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Anibal Sierra

Abstract

The physical origin of the large cavities observed in transition disks is to date still unclear. Different physical
mechanisms (e.g., a companion, dead zones, enhanced grain growth) produce disk cavities of different depth, and
the expected spatial distribution of gas and solids in each mechanism is not the same. In this work, we analyze the
multiwavelength interferometric visibilities of dust continuum observations obtained with Atacama Large
Millimeter/submillimeter Array and Very Large Array for six transition disks: CQTau, UXTau A, LkCal3,
RXJ1615, SR24S, and DMTau, and calculate brightness radial profiles, where diverse emission morphology is
revealed at different wavelengths. The multiwavelength data are used to model the spectral energy distribution and
compute constraints on the radial profile of the dust surface density, maximum grain size, and dust temperature in
each disk. They are compared with the observational signatures expected from various physical mechanisms
responsible for disk cavities. The observational signatures suggest that the cavities observed in the disks around
UXTau A, LkCal5, and RXJ1615 could potentially originate from a dust trap created by a companion. Conversely,
in the disks around CQTau, SR24S, DMTau, the origin of the cavity remains unclear, although it is compatible
with a pressure bump and grain growth within the cavity.

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

1. Introduction rings and gaps (e.g., J. Huang et al. 2018), spiral arms (e.g.,
D. Mouillet et al. 2001; T. Muto et al. 2012; L. M. Pérez et al.
2016; T. Paneque-Carrefio et al. 2021), and circumplanetary
disks (A. Isella et al. 2019b; M. Benisty et al. 2021; V. Christi-
aens et al. 2024). The origin of the observed morphologies has
been attributed to various physical mechanisms such as
gravitational instabilities (A. Toomre 1964), magnetorotational
instability (S. A. Balbus & J. F. Hawley 1991), dust traps
(F. L. Whipple 1972; H. H. Klahr & T. Henning 1997), planet—
disk interactions (e.g., D. N. C. Lin & J. Papaloizou 1979;
P. Goldreich & S. Tremaine 1979), and snow lines
(e.g., C. Hayashi 1981), among others.

The existence of large dust cavities (with sizes from a few
astronomical units to hundreds of astronomical units, L. Francis
& N. van der Marel 2020) in the so-called “transition disks”
was first inferred by near-infrared observations (K. M. Strom
et al. 1989), and then by their millimeter spectral energy
distribution (SED; N. Calvet et al. 2002), long before high

Protoplanetary disks are dynamic objects. Physical pro-
cesses, such as photoevaporation (e.g., R. D. Alexander et al.
2006), accretion (e.g., L. Hartmann et al. 2016), dust migration
and segregation (e.g., F. L. Whipple 1972; S. J. Weidenschill-
ing 1977; T. Takeuchi & D. N. C. Lin 2002), dust growth (e.g.,
L. Testi et al. 2014; T. Birnstiel et al. 2016), settling (e.g.,
R. Schripler & T. Henning 2004; H. Avenhaus et al. 2018;
E. A. Rich et al. 2021), and disk winds (A. Konigl &
R. E. Pudritz 2000; I. Pascucci et al. 2023), are taking place in
protoplanetary disks. These mechanisms have an important
impact on the disk evolution, the spatial distribution of solids
and gas, and thus, on the observed disk morphologies at
different wavelengths.

In the last decade, high angular resolution observations of
protoplanetary disks have unveiled a diversity of large and small
spatial scale substructures, including vortices (e.g., J. M. Brown
et al. 2009; S. M. Andrews et al. 2009; S. Casassus et al. 2013;

L. M. Pérez et al. 2014; C. M. T. Robert et al. 2020; J. Varga
et al. 2021), cavities (e.g., L. Francis & N. van der Marel 2020),

Original content from this work may be used under the terms

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

angular resolution data became available. The SED of these
objects shows an excess emission at millimeter wavelengths,
but no excess emission at mid-infrared wavelengths. This
distinct signature was initially interpreted as a deficit of hot
material in the inner disk region (e.g., K. M. Strom et al. 1989;
N. Calvet et al. 2002; J. M. Brown et al. 2007), an
interpretation that was later confirmed through subsequent
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high angular resolution observations (S. M. Andrews et al.
2011).

The physical origin of large cavities in transition disks
remains unclear. Nonetheless, various proposed mechanisms
aim to replicate these observed dust cavities. As pointed out by
N. van der Marel (2023), these mechanisms include the
presence of companions (P. Artymowicz & S. H. Lubow 1996),
dead zones (Z. Regdly et al. 2012; M. Flock et al. 2015),
photoevaporation (R. D. Alexander et al. 2006; M. Gérate et al.
2021), and/or grain growth (C. P. Dullemond et al. 2001). In
scenarios involving companions, an already formed planet or a
close binary can carve a significant gap in the disk, inhibiting
the radial migration of dust grains and resulting in the
formation of a large cavity (e.g., R. Dong et al. 2015). This
mechanism leads to the creation of a dust trap at the outer edge
of the cavity due to the pressure gradient (P. Pinilla et al.
2012a).

A large cavity can also form by a dead zone, where the
particle flow halts due to a jump in gas surface density and a
pressure maximum (M. Flock et al. 2015). Unlike the
mechanism involving a companion, the dead zone scenario
does not predict a gas gap within the cavity (P. Pinilla et al.
2016).

On the other hand, dust cavities can also form via dust
growth. In this mechanism, large grains are expected to have a
fast radial migration toward the inner region of the disk
(T. Takeuchi & D. N. C. Lin 2002), resulting in a deficit of dust
mass within the disk cavity. Additionally, very large grains
(with sizes exceeding about 1cm) have a low opacity at
millimeter wavelengths (e.g., B. T. Draine 2006), thereby
reducing the dust continuum emission within the cavity.
However, even in the most optimistic scenario where dust
growth is very efficient, this mechanism alone has been shown
to be insufficient for creating large cavities within 5 Myr of
dust evolution (T. Birnstiel et al. 2012a). Thus, in addition to
dust growth, another physical mechanism producing a pressure
bump is needed to reproduce the significant drop of millimeter
emission within the cavities of transition disks (T. Birnstiel
et al. 2012a).

Different observational signatures are expected depending
on whether the large cavities result from a companion, dead
zone, photoevaporation, or enhanced grain growth. In scenarios
involving a dust trap (created by a companion or a dead zone),
one would expect an increase in both surface density and
maximum grain size at the outer border of the cavity.
Conversely, if enhanced grain growth and a pressure bump
are responsible for the large cavity, we would expect to infer a
prevalence of large dust grains in the inner region of the disk
and dust grains being trapped at the border of the cavity.

Observational constraints on the dust surface density,
maximum grain size, and temperature can offer valuable
insights into the origin of cavities within transition disks.
Fortunately, these constraints can be derived from polarized
observations (A. Kataoka et al. 2016a, 2016b; H. Yang et al.
2016, 2024; Z.-Y. D. Lin et al. 2024) or from fitting the SED of
the dust continuum emission (e.g., L. M. Pérez et al. 2012;
C. Carrasco-Gonzélez et al. 2019; A. Sierra et al. 2021;
E. Macias et al. 2021; H. B. Liu et al. 2024). It is known that
both methodologies offer different grain size estimations
(hundreds for microns from polarization and a few millimeters
from the SED). Although some works (R. Tazaki et al. 2019;
S. Zhang et al. 2023; Z.-Y. D. Lin et al. 2023) have

Sierra et al.
Table 1
Stellar and Disk Properties

Source Distance i PA L, M,
(po) (deg) (deg) Le) M)

CQTau 149.4 36.3 46.5 10.0 1.63
UXTau 140 40.9 168.7 2.5 1.4
LkCal5 157.2 49.7 62.1 1.3 1.32

RXJ1615 155.6 46.9 146.1 1.3 1.1
SR24S 114 47.8 26.6 2.5 0.87
DMTau 144.0 35.7 157.1 0.2 0.39

Note. References: Inclination and geometry are computed in this work. The
distances are taken from Gaia Collaboration (2020), and the luminosity and
mass of the star from A. Natta et al. (2006), C. Espaillat et al. (2010),
Z. Wahhaj et al. (2010), S. M. Andrews et al. (2011), C. F. Manara et al.
(2014), N. van der Marel et al. (2015), M. G. Ubeira Gabellini et al. (2019), and
L. Francis & N. van der Marel (2020).

demonstrated that millimeter porous grains can help to alleviate
the tension, it has been shown that only the opacity of compact
dust grains can reproduce the observed spectral index in disk
population synthesis (L. Delussu et al. 2024).

In this paper, we analyze the dust continuum emission of six
known transition disks: CQTau, UXTau A, LkCal5, RXJ1615,
SR24S, and DMTau, with cavity sizes of approximately 50, 31,
76, 30, 35, and 25 au, respectively (P. Pinilla et al. 2014;
L. Francis & N. van der Marel 2020). One of the goals of this
work is to compare the multiwavelength brightness profile for
each disk, and infer dust properties that can provide insights
into the origin of the cavities.

The observational data are presented in Section 2. The
analysis and modeling of dust continuum visibilities for each
observation are conducted in Section 3, where high angular
resolution radial profiles are computed from the data. Section 4
presents the analysis of multiwavelength radial profiles,
revealing constraints on the dust surface density, maximum
grain size, and dust temperature within each disk. The
discussion of the physical mechanisms influencing each disk
is outlined in Section 5, and the general properties are
discussed in Section 6, followed by conclusions in Section 7.

2. Observations

We used 26 archival dust continuum observations of six
transition disks: CQ Tau, UX Tau, LkCal5, RXJ1615, SR24S,
and DMTau. The dust continuum observations span from
optically thick emission (observed in Atacama Large Milli-
meter/submillimeter Array, hereafter ALMA, Band 9 or Band
7) to optically thin emission (observed in Very Large Array,
hereafter VLA, Band Q or Band Ka) in all disks, with beam
sizes of tens and hundreds of milliarcseconds. The distance,
stellar parameters, and geometry in each disk are summarized
in Table 1. A summary of the multiwavelength data sets, final
imaging properties, and project codes for both ALMA and
VLA observations can be found in Table 2, and there is a
gallery of the dust continuum images in Figure 1.

The ALMA data were self-calibrated using CASA 6.4.3.27.
All spectral windows and scans are combined to improve the
signal-to-noise ratio (SNR) using combine=‘spws,
scans’ within the CASA gaincal task. We began applying
phase self-calibration with an initial solution time interval equal
to the total observation time. The new self-calibrated data were
imaged, and the SNR is computed. If SNR improves by at least
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Table 2
Properties of the Millimeter Continuum Images

Source ALMA /VLA Band v Baselines On-source Time  Robust  Synthesized Beam rms Noise ALMA/VLA Project Code
(GHz) (m—km) (minutes) (masxmas; deg) (uJy beam™ ')
CQTau 7 338 21-04 22.1 0.5 674 x 469; 15 530.0 2011.0.00320.S
6 225 3-8.5 93.2 0.5 267 x 231; -16 35.0 2013.1.00498.S
Ka 34 80-11.1 115.1 2.0 401 x 293; 61 7.7 AC982
UXTau A 7 344 16-1.5 54.4 0.5 193 x 151; 22 49.0 2015.1.00888.S
6 232 15-1.6 14.1 0.5 253 % 209; 11 37.3 2013.1.00498.S
3 96 18-7.6 8.6 0.5 296 x 140; 49 27.0 2016.1.01042.S
[0) 42 78-11.1 144.2 2.0 315 x 235; =57 14.9 AC982
LkCal5 9 689 21-0.4 17.1 0.5 306 x 229; -35 1650.0 2011.0.00724.S
7 340 34-8.5 162.1 0.5 47 x 27; 23 16.5 2018.1.00350.S
6 229 15-12.7 140.2 0.5 84 x 57; =30 14.4 2018.1.01255.S
(@) 44 78-27.9 1129.0 2.0 149 x 144; 64 42 AC982,13B-381,12B-196
RXJ1615 9 689 21-0.4 222 0.5 288 x 193; 80 1750.0 2011.0.00724.S
7 339 18-3.7 59.4 0.5 73 x 61; 84 28.0 2012.1.00870.S
[0) 44 243-11.1 152.4 2.0 498 x 294; -17 16.2 13B-381
SR24S 9 689 21-0.4 25.2 0.5 368 x 190; 78 1910.0 2011.0.00724.S
7 337 15-1.6 2.0 0.5 183 x 155; 61 367.1 2013.1.00157.S
6 231 15-1.6 21.7 0.5 222 x 192; 51 67.1 2013.1.00091.S
3 109 19-9.5 7.2 0.5 233 x 155; 61 334 2016.1.01042.S
Ka 34 78-36.6 327.5 2.0 180 x 148; 31 7.7 AC982
DMTau 9 676 15-0.5 79.9 0.5 309 x 287; —11 674 2016.1.00565.S
8 480 15-1.1 11.1 0.5 150 x 115; -6 660 2015.1.01137.S
7 318 15-0.9 79.5 0.5 455 x 366; 7 139 2016.1.00565.S
6 232 15-15.2 134.3 0.5 32 x 21; 33 8.4 2018.1.01755.S
4 145 15-1.1 2.0 0.5 546 x 448; 24 84 2015.1.00296.S
3 109 19-7.6 8.6 0.5 296 x 158; 48 27 2016.1.01042.S
[0) 42 78-22,814 378.3 2.0 259 x 173; —65 9.0 AC982

a factor of 5%, we continue applying successive phase self-
calibration iterations with a smaller solution time interval (it
decreases by a factor of 3 in consecutive iterations).
Throughout each self-calibration step, we utilized applymo-
de=‘calonly’ to calibrate data only, and do not apply flags
from solutions. A final amplitude self-calibration iteration with
an infinitive solution time interval (solint=‘inf’) and
combining spectral windows and scans (combine=‘spws,
scans’) is also applied to the data. The calibrated VLA data
were taken from the Disks@EVLA Collaboration.'> The
calibration process for the Disks@EVLA data is provided in
Section 2.2 of L. M. Pérez et al. (2015) or Section 2 of
S. M. Andrews et al. (2014). For imaging, we employed the
TCLEAN task with a multiscale CLEAN algorithm with scales
corresponding to point sources, 1, 2, and 3 times the beam full
width at half-maximum (FWHM). Additionally, we applied a
mask covering the disk emission.

3. Visibility Modeling

We fit the deprojected continuum visibilities of the dust
continuum emission to extract the highest angular resolution
from the observational data. The deprojection of the visibilities
is done using the FRANKENSTEIN tools'® in J. Jennings et al.
(2020), where the geometric projecting effects due to the
orientation of the interferometer’s baselines are corrected. The
deprojection consists of rotating the baseline coordinates using

12 https:/ /safe.nrao.edu/evla/disks/
13 Available at https://github.com/discsim/frank.

the disk’s position angle (PA), and then stretching the baseline
coordinates along the minor axis of the disk using the cosine of
the disk inclination.

We assume azimuthal emission symmetry, which is a first
order approximation of the disk morphologies in this work, as
shown in Figure 1, although it is known that some of these
disks present some degree of azimuthal asymmetry (e.g.,
DMTau Band Q observations in J. Hashimoto et al. 2021).

The interferometric visibilities (which for a given uv-
distance, corresponds to the real and imaginary part of the
visibility and its associated weight) are extracted from the self-
calibrated measurement sets using a modified version from the
export_uvtable function in M. Tazzari (2017). In our version,
the uv-distances are normalized using the wavelength of each
channel and spectral window, instead of the average wave-
length of the whole data set. The visibility modeling is done
using a nonparametric fit (Section 3.1) for observations with
high SNR, and with a parametric model for low SNR
observations (Section 3.2). In both cases, constraints to the
phase shift and geometry of each observation (Section 3.3) are
necessary when deprojecting and fitting the visibilities.

3.1. Nonparametric Fit

The nonparametric visibility modeling is performed using
FRANKENSTEIN (J. Jennings et al. 2020), where the disk
brightness (represented as a Fourier—Bessel series) is recon-
structed by fitting the real part of the visibilities as a function of
the uv-distance (baselines). The imaginary part of the visibilities,
which mainly traces the emission from nonsymmetric structures,
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Figure 1. ALMA (from Band 3 to Band 9) and VLA (Band Q or Band Ka) continuum maps of the six transition disk in our sample. The beam size is shown in the

bottom left corner of each panel. xticks and yticks in all panels are separated by 1”.

is not used by FRANKENSTEIN given the azimuthal symmetry
assumption (the imaginary part of the visibilities in our
observations tends to be zero when averaged over all
orientations).

The reconstructed radial profile depends on two hyperpara-
meters: o, Wgmooth- 1he former mimics the SNR threshold
below which the data are not used when fitting the visibilities,
and the latter controls the smoothness of the fit to the power-
spectrum (see full details about the visibility fit in J. Jennings
et al. 2020, 2022).

These hyperparameters do not have strong effects on the
reconstructed brightness profiles for disks with a high SNR;
however, this is not the case for low SNR data, where a particular
combination of o, Wgpeom can imprint oscillatory artifacts on the
reconstructed brightness profile. For this reason, we fit all the
observations using a grid of hyperparameters varying between
a = [1.05-1.30], and log;;(Wsmoo) = [—4, —1], and we choose
by visual inspection the pair of hyperparameters that minimize the
oscillatory artifacts.

The longest wavelengths in our sample (Band Q and Ka
from VLA) have a low SNR at all uv-distances. Thus, for these
long wavelength observations, we use FRANKENSTEIN on the
binned visibilities (bin size of 10 k\).

The chosen hyperparameters for each data set are summar-
ized in Table 3. Additional fit parameters (e.g., maximum
fitting radius, number of radial points to sample the radial
profile) have no important effects on the reconstructed
brightness profile if the recommendations described in J. Jenn-
ings et al. (2020) are taken into account. We fit the data in the
logarithmic brightness space, which helps to reduce the
oscillatory artifacts in the reconstructed brightness profile,

and prevents negative values in the reconstructed brightness
profile. However, we found no important differences when
fitting the data in a linear brightness space.

3.2. Parametric Fit

The FRANKENSTEIN models for VLA data were computed
by binning the visibilities. Since this procedure results in
information loss, we also directly fit the nonbinned VLA
visibilities using a parametric model with a given intensity
profile I(r). The visibilities of the parametric model are
computed using a Hankel transform H (T. J. Pearson 1999):

V(g) ="HU(r)) =27 j:o 1(r)Jo(2mgr)dr, (1)

where r is the disk radius, J, is the zeroth-order Bessel function
of the first kind, ¢ = u?> + v?/\ is the deprojected baseline,
A is the wavelength, and u, v are the coordinates of the baseline
vectors.

For each disk, the morphology of the parametric models is
motivated by the brightness distribution inferred at ALMA
wavelengths with FRANKENSTEIN (an extended discussion on
the disk morphology is done for each particular disk in
Section 5). We also consider other physical processes that can
contribute to the emission at VLA wavelengths, as free—free
emission from ionized gas. However, we assume that the
emission from spinning nanometer-size dust (T. Hoang et al.
2018) does not contribute to the observed emission, as
scattering properties (taken into account in this work) can
mimic similar effects to those expected from spinning dust
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Table 3
Visibility Modeling Parameters

Source Band @ log,o(ws) i PA* ChanWidth Centering Methodology Resolution Multiwave Analysis
(deg) (deg) (MHz) (mas)
CQTau 7 1.3 -1 37.9403 46,7703 29 Min vis scatter 255.3 No
6 13 —4 36.3794 46.503 500 Gaussian fit 149.6 Yes
Ka 1.05 —4 128 Gaussian fit 238.4 Yes
UXTau A 7 1.05 -1 41.9793 168.0751 500 Min vis scatter 75.1 Yes
6 1.3 —1 419703 166.6793 117 Min vis scatter 136.5 Yes
3 1.05 —4 40.979¢ 168.7+52 500 Min vis scatter 112.3 Yes
(0] 1.05 —4 128 Gaussian fit 157.0 Yes
LkCal5 9 12 —4 50.8+0% 61.7%30 375 Min vis scatter 171.9 No
7 1.3 -1 50.570 61.6703 250 Min vis scatter 17.7 Yes
6 1.3 -1 49.754 62.175¢ 250 Min vis scatter 21.5 Yes
(0] 1.05 —4 128 Gaussian fit 120.0 Yes
RXJ1615 9 1.05 —4 406432 150.07%4 375 Min vis scatter 191.4 No
7 1.3 -1 46.9704 146.170% 235 Min vis scatter 342 Yes
0] 1.05 —4 128 Gaussian fit 167.0 Yes
SR24S 9 1.3 -1 48.7702 272404 375 Gaussian fit 157.2 No
7 13 —1 48.6*01 27379} 16 Gaussian fit 1182 Yes
6 13 -1 47.8701 26.670¢ 469 Gaussian fit 117.2 Yes
3 1.3 -1 448451 25.1439 63 Gaussian fit 98.6 Yes
Ka 1.05 —4 128 Gaussian fit 120.1 Yes
DMTau 9 1.05 —4 36.6704 156.3101 234 Min vis scatter 204.0 No
8 1.05 -1 39.919% 153.34% 125 Min vis scatter 111.9 Yes
7 1.3 -1 40.1738 153.1%93 63 Min vis scatter 153.8 No
6 1.3 -1 357591 157.1734 469 Min vis scatter 142 Yes
4 1.1 -1 32,7454 156.0°03 63 Min vis scatter 273.4 No
3 1.3 —1 34,8136 155.21%3 63 Min vis scatter 72.8 Yes
0 1.1 —4 128 Gaussian fit 69.6 Yes
Note.

 The inferred inclination (i) and position angle (PA) for each observation are reported in this table. However, both values are fixed to those summarized in Table 1

during the visibility modeling.

(A. Sierra & S. Lizano 2020), making it difficult to differentiate
between the two processes.

The free—free emission is modeled by including a compact
emission point source at the disk center, simulating the
expected compact free—free emission at these long wavelengths
reported by previous centimeter observations of UXTau A,
LkCal5, RXJ1615, and SR24S in L. A. Zapata et al. (2017).
For DMTau, no compact free—free emission was detected in
L. A. Zapata et al. (2017); however, Y. Terada et al. (2023)
found that the free—free emission from ionized gas in DMTau is
variable. We include the free—free component in all disks, and
then, we compare its inferred flux with previous estimations in
Appendix B.2.

The parameter space of the free parameters describing the
parametric fit is explored using a Markov Chain Monte Carlo
(MCMC; implemented in the Python library EMCEE, D. Fore-
man-Mackey et al. 2013). The best-fit parametric model is
found by maximizing the logarithm of the likelihood function,
given by

1 m
Inl = _EZ Wi[(ReVS™ — ReVi?)?
J
+ (ImV§™ — ImV}°9)?], (2)

where W; are the weights of the visibilities, and V]?’bs, V}“"del are
the observed and model visibilities, respectively.

3.3. Phase Shift and Geometry

The offset of the disk center with respect to the phase center
(6R.A., édecl.), disk inclination (i), and disk PA are fitted for
each observation.

In most of the cases, the offset is computed by minimizing
the imaginary part of the visibilities (e.g., A. Isella et al.
2019a). However, in some cases (e.g., SR24S with some small
azimuthal asymmetries), the obtained phase shift does not
match with the disk center (visual inspection); thus, in a few
cases, we fit a 2D Gaussian function (in the image plane) using
a very low angular resolution image (using the UVTAPER task
in CASA), where the azimuthal asymmetry vanishes. The
methodology used for each observation is summarized in
Table 3.

The disk inclination and PA are fitted by minimizing the
spread of the deprojected visibilities for circular annuli in the
visibility space (e.g., A. Isella et al. 2019a). Error bars are
computed from the percentiles 16th and 84th. The inferred disk
inclination for a certain disk is consistent within the error bars.
However, variations can also occur because disks are not
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Figure 2. Real part of the dust continuum visibilities (blue points) as a function of baseline for each observation in this work. The black/red solid line is the

FRANKENSTEIN /parametric visibility model.

perfectly settled to the midplane, depending on factors such as
grain size and turbulent state (e.g., B. Dubrulle et al. 1995;
R. Schripler & T. Henning 2004). Additionally, the contrib-
ution of the upper layers becomes more significant at smaller
wavelengths (e.g., A. Sierra et al. 2019).

The inferred disk geometry for all the ALMA observations
are summarized in Table 3. The geometry derived from the
VLA data is poorly constrained and is not included in this
table.

One of the goals in this paper is to compare the brightness
radial profiles using multiwavelength observations of each
disk. For this reason, the geometry of each disk is fixed for all
wavelengths. The chosen disk geometry is based on the
following criteria: (1) The contribution from the disk midplane
should be important (long wavelengths where the emission is
optically thin are good candidates). (2) The angular resolution
(or uv-distances) should be good enough to resolve the disk
geometry. (3) There is high SNR (i.e., the disk geometry is well
constrained). The latter discards the Band Q and Ka
observations, where the geometry is poorly constrained. Thus,
our final decision on the disk geometry is based on Band 6, 3,
6, 7, 6, 6, for CQTau, UXTau A, LkCal5, RXJ1615, SR24S,
and DMTau, respectively.

3.4. Results from the Visibility Modeling

Figure 2 shows the visibility modeling results for the
observations in our sample. In all cases, the axisymmetric
visibility model (from Frankenstein or parametric) is a good
representation of the observed visibilities. Note that the uv-
coverage of each observation is diverse. For example, for
LkCal5, the maximum baseline for Band 6 and 7 is close to
10M ), but for Band 9, it is close to 1MA\. This limits the disk
substructures that can be inferred from observations.

Figure 3 shows the normalized brightness radial profile for
each observation from the visibility fit and from the image
plane. The radial profiles in the image plane were computed

using GOFISH (R. Teague 2019) and the same offset and disk
geometries as in the visibility fits. We assume a filling factor
(A. R. Thompson et al. 2017) of 1 everywhere. This
assumption is valid at large radius, where the solid angle of
concentric rings is larger than that of the beam size. However,
in the most inner region (<50 mas), the radial profiles from the
image plane would need a filling factor correction. Never-
theless, the radial profiles from the image plane are only used to
visualize the differences compared with the radial profiles
computed from the visibility fit, and they are not used in the
rest of the manuscript.

The error bars (Ajy,) in the radial profile from the image
plane (ling) do take into account the azimuthal intensity
asymmetries, while they are not originally taken into account in
the error bars from the visibility fits. The ratio of azimuthal
asymmetry (Ao / Iimg) is small in all cases, confirming that the
axisymmetric assumption is a good approximation of the disk
morphologies. We add the azimuthal asymmetries error bars
computed in the image plane to the radial profile uncertainty
computed from the \visibility fit (A, as Al =
\/ (Avie)* + (LisAimg/Img)*, Where Ly is the intensity radial
profile from the visibility fit. These uncertainties are included in
the radial profiles of Figure 4. The bottom panels of the same
Figure show the flux calibration error bar for all wavelengths.
This uncertainty dominates by far the uncertainty in each radial
profile.

The radial profiles from the visibility fit reveal higher
contrasts between rings and gaps compared to the azimuthal
radial profiles computed from the CLEAN images (Figure 1). For
example, in the brightness radial profile of LkCal5 in Bands 6
and 7, we clearly identify three main rings from the visibility fit
(at 0”277, 0”433, 0”635, as also reported by F. Long et al.
2022). Additionally, there is a tentative faint ring around ~1”07,
which is also visible in the radial profile of the Band Q image,
albeit at a radius of ~0”99. Note that the width of the rings at
07433, 0”635 in Band 6 looks narrower than those at Band 7,
possibly due to dust traps (P. Pinilla et al. 2012a). Additionally,
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Figure 3. Normalized brightness radial profile for each observation in our sample. The blue lines are the azimuthal average computed from the image plane in
Figure 1, the orange lines are the nonparametric radial profile computed with FRANKENSTEIN, and the green lines for the VLA observations are the parametric radial
profiles. The vertical error bars in the bottom panels show the uncertainty from the flux calibration at each Band.

the contrast between the rings and gaps is more pronounced in
Band 6, likely due to optical depth effects. These characteristics
and differences are crucial when constraining the radial profiles
of dust properties in Section 4.

The parametric model for all disks was chosen based on the
morphology observed at ALMA. For example, in LkCal5, the
parametric model is given by two Gaussian functions at a fixed
radial position of 07433, 0”635, and a point source at the disk
center. We also tested the inclusion of the ring structures at
0”277 and 0”99. However, the chi-square value (xz) does not
exhibit a significant improvement when these rings are added
to the model.

The radial profiles in Figure 3 are shown at their intrinsic
angular resolution. Starting from Section 4 and beyond, the
radial profiles for a specific disk are convolved to the same
angular resolution, corresponding to the lowest angular
resolution among the multiwavelength observations of
each disk.

As mentioned in Section 3.2, the FRANKENSTEIN visibility
model is influenced by bin size and hyperparameters for the
VLA observations with low SNR. Conversely, the parametric
fit provides a robust radial profile. Consequently, the
parametric model is selected as the radial profile model for
VLA data across all disks. Table 5 in Appendix B.2 provides a
summary of the chosen parametric models for each disk and the
best-fit parameters.

Figure 8 in Appendix B.l1 shows the CLEAN image of the
disk models (sampled at the same wuv-coverage as the
observations). The color scale is the same as each panel in
Figure 1. The difference between observations and model
(Residuals) is shown in Figure 9. Although most of them have
low nonaxisymmetric residuals, some exceed +50,, or fall
below —50,,s. Various factors may contribute to these
residuals, such as the disk potentially being brighter at the
inner wall of the ring on the far side due to disk inclination,
uncertainties in parameters like disk inclination, PA, disk

center, or elevated emission surfaces (S. M. Andrews et al.
2021). Also note that most of the azimuthal asymmetries
observed at very long wavelengths (VLA observations) have an
SNR <3, making it difficult to distinguish them from thermal
noise. The specific disk structures are further discussed in
Section 5.

4. Constraints on Dust Properties

The spatially integrated dust continuum emission at milli-
meter wavelengths has been used to infer dust properties of
protoplanetary disks, including mean temperature, optical
depths, average maximum grain size, and dust mass. This is
typically achieved by fitting a blackbody model to their SED
(e.g., A. M. Rilinger et al. 2023).

Owing to the lack of multiwavelength observations at high
angular resolution, the spatial modeling of SED has only been
spatially modeled in a small fraction of disks (e.g., L. M. Pérez
et al. 2012; Y. Liu et al. 2017; C. Carrasco-Gonzalez et al.
2019; A. Sierra et al. 2021; E. Macias et al. 2021). In this work,
we are able to resolve the expected optically thick rings around
six transition disks and model the SED as function of radius.
Figure 4 shows the brightness temperature for the six transition
disks in this work. The radial profiles of each disk are
convolved to the same angular resolution (indicated by the
horizontal bar in each panel), determined by the lowest angular
resolution detailed in the last column of Table 3. The effect of
radial beam smearing is discussed in Appendix C.

Note that not all wavelengths were included in our
multiwavelength analysis. We opted to exclude observations
with low angular resolution (compared with the rest of the
multiwavelength data) and avoided convolving most of the
observations using a large beam. Additionally, we also decided
to neglect the short wavelength observations at Band 9 because
they likely primarily capture dust emission from the upper
layers of the disk, where smaller grain sizes are expected
compared to those traced by longer wavelengths in the
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Figure 4. Brightness temperature radial profile for the six transition disks used in the multiwavelength analysis. The common angular resolution for all wavelengths in
each disk is shown as a horizontal black line in each panel. The error bar for each profile is computed from errors from the flux calibration, visibility fit, and azimuthal

variations.

midplane (e.g., A. Sierra & S. Lizano 2020). The last column in
Table 3 summarizes which data sets are used in the
multiwavelength analysis.

The SED is fitted at each radius using the emergent intensity
of the dust continuum emission at frequency v in A. Sierra &
S. Lizano (2020), which is given by

Il/ = Bl/(Td)[l - eXP(_Tu/H) + wl/F(Tl/’ wl/)]’ (3)

where B,(T,) is the Planck function evaluated at the dust
temperature 7y, 7, is the optical depth, y is the cosine of the
disk inclination, w, is the dust albedo, and F(r,, w,) is the
contribution of scattering to the emergent intensity, given by

1

F(Tz/a wl/) -
exp(—V3en)(e, — 1) — (6, + 1)
oL exn(-(Ba +1/pmm)
V3ep+1
4 exp(_Tu/:U/) - exp(_\/§€u7—u) , (4)
Vepu—1
where ¢, =41 —w,. The main effect of scattering

(Equation (4)) is decreasing the emergent intensity in the
optically thick regime, making it possible to explain spectral
indices below 2, as discussed in previous works (e.g.,
H. B. Liu 2019; Z. Zhu et al. 2019; A. Sierra &
S. Lizano 2020).

The albedo and absorption dust opacity coefficient x, are
taken from T. Birnstiel et al. (2018), and the dust grains are
assumed to follow a particle size distribution (number of grain
sizes per size bin) given by n(a)da x a Pda, where the
minimum grain size is fixed to 0.05 ym, and the maximum

grain size an,y is a free parameter. The slope of the particle size
distribution p is fixed to 3.0. The expected value from
simulations is between 2.5 and 3.5, when the maximum grain
size is regulated by drift and fragmentation, respectively
(T. Birnstiel et al. 2012b). However, we tested p values within
this range, and the qualitative conclusions are not sensitive to
this particular choice.

Equation (3) can be evaluated given the dust temperature Ty,
maximum grain size a,,,x (which controls w, and k,,), and dust
surface density Y4 (which controls the total optical depth:
T, = K,25q/(1 — w,)). We use an MCMC method (implemented
in the PYTHON library EMCEE, D. Foreman-Mackey et al.
2013) using 24 walkers and 10,000 steps to explore the space
parameter of ap,x, 24, and Ty at each radius. The chi-squared
in the posterior distribution is defined as

Il/ _Iumodel 2
X* = 2[7) ; &)

n All/n
I,j:“’de] is the model intensity evaluated from Equation (3), and
Al, is the uncertainty of the nth intensity. The absolute flux
uncertainty is taken into account in 61, at each band according
to the ALMA proposer’s guide: 5% in Band 3 and 4, 10% in
Band 6 and 7, and 20% in Bands 8 and 9.

The prior is given by p(amaxx) X p(3q) X p(Ty), where
P(amax), p(XZq) are the maximum grain size and dust surface
density priors, given by a log-uniform distribution within the
explored parameter space, and the temperature prior is defined

as
2
1 Trior — T
p(Ty) = exp [——("7‘1) } (©)
2 UTpriur
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Figure 5. Dust surface density (top panels), maximum grain size (middle panels), and dust temperature (bottom panels) constraints from the SED fit. The vertical
dashed lines mark the position of bright rings inferred at higher angular resolution. The inferred dust mass and angular resolution of each disk are shown in the bottom

of the top and bottom panels, respectively.

i.e., the probability of a model with a temperature T4 decreases if it
deviates from Tpior. The latter is computed from the temperature
of an passively irradiated disk Tpior = (0.02Ls/87mopr?)!/4. We
use a wide temperature width o7, = 50K to ensure that this
prior does not dominate the posterior probability distribution.

The inclusion of this prior decreases the degeneracy between
the free parameters, especially when the number of wave-
lengths used to fit the SED is less than or equal to the number
of free parameters.

The explored parameter space is log-spaced between
300 um <amax < 30 cm, 107°° g cm 2 < Y3<10g cm~2, and
3K <T34<300K. The smallest value for the maximum grain
size is chosen to avoid degeneracy between a small-grain
solution (@max < 300 pm) and large grains (amax => 300 pm).
As shown in Figure 4 of T. Birnstiel et al. (2018), the spectral
index around 300 pum is degenerated for large or small grain
sizes. However, we also did some tests including small
maximum grain Sizes dm,x = 10 pum, but found that the
walkers tend to the large maximum grain size regime after
sufficient steps. The inclusion of small maximum grain sizes
(amax < 300 pum) only delays the walkers from reaching the
space parameter with the maximum posterior probabil-
ity (@max = 300 pm.)

The best fit of each parameter is shown in Figure 5 for the six
transition disks in this work. The vertical lines mark the
position of the rings inferred from the visibility fit (Section 3).
The error bars are computed from the percentiles 32 and 68
respectively. The dust mass is shown in the bottom of each top
panel, while the angular resolution of each disk is shown in the
bottom panels.

Figure 6 shows the optical depth constraints resulting from
the dust properties in Figure 5 at different wavelengths.

5. Discussion

The results from the disk substructures computed from the
visibility fit for each observation (Figures 2 and 3), and the dust
property constraints from the multiwavelength fit (Section 4),
give clues about the physical origin of the large cavities
observed in the six transition disks in this work. However,
before discussing the results from each individual disk
(Sections 5.2-5.3), we summarize the various caveats asso-
ciated with our modeling below.

5.1. Model Limitations

The exact dust properties inferred from the multiwavelength
analysis depend on the physical assumptions described in the
previous section (e.g., particle size distribution slope, spherical
and compact dust grains). However, general properties, such as
the peak position of the dust surface density or maximum grain
size, are unchanged under these physical assumptions.

The maximum grain size estimations in this work are similar
to previous analysis where the dust continuum SED has been
modeled, and where millimeter and centimeter grain sizes have
been inferred (e.g., L. M. Pérez et al. 2012; C. Carrasco-Gonz-
alez et al. 2019; T. Ueda et al. 2020). However, it is important to
remark that smaller grain sizes (hundreds of microns or smaller
grain sizes) have been inferred from polarized observations (e.g.,
A. Kataoka et al. 2016b; C. L. H. Hull et al. 2018; T. Mori et al.
2019). Our results are biased by the spectral index analysis.
Alleviating the tension between the grain size estimations from
polarization and spectral index is beyond the scope of this paper.
An exception to the SED modeling has been found in the disk
around DMTau (H. B. Liu et al. 2024), where the dust emission
from localized substructures is consistent with a,x = 300 pm,
but the rest of the disk is consistent with small grains (<50 pm).
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Figure 6. Optical depth radial profiles computed from the SED fit at different wavelengths (see color code). The vertical dashed lines mark the position of bright rings
inferred at higher angular resolution. The horizontal bar of each panel shows the angular resolution for each disk.

On the other hand, angular resolution limitations could
impact the inferred dust properties profiles. In particular, the
disk cavities could potentially be contaminated by emission
from optically thick rings. In such cases, the cavities would
present faint emission with low spectral indices, which can be
interpreted as optically thin emission with large grain sizes.
Given the angular resolution of the data, it is not possible to
rule out the possibility of smearing effects within the cavities,
especially in those disks where large grain sizes are inferred in
this region. A full discussion of the radial smearing effects is
presented in Appendix C. We also emphasize that our method
for inferring the intrinsic angular resolution of a FRANKEN-
STEIN fit does not assess the ability of such a fit to resolve two
independent structures (e.g., two rings). Rather, the intrinsic
angular resolution corresponds to the “point-spread function”
(PSF) of a FRANKENSTEIN fit done to an infinitely narrow ring.
We tested different models with smaller separations between
the two rings, but there is no clear limit at which the visibility
fit is unable to separate them. The only limit is given by the
sampling of the radial profile, which is not a physical
measurement of the angular resolution, but is determined by
the Nyquist sampling theorem (A. R. Thompson et al. 2017),
which should always be satisfied. See more details in
Appendix A.

Additionally, we assume that the disks are axisymmetric and
compute their azimuthally averaged properties. However, some
degree of asymmetry has been observed in some of them (see
references in the discussion of each particular disk). In a few
cases, these asymmetries are consistent with thermal noise
(especially at long wavelengths).

Although we only study the multiwavelength emission in a
radial extend where the azimuthal asymmetries are low or
negligible (See Section B.1), the dust properties' constraints in
this work only pretend to explain the azimuthally averaged dust
properties of each analyzed disk, and a bidimensional analysis
of the disks is beyond the scope of this work. In some cases,
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such as DMTau, the axisymmetric structure observed at ALMA
Bands, and the azimuthal asymmetries observed at Band Q may
be explained by optical depth effects (see discussion in
H. B. Liu et al. 2024). In such cases, the constraints on the
dust properties are mainly dominated by the morphology
observed at ALMA wavelengths.

5.2. Disks with Dust Traps as a Possible Origin of the Cavity

Disks with dust surface density and grain size maxima at
ring positions are consistent with dust trap models (P. Pinilla
et al. 2012b). The dust trap can be induced by a companion (a
planet or a close binary) or a dead zone. However, if a deep gas
cavity is also observed, it rules out the possibility of a dust trap
created by a dead zone (N. van der Marel et al. 2016), and
supports the idea of a companion origin. In the following, we
discuss the results obtained from disks where both a dust trap
(identified in this work) and gas cavities (from the literature)
have been inferred. These findings may suggest that the origin
of these large cavities is a companion.

UXTau A. Dust continuum observations of the disk around
UXTau A have been previously reported by P. Pinilla et al.
(2018) and L. Francis & N. van der Marel (2020). From the
visibility modeling in this work (Figure 3), we confirm the ring-
shaped structure, with a peak at 07236 (33.0 au). Additionally,
the disk emission exhibits azimuthal asymmetries at Bands 6
and 7 (Figure 9), with higher intensities observed toward the
east. The Band 3 image appears nonaxisymmetric, but these
asymmetries are created by the visibility coverage and the
elongated beam, as shown by the perfect axisymmetric disk
model sampled at the same visibilities in Figure 8. This is
demonstrated in the model image of a perfectly axisymmetric
disk. Similarly, Band Q exhibits azimuthal structures along the
major axis of the beam. The residuals of the enhanced emission
at the south of the disk in Band Q have an SNR < 5, as shown
in Figure 9.
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The dust properties' constraints (Figure 5) show a peak in the
dust surface density, maximum grain size, and dust temperature
aligning with the location of the main ring, exhibiting
characteristics consistent with dust trap signatures, which can
be triggered by a companion or a dead zone.

No planet candidates have been found in UXTau A using Ha
observations (A. Zurlo et al. 2020). The sensitivity of the Ha
observations is consistent with a upper limit to the mass of the
planet of 9 Jupiter mass at ~22au. The '*CO (J:3-2)
observations in L. Wolfer et al. (2023) reveal a gas cavity and a
ring structure in the gas that peaks near the dust ring.

LkCal5. Dust continuum observations of the disk around
LkCal5 at high resolution have been studied by A. Isella et al.
(2014), S. Facchini et al. (2020), and F. Long et al. (2022),
where three rings at at 07277 (43.5 au), 07433 (68.1 au), 0”636
(100 au) have been inferred from the radial profiles in the
image plane and from visibility modeling. We note a fourth
faint outer ring at 1”070 (168.2 au) from both the image plane
and visibility modeling at ALMA wavelengths. This faint ring
can also be inferred from the radial profile in the image plane at
Band Q, but at a slightly smaller radius of 07990 (155.6 au).

The visibility modeling residuals at Band 6 and 7 in Figure 9
matches with those in F. Long et al. (2022). At Band Q, there
are no residuals with SNR >5. And at Band 9, there are
positive /negative residuals in the far/near-side part of the disk,
possibly due to an elevated emission surface at Band 9
(S. M. Andrews et al. 2021), where the emission of small grains
is traced.

The results from the SED fit in Figure 5 for LkCal5 show
three local maxima for the dust surface density, aligning
precisely with the radial positions of the three prominent rings
observed in the dust continuum emission. The maximum grain
size only has a clear peak around the main ring at 07433
(68.1 au) at this resolution. These characteristics are indicative
of dust trapping in the main ring, impeding the inward flow of
dust grains and forming a large cavity.

No clear planetary signatures have been directly detected
within the LkCal5 cavity, although planet candidates have
been suggested (e.g., A. L. Kraus & M. J. Ireland 2012).
Comparing SPHERE/ALMA observations and the size of the
observed gaps, G. Lodato et al. (2019) and R. Asensio-Torres
et al. (2021) estimated that the upper limit of the mass of a
planet companion within the cavity is <1 Jupiter mass. On
other side, the Lagrangian points identified by F. Long et al.
(2022) suggest the possible existence of a Neptune-mass planet
positioned at a projected distance of 0727 (42.4 au).

Finally, evidence of a gas cavity has been found in the
molecular emission of '2CO (J=2-1), >CO (J=2-1), and
C'®0 (J=2-1) (L. Wélfer et al. 2023), suggesting that the
origin of the cavity is a companion.

RXJI1615. Millimeter dust continuum observations of the
disk around RXJ1615 have been previously reported by N. van
der Marel et al. (2015) and L. Wolfer et al. (2023). The
visibility modeling of the disk is shown in Figures 2-3. At
Band 9, the visibility modeling is sensitive to a ring at 0”82
(127.6 au), while a discernible dust cavity is absent, likely due
to the limited angular resolution. The outer dust ring had
previously been identified by S. M. Andrews et al. (2011) and
N. van der Marel et al. (2015).

At Band 7, the radial profile shows a complex structure.
Notably, it exhibits emission from various sources: a distinct
compact inner disk, an asymmetric ring with a prominent peak
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at 07158 (24.6au), along with additional local peaks at
approximately 07251 (39.0 au) and 0”368 (57.3 au). Moreover,
two further asymmetric peaks emerge at around 07685
(106.6 au) and 07839 (130.5 au), distinguishable in both the
visibility fit and the image plane. Overall, the observations
reveal the presence of up to five discernible rings and an inner
disk. In Band Q, the FRANKENSTEIN visibility fit fails to
identify disk substructures, unlike the parametric fit, which
successfully does. This is the only disk where the position of
the outer ring is not fixed, but it is a free parameter (Table 5).
The best-fit radial position for the outer ring is 0.7375-93, falling
between the locations of the two outer rings observed in
Band 7.

The dust surface density and maximum grain size (Figure 5)
have clear local maxima at the outer ring, aligning with dust
trap signatures. However, there is no clear evidence of a
pressure trap in the inner ring (although it is suggested), due to
the low angular resolution, which is not able to resolve the
inner ring after convolution (beam size of 07192 and a ring at
0”158; see Figure 4).

The findings in the outer ring align with dust trap signatures.
On the other hand, a gas density drop has been detected within
the disk cavity, as reported by N. van der Marel et al. (2015),
suggesting that the origin of the cavity is a companion. The
mass of the companion candidate has been estimated as 4.5
Jupiter masses using SPHERE observations (R. Asensio-Torres
et al. 2021).

5.3. Disks with Possible Evidence of Enhanced Grain Growth
and a Pressure Trap as the Origin of the Cavity

In some of our transition disk sample, the inferred maximum
grain size radial profile (an,x (r)) monotonically decreases with
radius, rather than showing a distinct drop within the cavity.
Additionally, the distribution of a,,x(r) appears relatively flat
around the ring region, possibly indicating the presence of a
dust trap. On the other hand, the dust surface density radial
profile shows a drop of mass within the cavity. The millimeter
emission cavity in these cases is reproduced by a combination
of very low densities and large dust grains with low opacity. As
mentioned in Section 1, these characteristics are expected for
cavities created by grain growth and a pressure bump. Grain
growth alone is insufficient to reproduce the low brightness
within the cavity, and a pressure bump (created by a companion
or a dead zone) is crucial for efficiently reducing the mass
within the cavity (T. Birnstiel et al. 2012a).

The absence of a gas gap within some of these disks further
would suggest that the origin of the large cavity is not the same
as in the rest of the disks. However, as mentioned at the
beginning of this section, radial smearing of optically thick
emission onto the cavity regions could affect the inferred dust
properties. In particular, radial smearing could mimic large dust
grain sizes within the cavity, as discussed in Appendix C. In the
following, we discuss the results obtained from disks where a
possible origin of the dust cavity may be attributed to low dust
surface density triggered by a pressure bump in the ring,
coupled with enhanced grain growth within the cavity, and
where deep gas cavities have not been observed.

CQTau. The disk morphology of the dust continuum
emission around CQTau has been previously reported at high
angular resolution by P. Pinilla et al. (2018) and M. G. Ubeira
Gabellini et al. (2019). From the visibility modeling in this
work (Figure 3), we confirm the ring shape structure at Band 7,
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6, and Ka, with a peak at 0”3 (44.8 au). The ring structure is
also inferred from the image plane for Bands 6 and Ka.
However, for Band 7, the angular resolution in the image plane
smears the ring emission within the cavity, making it
discernible only through the visibility fit.

According to M. G. Ubeira Gabellini et al. (2019), the disk
emission displays azimuthal asymmetries in both the con-
tinuum and CO isotopologue lines. These nonaxisymmetric
structures are shown in Figure 9. At Band 6, the disk emission
appears brighter in the east and southwest regions compared to
the average azimuthal values. A noticeable azimuthal asym-
metry is also observed in the southwest of the disk at Band Ka
(Figure 9). However, this particular asymmetry has an
SNR <5.

The dust properties' radial profiles for CQ Tau show a dust
surface density with a peak at the ring position. The maximum
grain size monotonically decreases with radius, suggesting no
strong evidence of a dust trap (at this angular resolution).
However, a gas cavity has been inferred from the CO
isotopologue emission in M. G. Ubeira Gabellini et al.
(2019). Their work shows that the gas cavity is consistent
with a planet of 6-9 Jupiter masses located 20 au from the
central star. Given the gas and dust observations, it is not clear
what mechanism is able to explain the cavity observed in dust
continuum emission for CQ Tau.

SR24S. High angular resolution of the disk around SR24S at
millimeter wavelengths has been previously reported by
P. Pinilla et al. (2017), L. A. Cieza et al. (2021), and L. Fran-
cis & N. van der Marel (2020). The visibility modeling for
SR24S (Figures 2-3) shows an asymmetric ring structure at all
wavelengths, similar to two adjacent ring structures, with peaks
at ~0”254 (29.0 au), 0”441 (50.3 au). The asymmetric ring has
been already reported in previous works (e.g., L. A. Cieza et al.
2021). The FRANKENSTEIN and parametric fit at Band Ka are
able to resolve the two rings, at the same radial location
observed in the ALMA data.

The dust properties' constraints for SR24S show a dust
surface density increasing toward the two rings; however, the
maximum grain size decreases with radius, and it only has a flat
distribution around the ring at 07254 (29.0 au). Large dust
grain sizes are inferred within the cavity, suggesting that
enhanced grain growth and a pressure bump are responsible of
the deficit of millimeter emission in this region.

SR24S is the only disk among the transition disks studied by
N. van der Marel et al. (2015) where a drop of at least 1 or 2
orders of magnitude in the gas surface density within the disk
cavity is not inferred. P. Pinilla et al. (2020) confirmed that the
optically thin molecular emissions of *CO and C'®O peak at
the center of the disk cavity, indicating no gas deficit within the
inner cavity of the disk, unlike many transition disks. As
pointed out by P. Pinilla et al. (2020), a large cavity created by
photoevaporation is unlikely due to the high accretion rate, the
large dust cavity, and the gas emission within this region.

DMTau. Millimeter dust continuum observations of the disk
around DMTau at high resolution have been previously studied
by many authors at several wavelengths, including S. M. And-
rews et al. (2011), D. Semenov et al. (2018), J. Hashimoto et al.
(2021), and H. B. Liu et al. (2024).

The observations presented by J. Hashimoto et al. (2021) at
high angular resolution reveal an inner ring (<071, 14.4 au), a
main ring with a peak at ~0”16 (23.0 au), and two extended
faint ring structures, as shown in the radial profile from the
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visibility fit at Band 6 in Figure 3. The main ring at this
wavelength only presents weak azimuthal asymmetries, likely
due optical depth effects. These asymmetries are better
observed at optically thinner wavelengths using JVLA
observations at Band Q (H. B. Liu et al. 2024), where a
visibility analysis shows that the Band Q intensity is
azimuthally asymmetric on the spatial scale of ~20 au or less.
The spatial resolution in this work (~18 au) only marginally
resolves those spatial scales.

The primary ring within the disk is consistently identified
across all wavelengths in the visibility fit (ranging from Band 9
to Band Q). Faint outer structures are evident across all
wavelengths, but their radial positions do not align with those
observed at Band 6. These faint structures disappear when the
radial profiles are convolved at the same angular resolution
(Figure 4).

The results from the SED fit for DMTau in this work
(Figure 5) show a dust surface density increasing toward the
position of the main ring. The maximum grain size decreases
with radius, and it has a flat distribution close to the disk ring.
Evidence of efficient grain growth in the innermost region of
DMTau has been also found by J. Hashimoto et al. (2021).
They found that the SED can be reproduced using a population
of large dust grains (millimeter grains) that are less depleted
than small dust grains (submicron size), consistent with
efficient grain growth in the inner region of the disk, consistent
with our grain size estimations within the cavity. However, the
multiwavelength analysis in H. B. Liu et al. (2024) recently
showed that the integrated SED from 8 to 700 GHz can be
explained by two grain size components: one population of
amax 2 300 pum sizes for the emission of small solid angles (as
the knot observed in Band (@), and a second population of
Amax < 50 um for larger solid angles (similar to the spatial
scale emission from ALMA wavelengths). These analyses and
their apparent disagreement show why higher angular resolu-
tion observations where the emission from compact and
extended sources can be resolved at several wavelengths.

No evidence of a gas gap has been found within the dust
cavity (T. Kudo et al. 2018; J. Hashimoto et al. 2021; N. van
der Marel et al. 2021), although the 12CO observations used in
these works may not be able to resolve the gap, and the
emission could be optically thick. L. Wolfer et al. (2023)
studied the spatial distribution of 0|ptica11y thinner molecular
transitions in DMTau, including 3CO and CISO, but no
evidence of a deep gas cavity or spirals'/arcs' structure was
found, although the angular resolution could also be insuffi-
cient. Therefore, the presence of a possible gas gap inside the
dust cavity is still unknown.

As pointed out by T. Kudo et al. (2018), the origin of the
dust cavity remains unclear. The high accretion rate disfavors
photoevaporation, while the absence of a gas gap (L. Wolfer
et al. 2023) disfavors a companion. In any case, a pressure
bump at the ring location is needed to explain the deficit of dust
mass within the cavity.

6. Does the Origin of a Large Cavity Depend on the
Disk Mass?

The constraints on dust properties shown in Figure 5 offer
insights into the origin of the observed large cavities. The
results suggest that, in UXTau A, LkCal5, and RXJ1615, the
origin of the large cavities are dust traps created by a
companion (a planet or a close binary). Conversely, in CQTau,
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Table 4
Compatibility of the Different Large Cavity Origins and the Observational Signatures Found in Each Disk
This Work Literature
CQTau UXTau A LkCal5 RXJ1615 SR24S DMTau GMAur Sz91
M [M] 1.63 1.4 1.32 1.1 0.87 0.39 1.1 0.54
Mgus[M ) 804 663 247 232 185 305 245 313
Dust trap companion — v v v — — — —
Dust trap dead zone — v v v — — — —
Grain growth vl X X X v vl v v
Photoevaporation X X X X X X X X
Gas cavity” v v v v X x4 v v
Kinematic spirals/arms®) v v — v X X —

Notes. v': Compatible. X: Not compatible. —: Tentative.

 Possibly affected by radial smearing of low angular resolution observations.
Gas constraints from literature (references in Sections 5.2-5.3).

¢ From kinematic signatures in L. Wolfer et al. (2023).

4 Low angular resolution observations. Stellar mass references: GMAur (E. Macias et al. 2018), Sz91 (L. Francis & N. van der Marel 2020), and those in Table 1.

SR24S, and DMTau, a possible origin of the large cavities is a
combination of monotonically increasing maximum grain size
toward the disk center (which results in low emission at
millimeter wavelengths), and a deficit of dust mass created by a
pressure bump in the ring (T. Birnstiel et al. 2012a). In the
latter scenario, the pressure bump can be generated, for
example, by a dead zone or a companion.

It is important to note that resolution effects may play a
significant role in inferring the increasing maximum grain size
toward the disk center, possibly due to the presence of inner
disks, as shown in the brightness radial profile of SR24S at
Band 3 or DMTau at Band 6 (Figure 3). Although the inner
disks vanish when convolved to a lower angular resolution
(Figure 4), their emission could spread to outer radii within the
cavity (see discussion in Appendix C).

Table 4 summarizes various physical mechanisms consistent
with the observational signatures presented in this work.
Additionally, it includes constraints on gas cavities, and the
detection of spirals/arms in CO maps, which have been
interpreted as potential evidence of embedded companions
(L. Wolfer et al. 2023). It is also important to remark that no
evidence of inner brown dwarf companions with a mass >20
My, has been found in UXTau A, LkCal5, RXJ1615, and
SR248S, while it is only tentative for DMTau (A. L. Kraus et al.
2011).

The reported dust masses in Table 4 are estimated by
integrating the dust surface density profiles in Figure 5. The
final columns present similar observational signatures observed
in two other transition disks (GMAur, Sz91), where multi-
wavelength modeling has also been used to infer dust
properties' radial profiles.

The dust properties in the disks around GMAur (A. Sierra
et al. 2021) and Sz91 (K. Mauc6 et al. 2021) show dust surface
density maxima at the position of the rings, and a maximum
grain size decreasing with radius, consistent with a large cavity
created by a pressure bump and enhanced grain growth.
However, radial smearing effects within the cavity cannot be
ruled out given the spatial resolution of the observations.
However, unlike SR24S and DMTau, gas cavities have been
observed in GMAur and Sz91, and tentative kinematic spirals/
arms in Sz91.

In our sample, the disk dust mass generally tends to increase
with the stellar mass, as already reported by P. Pinilla et al.
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(2020) in a large sample of disks. Note that the origin of the
large cavities with the lowest stellar/dust mass in our sample is
tentatively attributed a pressure bump and enhanced grain
growth. Conversely, for higher stellar/dust masses, except
possibly CQTau, the large cavities are consistent with dust
traps formed by a companion. It is important to remark that the
long wavelength data in this work (from DisksEVLA project,
ID: AC982) are biased toward massive disks. Thus, a larger
sample of transition disks covering lower disk masses is needed
to confirm or rule out our suggestive findings, in addition to
higher angular resolution, which can help rule out radial
smearing effects.

It is known that disk mass can play a role in shaping the
formation, evolution, and characteristics of protoplanetary
disks (e.g., A. Ribas et al. 2015; J. Drkazkowska et al. 2023,
and references therein). In transition disks, the origin of the
cavities could be mass dependent, as suggested by the results in
this work. Further observational modeling, high angular
resolution data, and simulations are necessary to delve deeper
into exploring this possibility.

7. Conclusions

We analyzed millimeter dust continuum observations of
transition disks surrounding CQTau, UXTau A, LkCals,
RXJ1615, SR24S, and DMTau. A total of 26 observations
were used, covering wavelengths from ALMA Band 9
(435 um) to VLA Band Ka (8.8 mm). These observations were
used to fit the radial brightness profiles at subbeam resolution,
enabling a study of the radial distribution of solids.

The constraints on the dust surface density, dust temperature,
and maximum grain size radial profiles inferred from modeling
the SED offer valuable insights regarding the physical origin of
the observed large cavities in each disk. Our main conclusions
about the disk morphology and origin of the large cavities in
each disk are summarized as follows.

1. The radial brightness profiles observed in the disks
around CQTau and UXTau A reveal a Gaussian-like ring
at all wavelengths, and no emission from an inner disk.
Additionally, the point source at the longest VLA
wavelengths is consistent with a notably low flux (upper
limit of <7 uJy) in both disks.
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2. Across multiple wavelengths, the brightness radial
profiles observed in the disks around RXJ1615, LkCalS5,
SR24S, and DMTau display a multiring structure.
Notably, RXJ1615 exhibits the highest number of
discernible substructures, particularly evident at Band 7
where the high angular resolution enables the identifica-
tion of up to five local maxima and an inner disk. In
LkCal5 and SR24S, the number of rings or local maxima
is four and two, respectively.

In the case of DMTau, the primary ring observed at
the Band 6 wavelength displays asymmetry. Addition-
ally, this profile shows two faint rings in the outer disk,
which are poorly constrained across other wavelengths.
The disks associated with RXJ1615, LkCal5, SR24S,
and DMTau have an inner disk, which can be observed at
the highest angular resolution observations.

3. The radial profiles of the dust surface density and
maximum grain size in the disks around UXTau A,
LkCal5, and RXJ1615 have peak values at the position
of the main ring of each disk. These properties align with
dust trap models, which may be formed by either a
companion or a dead zone. Gas observations of these
disks have unveiled gas cavities and kinematic spirals/
arms, indicating that the formation of the dust trap and the
large cavities in these disks could be attributed to a
companion carving a deep gap.

4. In CQTau, SR24S, and DMTau, the dust surface density
peaks at the ring positions, whereas the maximum grain
size decreases with radius, displaying a plateau around
the rings. Although the inferred large grain sizes within
the cavity can be affected by radial smearing, these large
grain sizes are able to reproduce the multiwavelength
observations. These findings suggest the possibility that
large grains (with low opacity at millimeter wavelengths)
are present in the cavity (unlike the other disks in this
work), while the low dust surface densities constrained in
the cavities might be triggered by a pressure bump in the
ring (either by a companion or dead zone). No gas
cavities and kinematic spirals/arms in molecular gas
observations have been observed in SR24S and DMTau,
suggesting that the origin of their cavities may differ from
the rest of the disks in this work. However, the low
angular resolution of existing dust continuum and
molecular gas observations are not sufficient to favor a
particular mechanism.

5. The dust properties' constraints in the transition disks in
our sample may exhibit different characteristics, suggest-
ing potentially different origins for the large cavities. In
most of the massive disks (UXTau A, LkCal5,
RXJ1615), the cavity formation can be attributed to a
dust trap created by a companion. In contrast, for the less
massive disks (SR24S, DMTau), the cavities may result
from a deficit of dust mass created by a pressure bump
and enhanced grain growth, leading to a reduction in the
emergent intensity within the cavity. However, similar
constraints are found in the massive disk around CQ Tau.
Given the low angular resolution and possible radial
smearing, the possibility of small grain sizes within the
cavity (as those inferred from polarized observations)
consistent with pressure traps cannot be ruled out for
CQTau, SR24S, and DMTau.
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Appendix A
Angular Resolution from Visibility Modeling

In Section 4, we fit the SED of the disks as a function of
radius. This requires comparing the multiwavelength radial
profiles from the visibility modeling at the same angular
resolution. The uv-coverage of the observations in this work
varies significantly. For instance, most of the Band 9 data were
collected during ALMA Cycle 0 (in 2012), while some Band 3
or 6 data sets were observed after 2020, where the antenna
configuration is more extended. Therefore, we anticipate
differences in the intrinsic angular resolution of the visibility
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Figure 7. Left: Inferred FWHM of a Gaussian disk as a function of the input FWHM model. The horizontal dashed line is the minimum recoverable spatial scale for a
delta ring, which depends on the uv-coverage of each observation, such as the Band 6 (blue) and Band 9 (orange) observations of LkCal5. Middle: Real part of the
visibilities as a function of baseline for two delta rings separated by 0”05. The red and black dots represent a model without and with thermal noise, respectively.
Right: intensity radial profile obtained from FRANKENSTEIN for the two delta rings without (red) and with thermal noise (black).

fits. As fully discussed in Section 3 in J. Jennings et al. (2020),
the visibility fits with FRANKENSTEIN can attain subbeam
resolution. To address the angular resolution problem, we test
two different methodologies: delta ring, and Gaussian disk,
which are described below.

A.l. Delta Ring

We generate synthetic visibility observations of an infinitely
narrow ring (a delta function) centered at a radius of
ro = Rmax/2 (Where R, denotes the maximum disk radius
from the visibility fit'*). The center ry was chosen to avoid
boundary effects. However, negligible differences are found
when using a different ry. The synthetic visibilities of the delta
ring 6(r — ry) are computed by its Hankel transform H as

H[ Ao
2

where Ay is a constant that represents the total flux, and ¢ are
the deprojected baselines.

These visibilities (right-hand side of Equation (Al)) are
sampled at the same uv-coverage of each data set, and then, we
use FRANKENSTEIN to fit them (using the same methodology
and hyperparameters described in Table 3) and try to retrieve
the delta function’s input brightness distribution. FRANKEN-
STEIN reconstructs a Gaussian function instead of a delta
function, with FWHM that depends on the uv-coverage. This
FWHM represents the minimum spatial scale recoverable by
the visibility fit, i.e., the intrinsic angular resolution of the
visibility fit. A Gaussian function is fitted to the reconstructed
brightness profile, and the FWHM is reported in the last
column in Table 3. We remark that this methodology is
equivalent to the definition of the PSF, defined as the response
of an imaging system (e.g., an interferometer) to a point source.
Deconvolution and imaging software (e.g., CASA) fits the 2D
intensity distribution of the PSF to quantify the minimum
recoverable spatial scale for a given wuv-coverage, in an
analogous way to our constraint of the spatial scale that our
method recovers when the source is an infinitely narrow ring.

(AL)

o(r — ro)] = AoJo(2Troq),

v

14 Note that Rmax is not a rigorous measurement of the disk radius but rather
the maximum radial extent in the visibility fit. As suggested by J. Jennings
et al. (2020), a suitable choice for Rmgy is typically greater than 1.5 times the
expected disk radius.
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A.2. Gaussian Disk

As a second method to infer the intrinsic angular resolution,
we compute the visibilities of a full Gaussian disk of a certain
FWHM (O) at the same uv-coverage of each observation. The
visibilities are computed using the Hankel transform of a

4In2

Gaussian disk as
|l L exp 4027 | _ oo (709 (A2)
o\« P T e Pl 2 )

Then, these visibilities are fitted with FRANKENSTEIN, where a
Gaussian function similar to that of the input model is obtained.
The comparison between the input FWHM and that obtained
with FRANKENSTEIN is shown in the left panel of Figure 7 for
the uv-coverage of LkCal5 at Band 6 and 9. Note that the
FWHM obtained with FRANKENSTEIN differs from the input
value when the latter tends to be zero. The horizontal dashed
lines are the angular resolutions computed from the delta rings
in the previous section. These values represent the minimum
spatial scale that a FRANKENSTEIN fit with a certain wuv-
coverage is able to resolve.

A.3. The Effects of Thermal Noise When Resolving Two Delta
Rings

The input models for a delta ring and Gaussian disk above
were computed without including thermal noise to the
visibilities. In this section, we demonstrate that our visibility
fit resolves the emission of two delta rings, with or without the
inclusion of thermal noise. The first input model consists of two
delta rings separated by 50 mas around Ry,/2 = 17 1. The
visibilities of each delta ring are sampled at the uv-coverage of
LkCal5 at Band 6 using the Equation (A1). The second model is
the same but including thermal noise to the visibilities. The
thermal noise is simulated by randomly choosing a visibility
measurement within the visibilities' error bar at each baseline.
Then, we use FRANKENSTEIN in both models to reconstruct the
brightness radial profile. The visibility fit to the mock data is
shown in the middle panel of Figure 7, and the reconstructed
radial profiles are shown in the right panel of the same Figure. In
both cases, the visibility fit is able to resolve both rings, with an
FWHM of 21.5 mas, as already computed in Sections A.1-A.2.
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Appendix B
More on Visibility Modeling

B.1. Best Models and Residuals

The visibility models presented in Figure 2 are used to
generate synthetic observations of the disks. Each model is
sampled with the same wuv-coverage as the observations and
then imaged with identical observational parameters as
described in Table 2. Figure 8 shows the CLEAN images of
the disk models for all the observations.

On the other hand, the visibility residuals (data, model) are
computed and also used to generate synthetic observations.
After sampling the visibility residuals with the same uv-
coverage as the observations, they are imaged and shown in
Figure 9. Each map is normalized to the rms of each
observation. The red/blue areas indicate regions with excess/
deficit emission relative to the azimuthally averaged intensity
of each observation.

B.2. Parametric Models at VLA Wavelengths

The parametric models for VLA data are given by a sum of
Gaussian functions and a delta function 8(r) (mimic the
compact emission from free—free) at the disk center:

_ )2
I(r):ZAiexp[—%] + fo 6(r). (B1)

The number of Gaussian functions for each disk is chosen
based on the radial profile at ALMA wavelengths. The radial
positions (r;) of the Gaussian functions are fixed in all cases,
determined by the ring locations observed at longer ALMA
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wavelengths for each respective disk. We also conducted tests
allowing r; to be a free parameter, and the resulting posterior
probability distributions aligned with those when the radial
positions were fixed. Therefore, to mitigate the ambiguity
between the remaining free parameters, we opted to keep the
radial positions of the Gaussian functions fixed.

The free parameters (A;, 0;, fo) are determined via an MCMC
method (implemented in the Python library EMCEE, D. Fore-
man-Mackey et al. 2013), aiming to minimize the logarithm of
the likelihood function given by Equation (2), and using 64
walkers and 10,000 steps. Table 5 shows the parametric model
chosen for each disk and the best fit for each parameter. Low
and upper error bars correspond to percentiles 16 and 84,
respectively.

The free—free flux (last column) for LkCal5, RXJ1615, and
SR24S is 17.8, 44.7, and 11.0 pJy respectively. These values
are high compared with the rest of the disks in this work.
L. A. Zapata et al. (2017) showed that the SED of these disks
can be described as a two-component power law: one of them
associated with thermal dust emission, and the other to free—
free emission, consistent with our estimations. Meanwhile, they
claim that, for UXTau A, a single power law (from optically
thin dust emission) is enough to reproduce the SED. Our free—
free flux estimation for UXTau A is only 0.05 pJy, which is
below the sensitivity (14.9 ©Jy), and thus, it is not detected in
this work. For DMTau, the best fit is consistent with a low
free—free flux of only 0.02 uJy, which is a nondetection given
the sensitivity of 9 uJy. No free—free emission was detected in
L. A. Zapata et al. (2017) in DMTau either. However, it is
known that the free—free from ionized gas is variable Y. Terada
et al. (2023). Finally, the free—free emission of CQ Tau is also
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Figure 8. CLEAN images of the disk models in our sample. The color bars are the same as in Figure 1.
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Figure 9. Residual maps normalized with the rms (left) and the intensity maps (right). The name and band of the disk are shown in the top left and top right corner of
each panel, respectively. The solid/dashed contours in the left figure are the region with a signal-to-noise ratio (SNR) of +5/—5, respectively. The black area in the
right figure is the region where the intensity map has an SNR <3. The green ellipses show the minimum and maximum radius where dust properties' constraints are

computed in Figure 5.

Table 5

Best Fits of the Parametric Model for VLA Observations
Source Parametric Model log,,(Ag) Fixed ry log,((o0) log,((A)) Fixed r; log, o (o1) log,((fy)

dy st h (arcsec) (arcsec) Jy st h (arcsec) (arcsec) dy)
CQTau 1 Gaussian + point source 7.83+0:92 0.300 —0.927392 —6.29719%
UXTau A 1 Gaussian + point source 8.43100¢ 0.236 —1.26%9%¢ —7.31718
LkCal5 2 Gaussians + point source 7.5640:98 0.433 —1.2150% 7.0875% 0.635 —0.8159%¢ —4.754319
RXJ1615 2 Gaussians + point source 7.7870%8 0.158 —0.85°007 752589 0.7370% —1.724999 —4358017
SR24S 2 Gaussian 4 point source 77454} 0.254 —1.007943 742413 0.441 —1.83973 —4.9670%
DMTau 2 Gaussian + point source 8.267 042 0.180 —1.3670% 6.577933 0.860 —0.8340:38 —7.5741%2

low and below the sensitivity (7 pJy). The nondetection of
free—free emission is consistent with the lack of detection at 3.6
and 6.0 cm, suggesting that the flux at 7 mm is dominated by
dust thermal emission (L. Testi et al. 2001).

Appendix C
Radial Smearing Effects

The inferred dust properties depend on the lowest angular
resolution of the multiwavelength data. Higher contrasts
between rings and gaps are expected in future high angular
resolution observations. Radial smearing effects could poten-
tially influence the inferred dust property profiles. For instance,
optically thick emission at the rings could smear into the cavity
region. This could mimic faint dust continuum emission with
low spectral indices within the cavity, which might be
attributed to large grain sizes (similar to those in CQTau,
SR24, and DMTau).

It is important to note that our methodology for studying the
dust properties' radial profiles cannot directly infer the
deconvolved or convolved dust properties' radial profiles.
Instead, it provides only an approximation of those values,
depending on the angular resolution. For example, in the
optically thin regime and Rayleigh—Jeans approximation, the
emergent intensity is the product of three free parameters:

17

I, x T4X 4k, Since we observe the convolved intensities C(1,),
we can only infer the convolution of the product of the three
free parameters, rather than the product of individual convolved
profiles C(TyXqk,) = C(Ty) x C(Zq) x C(k,). We only have
good approximations to the convolved dust properties' radial
profiles when the angular resolution is sufficiently high
(Viscardi et al. in prep).

We study the effects of radial smearing by creating a disk
model with properties similar to those of DMTau, where large
grain sizes are inferred within the disk cavity. The
temperature radial profile model is computed from a
passively irradiated disk and the DMTau stellar parameters
(Table 1). The maximum grain size model is given
by 0.1(r/0”2)7%5 + exp[—0.5((r — 07 2)/0” 015)*] cm, and
the dust surface density is given by 0.01 + exp
(=0.5(r — 0.2)2/6%) gem 2, with 0=0"02, for r>072
and 0=07005 for r<0”2 to mimic an asymmetric ring.
These radial profiles, chosen to represent dust trap signatures,
are shown as a solid curve in the left panels of Figure 10. The
dashed lines in the same panels are the convolved radial
profiles, using the resolution of the DMTau observations
(120 mas). The middle panels show the convolved intensity
profiles (top) and optical depths (bottom) corresponding to the
same multiwavelength observation as DMTau. The intensities
and optical depths were originally computed using the dust
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Figure 10. Left panels: dust temperature, maximum grain size and dust surface density (from top to bottom) radial profile models (solid lines), and convolved profiles
(dashed lines) with a 120 mas beam size (DMTau angular resolution). Middle panels: intensity radial profiles (top) and optical depths (bottom) at the same resolution
and multifrequency observations as DMTau. Right panels: dust temperature, maximum grain size, and dust surface density (from top to bottom) best fits (error bars),

and input models (dashed lines).

properties models, and then, these profiles were convolved to
the same angular resolution.

The right panels show the best fit for dust temperature (top),
maximum grain size (middle), and dust surface density
(bottom). The blue dashed lines are the convolved radial
profiles shown in the left panels. Any discrepancy between the
radial profile from the posterior probability and the convolved
radial profiles is due to the inability to independently infer the
convolved dust properties' radial profiles from observations
(radial smearing effects), as discussed above. Note that the
temperature and dust surface density radial profiles are well
reproduced. However, the maximum grain size around the peak
is radially smeared (much beyond the convolved radial profile),
mimicking large grain sizes within the cavity, similar to the
dust properties inferred in SR24S and DMTau (Figure 5). Thus,
although large grain sizes within the cavity can reproduce the
intensity profiles for CQTau, SR24S, and DMTau, we cannot
rule out the possibility of small grain sizes in this region, which
are hidden by radial smearing effects.
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