coordinates

Candidate R 10} R PA Tracer
(au) (deg) (aresee) (deg)

Cl1 41 36 0.30 278 2co

c2 73 15 0.54 258 2co & co

DF 95 —133 0.69 109 2co & co

Note. See Section 4.1 for details.

The amplitudes of the detected line-width signals in '*CO
are 0.18 and 0.13kms~' for candidates “1” and “2,7
respectively, and 0.16 kms~" for the '*CO feature associated
with candidate “2”. Prominent velocity residuals are also
found in the same region of the disk (shown as yellow
contours), reaching amplitudes of up to 0.26kms~" in '*CO,
and 0.14kms™! in '3CO. However, these residuals do not
form clusters that are significantly more localized than those
observed elsewhere in the disk, indicating that velocity
perturbations are spatially more extended than the corresp-
onding line-width enhancements. This behavior is fully
consistent with the predictions from our massive planet—disk
interaction simulations (see, e.g., Figure 3).

A. F. Izquierdo et al. (2023) reported similar localized line
broadening traced by CO emission in the disc of HD 163296,
spatially coincident with a velocity Doppler flip and chemical
anomalies attributed to its circumplanetary region (A. F. Izquierdo
et al. 2022, 2026); in the disc of MWC 480, at the radial location
of candidate planet-driven buoyancy spirals (R. Teague et al.
2021); and in AS 209, in the region where a circumplanetary disc
was proposed based on localized 13CO intensity signals (J. Bae
et al 2022).

4.1.1. A Prominent Doppler Flip at R =95 au

Doppler-flip signatures also serve as indicators of the
presence of embedded planets in disks. These features
manifest as sharp transitions between negative and positive
velocity residuals, arising from the gravitational interaction
between the planet and the surrounding gas in its vicinity (e.g.,
S. Pérez et al. 2018). They also provide valuable diagnostics of
the planet mass and orbital parameters and, to a lesser extent,
of the local disk viscosity and temperature structure (I. Rabago
& Z. Zhu 2021).

In cases with high substructure complexity, where Doppler-
flip perturbations are not the strongest but remain visually
detectable, as in the disk of HD 135344B, we apply a peak-
finding algorithm on gradient residual maps to pinpoint the
central location of these signatures. This is illustrated in
Figure 24 of the Appendix, where we present azimuthal
gradient maps of velocity residuals in '*CO and '*CO. Pluses
and minuses overlaid on the reference residual map denote
positive and negative peak gradients, respectively, to mark the
locations of Doppler flips in the velocity field. Azimuthal
gradient peaks with values below 50ms 'beam ' were
excluded from the analysis, retaining only the steepest
gradients corresponding to velocity shifts exceeding half the
channel spacing of the data per beam. The radial section of the
disk where the Doppler-flip signatures overlap in '*CO and
3CO is highlighted. Among the peaks that are cospatial within
a beam size (~20 au at the source distance) for these tracers,
three correspond to sequential velocity sign flips centered at
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Figure 13. Centroid velocity residuals observed in the '>CO and '>CO data of the HD 135344B disk, compared with a two-dimensional hydrodynamical model
tailored to this system. The Doppler flip identified in Section 4.1.1, centered at the DF marker, spatially overlaps in both tracers and is accompanied by large-scale
velocity substructures spanning a broad radial and azimuthal extent of the disk. These features are qualitatively reproduced by the hydrodynamical model, generated
with the PPDONET neural network introduced by S. Mao et al. (2023) and postprocessed with DISCMINER, assuming a 6 My, planet at the center of the Doppler flip,
an aspect ratio of 0.075, and an « viscosity of 102, The red and blue solid lines overlaid on the model residuals trace the large-scale '>CO signatures, emphasizing
the similarity in both the velocity sign flips and the spatial extent of the structures near and far from the planet, despite the simplicity of the adopted model.

(R, ) = (95au, —133 ), (89 au, —93 ), and (80 au, —60 ) in
the disk reference frame, and one at (72 au, 24 ) cospatial with
the line-width clusters and velocity perturbations reported
earlier in Figure 12.

We propose the presence of a massive embedded planet at the
location of the most prominent Doppler flip, centered at
R = 95au and ¢ = —133 . The peak negative-to-positive
amplitude of this signal is 0.32  0.02kms ' in '*CO and
024 0.04kms 'in *CO, implying a modest decrease toward
the disk midplane. Additional evidence supporting this candidate
includes a spiral-like structure seen in positive line-width
residuals (Figures 11 and 12 , top row) emerging from the
location of the Doppler flip, as well as a local minimum in the
azimuthally averaged line widths at this orbital separation (Figure
10 in A. F. Izquierdo et al. 2025), which may indicate a surface-
density gap traced by reduced line saturation owing to the lower
optical depth (A. Hacar et al. 2016; A. F. Izquierdo et al. 2021).

Variations in the amplitude of this velocity feature across
lines may provide additional clues about the vertical location
and physical mechanism driving the signal. Given that the disk
of HD 135344B is close to face-on (i = —16 ), we speculate
that a substantial fraction of the observed velocity signals, and
their modulation with altitude, are likely shaped by vertical
motions. C. Pinte et al. (2019) and I. Rabago & Z. Zhu (2021)
found in their simulations that vertical downward velocities are
highest near an embedded planet, peaking at approximately
one pressure scale height above the midplane. In our proposed
scenario, this would imply that '>CO traces gas closer to this
elevation than '>CO, suggesting a relatively flat disk compared
to the average z/r of the exoALMA sample. Interestingly, this
interpretation is consistent with the low z/r values reported for
disks with similar radial extents, such as CQ Tau or PDS 66
(see, e.g., Fig. 6 of M. Galloway-Sprietsma et al. 2025). The
assumption of a shallow disk to explain the reduction in
velocity amplitude toward the midplane could be relaxed,
however, if the planet also excites buoyancy resonances. In
that case, vertical motions would begin to weaken from even
higher elevations (J. Bae et al. 2021).
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To further investigate the influence of this planet on the
disk structure, we generated a velocity map from hydro-
dynamical models of planet—disk interaction tailored to this
system using the PPDONET neural network (S. Mao et al.
2023). We then subtracted the best-fit Keplerian rotation
derived with DISCMINER for this target in A. F. Izquierdo
et al. (2025) to obtain velocity residuals. The adopted setup
assumes a gas-disk alpha viscosity of 102, an aspect ratio of
0.075, and a 6 My, planet located at the center of the
Doppler flip,! consistent with previous models used to
reproduce the spiral arms observed in scattered light (see
Section 5.1 for discussion).

Figure 13 compares the residuals from the '*CO and '*CO
data with those predicted by the hydrodynamical model. In
addition to the Doppler-flip signature, the model exhibits
large-scale substructures, including arcs and spiral-like
patterns, that closely resemble those observed in '*CO (traced
by the solid blue and red lines) and in '*CO. The consistency
of the velocity patterns across different molecular lines
suggests that the observed substructures share a common
origin and that the associated perturbations propagate over
multiple scale heights within the disk’s vertical structure.

We note, however, that although the overall dynamical
structure of the disk is well reproduced by invoking this planet,
the amplitude of the model residuals is lower by a factor of
~2-3 compared to the observations. This discrepancy may be
mitigated by incorporating vertical motions and temperature
gradients into the models, which are expected to enhance the
planet-driven velocity features (e.g., J. Bae et al. 2021) without
requiring a prohibitively high planet mass that would
otherwise conflict with direct-imaging constraints ruling out
planets more massive than 3 My, at the orbital radius of the
Doppler flip (G. Cugno et al. 2024). Full three-dimensional

3! These parameters were not derived from a formal best-fit procedure but
were manually adjusted to qualitatively reproduce the localized and large-scale
features observed in the data. Moreover, because the neural network does not
account for vertical motions or vertically stratified temperature structures, the
adopted parameters may not correspond to the optimal physical properties
required to reproduce the observed disk kinematics.
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Figure 14. Statistical uncertainties in centroid velocities derived from Gaussian fits to the '>COJ = 3

2 line profiles for the disk of HD 135344B. The zoom-in

panel highlights localized signals near the millimeter continuum crescent (outlined by black contours to the south), around the proposed planet associated with line-
width clusters and velocity peaks at R = 73 au (denoted by the C2 circle), and near the planet candidate linked to the velocity Doppler-flip signature at R = 95 au
(marked by the DF circle). In the rightmost panels, spectra extracted from the numbered points in the middle panel illustrate the asymmetric line profiles responsible
for the increased uncertainties. These morphologies suggest the presence of spatially unresolved velocity flows and are reminiscent of the line shapes predicted by

synthetic observations of planet—disk interaction simulations (see Section 3.3).

simulations are therefore essential to reliably constrain the
masses of embedded planets from kinematic signatures,
particularly in low-inclination disks.

4.1.2. Line Asymmetries around Line-width Signals

We also find evidence for asymmetric line profiles at the
locations of the outermost line-width clusters detected in '*CO and
BCO, consistent with the predictions from our planet—disk
interaction simulations discussed in Section 3.3. Figure 14
presents a map of 1o statistical uncertainties in centroid velocities
derived from Gaussian fits to the '*CO line emission of this
source. Typical uncertainties are ~10 ms ', with enhanced values
partially tracing the millimeter continuum crescent and localized
increases around the line-width cluster at R = 73 au and near the
Doppler flip identified at R = 95au. An additional localized
feature is found interior to the millimeter ring B51, at R = 30 au.

To illustrate the origin of these elevated uncertainties, we
extracted spectra at the positions of the outer line-width cluster
and at pixels cospatial with the millimeter crescent. These
profiles exhibit clear asymmetries relative to their line
centroids and, in the most prominent cases, appear double-
peaked, indicating the presence of multiple overlapping
velocity components. In all cases, however, the asymmetries
favor downward flows, consistent with predictions from our
planet—disk simulations (see Figures 9 and 22). Near the outer
edge of the disk, at R ~ 170 au, elevated uncertainties also
align with the spiral structure identified in line-width residuals
(Figure 11), suggesting spatially unresolved and asymmetric
velocity flows along this feature as well.

Figure 15 summarizes the localized signatures identified in
HD 135344B. In Section 5, we examine the possible connec-
tion between these candidate planet-driven perturbations and
the dust substructures revealed by millimeter and near-infrared
continuum observations of this source.

4.2. Large-scale Signatures in MWC 758

The disk of MWC 758 exhibits prominent spiral-like
signatures across all three residual diagnostics. To identify
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and quantify these perturbations, we employ the FILFINDER
code (E. W. Koch & E. W. Rosolowsky 2015), which applies
an adaptive thresholding algorithm to isolate pixels belonging
to coherent substructures (referred to as filaments) over a wide
dynamic range in the observable of interest. Each detected
substructure is assigned a two-dimensional mask, which is
subsequently reduced to a one-dimensional skeleton via a
medial axis transform (first introduced by H. Blum 1967) to
serve as a shape descriptor. The resulting medial axes are then
used to characterize the morphology and spatial configuration
of the filaments (see, e.g., A. F. Izquierdo et al. 2022, for an
application to the disk kinematics of HD 163296). For this
purpose, we consider several geometric descriptors provided
by FILFINDER, including filament length, width, and
orientation.

The results of this analysis are presented in Figure 25 in the
Appendix, which shows the filaments identified in the '“CO
velocity residuals, together with their measured pitch angles and
projected widths. We find that the longest velocity feature,
highlighted in cyan across all panels, exhibits a nearly uniform
pitch angle of ~0:3 at all radii, forming an annular pattern that
coherently traces blueshifted velocities consistent with outflowing
material in the outer disk regions (see M. Benisty et al. 2026, for
details). In contrast, the larger and radially varying pitch angles
retrieved for the inner filaments suggest that these correspond to
nonaxisymmetric substructures forming spiral patterns, possibly
driven by embedded companions (see Section 5). We also find
that the two outermost filaments are spatially resolved, with an
average FWHM of ~1.5 beams measured perpendicular to their
medial axes. The outermost blueshifted filament, however, may
extend beyond this width in regions of lower SNR that were
excluded from the analysis.

The velocity spirals manifest as coherent redshifted and
blueshifted patterns extending over more than ~270 in
azimuth, without sign reversals across the disk’s minor and
major axes. As illustrated in Figure 2, this behavior suggests
that the signatures are likely dominated by downward and
upward vertical motions, respectively.
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Figure 15. Deprojected view of velocity and dust substructures in the disk of HD 135344B. Left: '>CO J = 3

Scattered
light spirals

2 velocity residuals illustrating deviations from

Keplerian rotation in the gas disk. Bottom right: VLT /SPHERE near-infrared observations (T. Stolker et al. 2016) probing scattered light from micron-sized dust
grains. Top right: ALMA band 7 continuum observations (P. Curone et al. 2025; R. Teague et al. 2025) tracing thermal emission from millimeter-sized dust grains.
Solid and dashed lines mark the radial locations of peaks and troughs in the millimeter continuum, while the purple dotted K100 line indicates the orbital radius of
the planet candidate proposed by R. Dong et al. (2015) and J. Bae et al. (2016) to reproduce the near-infrared spirals and the millimeter dust crescent. The green
circles indicate the locations of the Doppler flip and line-width clusters identified in '*CO and '3CO in this work, potentially associated with embedded planets.

To further characterize the morphology of these substructures,
we fitted logarithmic (r = ae’®) and linear (r = a + bo) spiral
models to their medial axes using SCIPY’s least-squares
minimization algorithm. Figure 16 shows the resulting analytic
spirals overlaid on the velocity, line-width, and peak-intensity
residual maps, with the best-fit parameters listed in Table 2. Both
logarithmic and linear prescriptions reproduce the overall geometry
of the velocity spirals reasonably well. However, the extrapolated
logarithmic spiral provides a better match to velocity and intensity
features in the inner disk, particularly near the millimeter dust
crescents B47 and B82, which the linear model fails to capture.

This analysis also demonstrates that the redshifted velocity
spiral spatially coincides with elongated regions of enhanced line
width, regardless of the adopted fitting prescription. The absence
of corresponding temperature increases along this spiral, as traced
by the '*CO peak-intensity residuals, indicates that the observed
line broadening most likely arises from unresolved velocity
flows, high optical depths, or a combination of both, rather than
from shock or radiative heating of the gas.

5. Discussion
5.1. Planets in the Disk of HD 135344B

As illustrated in Figure 15, all kinematic and line-width
signatures identified in the disk of HD 135344B are located near
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the dust ring (B51), gap (D66), and azimuthal dust trap (B78)
observed in the millimeter continuum (N. van der Marel et al.
2016; P. Cazzoletti et al. 2018; P. Curone et al. 2025), suggesting a
strong connection between these substructures and pressure
modulations potentially induced by embedded companions.
Notably, the same radial region of the disk hosts a nearly
symmetric two-armed spiral structure observed in the near-infrared
(T. Muto et al. 2012; A. Garufi et al. 2013; T. Stolker et al. 2016;
B. B. Ren et al. 2023; F. Maio et al. 2025), consistent with
expectations from tidal interactions between disks and planets
(e.g., R. Dong et al. 2015; J. Bae et al. 2016; C. Baruteau et al.
2019). From a kinematic perspective, and based on the small and
large-scale signatures identified in Section 4.1, we propose three
plausible locations for embedded planets in this disk.

First, a planet candidate (C2) at a radial separation of
R = 73au, near the inner edge of the millimeter dust
asymmetry B78 and azimuthally within the first half of the first
quadrant of the disk, centered at ¢ = 15 as inferred by our
clustering analysis (or R = 0”54, PA = 258 in projected sky
coordinates). This object would produce line broadening and
blueshifted asymmetries, as well as strong velocity perturba-
tions at different heights above the midplane traced by '*CO
and *CO (Figures 12, 13, and 14). Its radial location is close
to that of the planet proposed by C. Xie et al. (2024) at an
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Figure 16. Logarithmic (r = ae”®, top) and linear ( = a + b, bottom) spiral models fitted to the spirals identified in '>CO velocity residuals for the disk of
MWC 758, overlaid on the velocity (left), line-width (middle), and peak-intensity (right) residual maps. Table 2 summarizes the best-fit parameters for the spirals.
While both prescriptions reproduce the overall morphology of the outer signatures in velocity and line width, the logarithmic model additionally captures the inner
features in velocity and peak intensity near the radial locations of the millimeter dust crescents B47 and BS82.

Table 2
Best-fit Parameters for the Spiral Fits to the Velocity Structures Traced by

2C0J =3 2 Emission in the Disk of MWC 758
Type Component a(au) b
Logarithmic Positive 1700 1.1 55 03
(r = ae®?) Negative 958 23 151 14
Linear Positive 1717 1.1 15.8 0.6
(r=a+ bo) Negative 994 1.9 262 1.7

Note. Parameter b in the linear fit is expressed in units of au rad .

orbital radius of R = 66 au to explain the pattern speed of the
near-infrared spirals’® observed in this source (Figure 15).
The second candidate (C1) corresponds to a closer-i planet
located at R = 41 au and ¢ = 36 (or R = 0730, PA = 278 ),
interior to the inner dust ring B47, and possibly responsible for
the localized line broadening in the disk upper layers traced by

32 The reference Keplerian velocity adopted in the spiral-pattern analysis is
consistent with that used in this work, as C. Xie et al. (02024) assumed a nearly
identical stellar mass (1.6 M) and disk inclination (16.7), matching the values
independently inferred from the disk kinematics in A. F. Izquierdo et al.
(2025).
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2co (Figure 12). However, the absence of 2CO line
asymmetries (Figure 14) and the only moderate broadening
detected in '*CO at this location suggest that, if such a planet
exists, it is likely less massive than 1.6 My, (i.e., <0.1% of the
stellar mass), as predicted by our planet—disk interaction
models. Alternatively, these signatures may reflect outlier
perturbations from an even more interior planet that cannot be
robustly constrained due to beam smearing at small radii,
given the finite angular resolution of our data (~20 au at the
source distance). This scenario would be broadly consistent
with the findings of F. Maio et al. (2025), who propose a
2 Mjy,p, planet to explain a compact infrared intensity signal at
an orbital radius of 29 au and an azimuth of ¢ = 31 , which
overlaps in azimuth with the 'CO line-width feature reported
here, though at a slightly smaller radial separation.

This also aligns with A. Garufi et al. (2013) and N. van der
Marel et al. (2016), who suggested that a massive planet at
~30 au could generate the pressure maximum responsible for
the millimeter dust ring B51. N. van der Marel et al. (2016)
further proposed that this inner pressure bump could induce a
secondary pressure maximum at larger radii, triggering a
vortex via the Rossby wave instability and leading to the
formation of the millimeter dust crescent B78 as an
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Figure 17. Deprojected view of velocity and dust substructures in the disk of MWC 758. Left: '>COJ = 3

Scattered
light spirals

2 velocity residuals illustrating deviations from

Keplerian rotation in the gas disk. Bottom right: VLT/SPHERE near-infrared observations (M. Benisty et al. 2015) probing scattered light from micron-sized dust
grains. Top right: ALMA band 7 continuum observations (P. Curone et al. 2025; R. Teague et al. 2025) tracing thermal emission from millimeter-sized dust grains.
Solid and dashed lines mark the radial locations of peaks and troughs in the millimeter continuum, while the purple dotted K100 line indicates the orbital radius of
the giant planet proposed by K. Wagner et al. (2023) based on a compact signal identified at infrared wavelengths. The green circles indicate the locations of selected
planet candidates reported in the literature to explain the observed dust substructures.

asymmetric dust trap. In their interpretation, one of the spiral
arms observed in scattered light would originate from the
vortex overdensity, while the other would be driven by the
inner planet candidate. Interestingly, P. Cazzoletti et al. (2018)
argued that the vortex alone could potentially excite the entire
spiral structure, having accumulated sufficient mass (up to a
few Jupiter masses) to perturb the disk kinematics. Such a
scenario could account for the enhanced line widths
(Figure 11) and spectral asymmetries (Figure 14) observed
around the dust crescent. This is also partly consistent with the
findings of L. Wolfer et al. (2025), who show that the
kinematic pattern near the millimeter crescent resembles that
expected from a vortex, although it cannot, on its own,
reproduce the more extended features.

Finally, we identify a third planet candidate (DF) associated
with a Doppler-flip velocity signature in the third quadrant of
the disk at R = 95au and ¢ = —133 (or R = 0769,
PA = 109 ), detected in both '*CO and '*CO velocity maps.
This planet may also be responsible for a surface-density dip
traced by reduced azimuthally averaged line widths at the
same orbital radius (see Figure 10 of A. F. Izquierdo et al.
2025, and Figure 20 of this work). Moreover, its inferred
location is in excellent agreement with the planet proposed by
R. Dong et al. (2015) and J. Bae et al. (2016) to explain both
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the two-armed spiral observed in scattered light and the
millimeter dust crescent B78.

Notably, this Doppler flip is intersected by the innermost tip
of a large-scale line-width spiral extending between ~100 and
200 au (see Figure 11, top row), and may therefore be
associated with the spiral density waves driven by the planet.
The absence of elevated temperatures along this spiral further
suggests a nonthermal origin, likely associated with enhanced
turbulence, or more generally, unresolved velocity flows,
increased optical depth, or a combination of both. This
complements the findings of S. Casassus et al. (2021), who
reported turbulent spiral features traced by '*COJ = 2 1
emission in this source, albeit located closer to the inner disk
and spatially coincident with the near-infrared spirals.

5.2. Origin of the Spiral Structures in MWC 758

Previous studies of the disk around MWC 758 have revealed
spiral structures traced by scattered light (C. A. Grady et al.
2013; M. Benisty et al. 2015) and molecular-line emission
(Y. Boehler et al. 2018), as well as pronounced asymmetries in
the millimeter continuum (R. Dong et al. 2018) within the
inner ~100au. From a kinematic perspective, this source
stands out within our sample due to its prominent velocity and
line-width spirals, which extend from the inner disk regions
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out to ~200au in both '*CO and '*CO lines. Figure 17
illustrates the spatial configuration of these velocity substruc-
tures together with the near-infrared spirals and the locations
of the millimeter continuum crescents.

Two main scenarios involving embedded companions have
been proposed to explain the origin of the continuum
substructures in this source. The first invokes the presence of
at least one massive planet or stellar companion inside the
millimeter dust cavity (R, < 49 au), with the near-infrared
two-armed spirals located exterior to the companion’s orbit.
The second scenario proposes a massive planet outside the
cavity, capable of exciting the spiral's interior to its orbit.

Within the first group, J. Calcino et al. (2020) showed that a
massive planet on an eccentric orbit (¢ = 0.4) with a
semimajor axis of 33.5au—-close to the pointlike source
reported by M. Reggiani et al. (2018) at ~20au—-can
independently reproduce the two-armed spiral structure. In
the second group, R. Dong et al. (2015) demonstrated that a
single massive planet (M,/M, = 6 x 10°) located at
R, ~ 100 au could similarly excite the observed spirals. More
recently, K. Wagner et al. (2023) reported a localized infrared
intensity signal at a similar orbital radius, though on the
opposite side of the disk, spatially connected to the southern
near-infrared spiral arm. While such a planet would be broadly
consistent with the line-width minimum identified in our data
after azimuthal averaging at R ~ 90 au, the absence of a
localized velocity or line-width perturbation at this orbital
radius disfavors the presence of a high-mass companion.

By measuring the pattern speed of the near-infrared spirals,
B. Ren et al. (2020) also proposed the presence of an outer
planet, though at a larger orbital radius of 172 au. Since that
study adopted higher values for both the stellar mass and disk
inclination (M, = 1.9 M and i = 21 ) than those inferred
from our kinematic analysis (M, = 1.4M_ and i = 194;
A. F. Izquierdo et al. 2025), the corresponding planet location
would shift to smaller radii when recalculated using our
updated parameters. Similarly, the absence of localized
perturbations in these outer regions argues against the presence
of a high-mass planet at such separations.

Turning to the kinematical features revealed in our data,
vertical motions appear to play a dominant role in shaping the
tightly wound velocity spirals observed in this source
(Figure 17). This effect is likely enhanced by the nearly
face-on orientation of the disk, in which radial and azimuthal
velocity components are strongly suppressed by projection
effects. If these spirals are of planetary origin and intrinsically
dominated by vertical motions, their morphology and velocity
structure would be broadly consistent with spiral waves
launched at buoyancy resonances by an embedded companion
(J. Bae et al. 2021). Spirals driven at Lindblad resonances by
an inner massive planet could, in principle, account for the
large pitch angles traced by the scattered-light spirals in the
inner disk, while also reproducing the gradual decrease in pitch
angle of the outer velocity spirals with radius (<10 ; see
Figure 25). Alternatively, a hybrid scenario involving at least
one inner massive planet (R, < 40au) responsible for the
large-pitch spirals in the inner disk, and an outer planet
(R, ~ 100 au) driving the tightly wound spirals in the outer
regions could explain the observations. A similar two-planet
configuration was proposed by C. Baruteau et al. (2019), who
invoked a Jupiter-mass planet at 35 au, and a companion 5
times more massive at 140 au to simultaneously explain the
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scattered-light spirals and the two compact crescents in the
millimeter continuum.

Another scenario consistent with the observed vertical spiral
motions involves an eccentric circumstellar disk induced by a
substellar companion in the innermost regions of the system.
E. Ragusa et al. (2024) showed that a companion with a mass
of about 10% that of the central star can excite moderate
eccentricities in the outer disk (e < 0.2), which in turn generate
m = 1 blueshifted and redshifted spiral patterns in the vertical
velocity component, closely resembling the spiral structures
observed in MWC 758. This interpretation is further supported
by the measurable eccentricity of the dust cavity in this source
(e ~ 0.1 R. Dong et al. 2018), as well as by the comparable
amplitudes of the vertical motions predicted in eccentric-disk
models (~0.4kms™ ') and those inferred from our velocity
spirals (~0.3 km s 1. Such large vertical velocities are
difficult to reproduce via the planet-buoyancy spirals in the
outer disk without invoking a very massive planet (J. Bae
et al. 2021), making the eccentric-disk scenario one of the
most compelling explanations for the observed features. We
refer the reader to M. Benisty et al. (2026) for a broader
discussion of vertical motions across the exoALMA sample.

An alternative explanation that does not necessarily require
embedded companions was recently proposed by A. J. Winter
et al. (2025), who demonstrated that the observed m = 1 spiral
structures in MWC 758 and other exoALMA targets can arise
from moderately warped disk geometries. In these models,
small radial variations of only a few degrees in inclination and
position angle relative to the mean disk orientation can
produce azimuthal asymmetries in the projected Keplerian
rotation that closely mimic the spiral kinematic patterns
observed in this system.

6. Conclusions

In this work, we present a tomographic analysis of
molecular-line properties designed to extract and characterize
gas substructures in protoplanetary disks observed with
ALMA. We first apply this methodology to synthetic
observations of planet—disk interaction and disk-instability
simulations to evaluate the detectability of localized sub-
structures and line-profile perturbations driven by these
mechanisms. We then apply the same framework on
exoALMA CO observations of the disks around
HD 135344B and MWC 758, where a variety of dust
substructures have long been associated with planet—disk
interactions. Our main findings are summarized as follows:

1. Through synthetic observations of planet—disk interac-
tion simulations, we identify a correlation between the
location of embedded planets and localized line broad-
ening in the disk (Figure 3). Using line-width enhance-
ments as tracers of planets offers significant advantages
over kinematic analyses based solely on line-centroid
perturbations, as this observable is largely insensitive to
the planet’s azimuthal location and provides a higher
degree of spatial clustering (Figures 4, 6, and 7).

2. Planets with masses greater than 0.2% of the stellar mass
(e.g., 2 My, for a 1M, star) can be robustly detected
through line-broadening signatures in disks of moderate
inclination (i < 45 ) under fiducial exoALMA observa-
tional setups. Importantly, achieving a high SNR at the
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planet’s location is more critical for detection than high
angular or spectral resolution (Figures 5, 6, and 7).
Increasing the SNR by a factor of ~8 (e.g., by degrading
the beam size from 0”715 to 0”3) enables the detection of
planets with masses as low as 0.1% of the stellar mass,
which would otherwise remain undetected even in disks
at low inclinations (i < 30 ).

3. Although disk instabilities can also produce localized
velocity and line-width perturbations (Figure 8), they can
be distinguished from planet-driven signals by examin-
ing the morphology of the corresponding line profiles.
Broadened optically thick lines in the vicinity of an
embedded planet are asymmetric around the line centroid
and exhibit an intensity deficit toward blueshifted
velocities, consistent with partially resolved meridional
flows preferentially traced from the upper disk surface.
In contrast, line broadening associated with disk
instabilities is comparatively more isotropic, with
intensity distributions concentrated closer to the line
centroid (Figures 9 and 10).

4. We identify evidence for the presence of unseen planets
in the disk of HD 135344B. Based on the analysis of
peak and clustered perturbations in velocity and line-
width residuals, we propose three candidate locations for
these companions. The first corresponds to a planet at
R =73 auand ¢ = 15 , responsible for the observed line
broadening across multiple vertical layers of the disk and
exhibiting line asymmetries consistent with our planet—
disk synthetic observations. The second is a more interior
planet at R = 41 au and ¢ = 36 , triggering increased
velocity dispersions in the disk’s upper layers
(Figure 12). The third candidate lies exterior to the
continuum substructures and induces a Doppler-flip
signature centered at R = 95au and ¢ = —133,
accompanied by a spiral-like line-width perturbation and
large-scale velocity structures qualitatively reproduced
by a PPDONET hydrodynamical model (Figure 13). While
these companions have been previously invoked to
explain the substructures observed in the dust continuum
emission, this work provides the first gas-based evidence
supporting their presence (see Figure 15 for a summary).

5. The disk of MWC 758 is dominated by large-scale
perturbations in the form of spiral structures across all
line diagnostics. The velocity spirals are tightly wound in
the outer disk and spatially coincide with regions of
enhanced line broadening, indicative of unresolved
velocity flows or increased optical depths (Figure 16).
The most prominent spiral exhibits velocity amplitudes
of ~0.2-0.3 km s~ ', predominantly shaped by downward
vertical motions, with a weaker interior blueshifted
counterpart consistent with upward flows. Although a
massive planet located exterior to the dust continuum
substructures could, in principle, generate a similar
velocity spiral, we do not identify any significantly
localized perturbation that could be attributed to such a
companion. Instead, scenarios involving a warped outer
disk or a substellar object in the inner regions provide a
more natural explanation for both the observed spiral
velocities and the absence of localized signatures (see
Figure 17 for a summary).
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Appendix
Supporting Figures

Here we provide complementary figures that support the
results presented in the main text. Figure 18 illustrates
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selected '>CO channel maps from the synthetic observations
of the planet-disc interaction and disc-instability simulations
introduced in Section 3. Figure 19 presents azimuthal profiles
of projected velocity components from planet-disc interac-
tion simulations, demonstrating how the constructive or
destructive overlap of velocities can induce strong signals in
this observable away from the planet location. Figure 20
summarizes the key line diagnostics used to distinguish
planet-driven signatures in velocity or line-width residual
maps. Figure 21 presents the detection score (defined in
Section 3.2.1) for planet-driven velocity peaks, complement-
ing the scores based on line-width enhancements (Figure 5).
Figure 22 illustrates edge-on slices of the vertical velocity
component from planet-disc interaction simulations with
planet masses of 0.1 and 0.2% of the stellar mass. This figure
demonstrates that converging downward flows are localized
to the planet’s vicinity and are responsible for the line
asymmetries discussed in Section 3.3. Figure 23 shows the
absence of line asymmetries in optically thin emission, where
planet-driven flows influence the line profile equally from
both the front and back sides of the disc. This contrasts with
the optically thick case, where a redshifted excess is induced
in the lines around the planet due to the dominant front-side
contribution (Figure 9). Line broadening associated with
localized features in the disc-instability simulations remains
symmetric in both optically thin and thick emission.
Figure 24 shows the locations of peak velocity gradients in
the azimuthal direction for the disc of HD 135344B, which
help identify Doppler flips potentially associated with
embedded planets (see Section 4.1.1). Finally, Figure 25
summarizes the extraction of large-scale kinematic structures
in the disc of MWC 758, together with their pitch-angle and
width profiles.
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Figure 18. Selected '’COJ =3 2 channel maps for the physical mechanisms studied in Section 3, shown for a disk inclination of i = —30 . The channels in the
top row correspond to synthetic observations of the planet—disk interaction model with a planet-to-star mass ratio of g = 2 x 107> and a planet azimuth of ¢p=—45
in the disk reference frame; the projected planet location is labeled “P”. The beam size is shown by the filled circle in the lower left of the first-column panels. The
magenta line denotes the isovelocity contour at the velocity of each channel, measured from the corresponding centroid velocity map.
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Figure 19. Illustrating how the combined contributions of velocity components from a planet—disk interaction simulation (¢ = 2 x 1072, before postprocessing),
after subtraction of Keplerian motion, can naturally produce peak line-of-sight velocity residuals at azimuthal locations far from the embedded planet, either through
constructive overlap of the projected velocities away from the planet or destructive addition near it. The violet and black vertical lines denote the azimuth of the
projected peak velocity and the true planet azimuth, respectively. The top two panels show azimuthal profiles of the projected velocities at radii of 240 au (top) and
255 au (middle) for a planet located at an azimuth of ¢, = 90 and orbital radius R, = 240 au. The bottom row is analogous to the middle but for a planet at
¢, = 315 . All projected velocities were computed assuming a disk inclination of —30 and an emission surface at z/r = 0.2. Harmonicv,os refers to the
reconstructed velocity profile obtained by forward fitting the velocity components in the v, equation (i.e., Equation 3 of A. F. Izquierdo et al. 2025), assuming they
are constant in azimuth, while Integral v, follows the analytic solution introduced in A. F. Izquierdo et al. (2023).
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Figure 20. Summary of planet-driven signatures identified in the velocity and line-width residuals traced by '2CO emission from a planet—disk interaction simulation
with a planet-to-star mass ratio of ¢ = 2 x 102, assuming a disc inclination of i = —30° and post-processed with a fiducial beam size of 0\farcs15. The planet is
embedded at an orbital radius of 240 au and an azimuth of —45 . See Section 3. for details on the simulation and postprocessing setups.
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Figure 21. As Figure 5, but for detections based on localized velocity residuals.
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Figure 22. Edge-on slices of the vertical velocity component from the planet—disk interaction simulations presented in this work, overlaid with streamlines that
incorporate the radial velocity field. The first and third panels from top to bottom show slices taken along the planet's azimuth, while the second and fourth panels
depict slices perpendicular to it. Optical depth 7 = 1 surfaces representative of the '2CO emitting region are overlaid as solid black curves, with the region between
the minimum and maximum 7 = 1 elevations withina 10 wedge shaded in green. The strong localized downward flows around the planets are the primary drivers
of the line-width enhancements and asymmetries identified in Section 3.
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Figure 24. Polar maps illustrating the azimuthal gradients of the velocity residuals in the disk of HD 135344B, derived from '2CO and '*CO observations. The top
and middle subpanels show the positive and negative gradient components, respectively, while the bottom panels display the corresponding velocity residuals,
enabling the identification of Doppler-flip signatures in the kinematics. White circles mark the locations of the steepest gradients exceeding a threshold of
2.5ms "au"'!, corresponding to velocity shifts greater than half the channel spacing per beam size (i.e., 50 ms ™' beam ). Pluses and minuses overlaid on the
velocity residuals indicate the sign of the peak azimuthal gradients and highlight the central locations of the Doppler flips. Solid and dashed lines denote the radial

separations of millimeter dust rings and gaps, respectively.
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Figure 25. Extraction and characterization of coherent large-scale velocity substructures traced by '>COJ =3 2 in the disk of MWC 758 using FILFINDER. The
top panels illustrate the spatial configuration of the detected filaments, together with linear fits of the form r = a + b¢ used to estimate the pitch angles of the
observed substructures. The main nonaxisymmetric signature, traced in yellow across all panels, is well described by a tightly wound spiral with pitch angles <10
and dominated by downward vertical motions. The bottom panels display the average widths of the substructures, measured perpendicular to the medial axes of the
filaments. Only the longest and outermost signatures (shown in yellow and cyan) are resolved by more than one resolution element.
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