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Abstract

We present new Atacama Large Millimeter/submillimeter Array observations for three protoplanetary disks in
Taurus at 2.9 mm and comparisons with previous 1.3 mm data both at an angular resolution of ~0”1 (15 au for the
distance of Taurus). In the single-ring disk DS Tau, double-ring disk GO Tau, and multiring disk DL Tau, the same
rings are detected at both wavelengths, with radial locations spanning from 50 to 120 au. To quantify the dust
emission morphology, the observed visibilities are modeled with a parametric prescription for the radial intensity
profile. The disk outer radii, taken as 95% of the total flux encircled in the model intensity profiles, are consistent at
both wavelengths for the three disks. Dust evolution models show that dust trapping in local pressure maxima in
the outer disk could explain the observed patterns. Dust rings are mostly unresolved. The marginally resolved ring
in DS Tau shows a tentatively narrower ring at the longer wavelength, an observational feature expected from
efficient dust trapping. The spectral index (a,y,) increases outward and exhibits local minima that correspond to
the peaks of dust rings, indicative of the changes in grain properties across the disks. The low optical depths
(7 ~ 0.1-0.2 at 2.9 mm and 0.2-0.4 at 1.3 mm) in the dust rings suggest that grains in the rings may have grown to
millimeter sizes. The ubiquitous dust rings in protoplanetary disks modify the overall dynamics and evolution of

dust grains, likely paving the way toward the new generation of planet formation.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Pre-main sequence stars (1290); Planet

formation (1241); Circumstellar dust (236)

1. Introduction

In the standard core accretion scenario of planet formation,
dust grains have to grow from micron-sized solids to
millimeter/centimeter-sized pebbles and then to kilometer-
sized planetesimals, which eventually build up terrestrial
planets and the cores of giant planets. This transformation in
grain sizes is dramatic and challenging in a timescale of a few
megayears. Observations of protoplanetary disks at (sub)
millimeter wavelengths are thus essential to probe the first
steps of planet formation (see review by Testi et al. 2014).

In a disk with a smooth gas distribution, dust particles of
millimeter or centimeter sizes at disk outer regions suffer
from severe aerodynamic drag, which pushes them inward
(Weidenschilling 1977). Large grains should therefore be largely
depleted in the outer disks (=20 au) within 1 Myr (Brauer et al.
2008; Birnstiel et al. 2010). In contrast, millimeter observations
reveal many disks extending to hundreds of astronomical units
in radius after an evolution of a few megayears (e.g., Andrews &
Williams 2007). One natural solution for this contradiction
between observations and theoretical predictions involves local

pressure bumps in disks (i.e., gas distribution is not smooth),
which halt the inward drift, trap dust particles, and retain large
grains at wide radial distances (Whipple 1972; Nakagawa et al.
1986; Pinilla et al. 2012b).

Recent high-resolution continuum observations from the
Atacama Large Millimeter/submillimeter Array (ALMA) show
that distributions of millimeter-sized grains in protoplanetary
disks are highly structured, often seen as axisymmetric gaps
and rings (e.g., Isella et al. 2016; Cieza et al. 2017; Andrews
et al. 2018a; Clarke et al. 2018; Fedele et al. 2018; Long et al.
2018; van Terwisga et al. 2018; van der Marel et al. 2019). In a
survey of 32 Taurus disks at ~0”1 resolution with ALMA,
Long et al. (2019) found disks with dust radii larger than 55 au
(measured from 1.3 mm continuum emission) all host sub-
structures. The presence of millimeter dust grains at large radii
and the structured nature of the dusty disk provide observa-
tional support for dust trapping as the solution to the radial drift
problem in disks and are usually attributed to the dynamical
interaction between young planets and the disk (e.g., Pinilla
et al. 2012a; Dipierro et al. 2015; Dong et al. 2017). However,
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in this scenario the formation process of the first generation of
planets that would be responsible for the pressure bumps is still
unclear. Other origins of pressure bumps, including zonal
flows, gradients of disk viscosity, and the secular gravitational
instability, are also widely discussed in the literature (e.g.,
Johansen et al. 2009; Youdin 2011; Takahashi & Inutsuka
2014; Flock et al. 2015).

Observational evidence for dust trapping in disk pressure
maxima could be investigated with multiple approaches. For
example, if the dust ring is narrower than the gas pressure
bump, dust trapping must have occurred. Dullemond et al.
(2018) applied this idea to the Disk Substructures at High
Angular Resolution Project (DSHARP) sample at 2-3 au
resolution by comparing the measured width of dust rings
with the estimated gas pressure scale height and reported strong
dust trapping in some cases. This method requires very high
spatial resolution continuum observations and appropriate
estimate of gas pressure profile, which is also observationally
challenging (but see Teague et al. 2018). Dust trapping models
also predict that larger grains accumulate more efficiently in the
pressure maxima than smaller size particles, thus forming a
narrower distribution when trapped (Birnstiel et al. 2013;
Pinilla et al. 2015b). Disk observations at different wave-
lengths, tracing grains of different sizes, would be an ideal test.
In some transition disks, dust cavities at millimeter wave-
lengths are wider than what have been seen from near-infrared
scatter light, as expected from dust trapping models with
massive planets (Hendler et al. 2018; Villenave et al. 2019).
The comparison of dust rings at 0.45, 1.30, and 2.75 mm in the
SR 248 transition disk is consistent with dust trapping models
(Pinilla et al. 2019), while comparison at only short
wavelengths (0.45, 0.88, and/or 1.30 mm) sometimes leads
to ambiguous interpretations (Pinilla et al. 2015b), mainly due
to high optical depth. Observations at longer wavelengths, with
the benefit of lower optical depth, would therefore be crucial to
test particle trapping and are still largely absent for the recently
discovered multiple-ring disks.

Multiwavelength observations are also essential to assess the
dust grain properties. Evidence of the presence of large grains
(millimeter sized) in protoplanetary disks is provided by the
spatially integrated measurements of the spectral index from
the submillimeter to centimeter wavelength range (Andrews &
Williams 2005; Ricci et al. 2010a, 2010b). Spatially resolved
observations make the measurements of radial variations of
grain properties possible. For instance, Pérez et al. (2012) and
Tazzari et al. (2016) found lower spectral index (enhanced
grain growth) in the inner disk compared to the outer disk.
More striking variations are witnessed across the dust gaps and
rings, seen as lower spectral index in the bright rings and higher
values in the depleted gaps (ALMA Partnership et al. 2015;
Tsukagoshi et al. 2016; Huang et al. 2018a; Carrasco-Gonzilez
et al. 2019; Macfas et al. 2019; Huang et al. 2020). The high
density, as well as the high dust-to-gas ratio of dust rings, could
facilitate rapid planetesimal formation, thus serving as promis-
ing sites for planet formation. The observed low spectral index
could be a hint of grain growth in dust concentrations but could
also be the result of large optical depth (Pinte et al. 2016; Dent
et al. 2019). It is therefore necessary to explore the radial
change of grain properties with optically thin dust rings.

In this paper, we select three disks (DS Tau, GO Tau, and
DL Tau) with optically thin rings identified from our previous
1.3mm survey at 0”1 resolution (or equivalently, 15au
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resolution) from Long et al. (2018). They represent disks with
a single ring, double rings, and complex rings. Here, we present
the analysis of the three disks at both 1.3 and 2.9 mm, to
characterize the dust distributions for different grain sizes. This
comparison aims to test the presence of dust traps and also
provide insights for grain property changes, to better under-
stand the role of dust substructures in the planet formation
process. In Section 2, we present the ALMA Band 3 (2.9 mm)
observations for the three disks. The morphology comparison
at two wavelengths, the derived disk dust radius and dust ring
properties from visibility fitting, and the mapped spectral index
profiles are presented in Section 3. We discuss our results from
observations in the context of dust evolution models in
Section 4 and summarize our findings in Section 5.

2. ALMA Band 3 Observations

Our ALMA observations at Band 3 for DS Tau, GO Tau, and
DL Tau were taken between 2019 July 16 and 28
(#2018.1.00614.S, PL. Long). The array was configured to
span baselines from 90 m to ~8.5 km with 43—45 antennas, to
achieve comparable angular resolution to our previous Band 6
data (with baselines from 21 m to 3.6km). Three spectral
windows were set up for continuum observations, centered at
98, 100, and 112 GHz, each with a bandwidth of 1.875 GHz.
The remaining window was split for targeting '>*CO and C'*0O
with a channel width of ~0.7kms~'. The total on-source
integration times were 66.5, 77.6, and 67.3 minutes for DS
Tau, GO Tau, and DL Tau, respectively.

The data were calibrated by the ALMA pipeline with the
Common Astronomy Software Package (CASA), version 5.4.0.
Further calibration and imaging were also performed with this
same version. Bandpass and flux calibrations used observations
of the quasar JO510+1800 for all executions. The gain
calibrations used the quasar J0438+3004 for DS Tau and
GO Tau and the quasar J0426+4-2327 for DL Tau. The final
continuum data set was created by combining the three
continuum spectral windows with the line-free channels in
the line spectral window and binned into 125 MHz channels,
resulting in an average frequency of 105 GHz (2.9 mm). We
performed two rounds of phase-only self-calibration with
solution intervals of 120 and 60s (image quality did not
improve when reducing the interval) for GO Tau and DL Tau.
Only 20%—40% improvements in peak signal-to-noise ratio
were seen after self-calibration. DS Tau was too faint for self-
calibration to improve the image quality.

The Band3 continuum images were obtained with the
multiterm, multifrequency synthesis algorithm (mtmfs) in
tclean with nterms = 2. In order to compare the dust
emission morphology at Band 3 with the previous Band 6 data
in the image plane, the final images at both bands were
convolved into a common beam size using the imsmooth
task. The choice of initial weighting parameters and the
common beam sizes were based on a compromise between
observational sensitivity, which ensures that substructures were
well detected, and angular resolution, which renders multiple
disk components well separated. For DS Tau, we started with
Briggs weighting with robust = —0.5 at both bands, resulting
in beam sizes of 0”11 x 0”06 and 0”12 x 0708 for Band 3
and Band 6 images, respectively. Both images were then
convolved to reach a targeted beam size of 0”13 x 0”09. For
GO Tau and DL Tau, the initial images from robust = 0.0,
which have beam sizes of 0711 x 0707 and ~0”12 x 0”10
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Table 1
Host Stellar Properties and Observation Results
Name 2MASS D SpTy Ter L, M, ty Frequency rms Noise Beam Size
(pe) K (L) M) (Myr) (GHz) (1Jy beam ™) %"
@ (@) 3 “ ) © O] ®) () (10) an
DS Tau 04474859+2925112 159 MO.4 3792 0.25 0.581917 4.8074%0 225.5 (B6) 82.5 0.13 x 0.09
105 (B3) 16.5 0.13 x 0.09
GO Tau 04430309+2520187 144 M2.3 3516 0.21 0.36:0%3 22010 225.5 (B6) 58.5 0.13 x 0.10
105 (B3) 12.9 0.13 x 0.10
DL Tau 04333906+-2520382 159 K5.5 4277 0.65 0.9819%4 3.50:%89 225.5 (B6) 60.5 0.13 x 0.10
105 (B3) 12.8 0.13 x 0.10

Note. The distance for individual stars is adopted from the Gaia DR2 parallax (Gaia Collaboration et al. 2018). Spectral type is adopted from Herczeg & Hillenbrand
(2014), and stellar luminosity is calculated from J-band magnitude and updated to the new Gaia distance. Stellar mass and age are adopted from Long et al. (2019).
The last three columns correspond to the central frequency, noise level, and final smoothed synthesized beam FWHM from our ALMA observations.

for Band 3 and Band 6 images, were smoothed to images with a
beam size of 0713 x 0”10. The new Band 3 observations have
slightly better angular resolution. The 10 noise levels measured
in the signal-free regions are in the range of 1216 ;Jy beam ™'
(see Table 1 for more details).

3. Results
3.1. Disk Morphology

The continuum images at 2.9 mm (Band 3) for our three
disks are shown in Figure 1. The 1.3 mm (Band 6) images
obtained from ALMA Cycle 4 are created with identical beam
sizes for individual disks and displayed below for a direct
comparison. The color bar of this figure displays the brightness
temperature, which is obtained assuming the Rayleigh—Jeans
approximation. Dust emission at both wavelengths is detected
toward similar radial extents with similar morphology in our
sample. The azimuthally averaged radial intensity profiles from
the deprojected images are shown in Figure 2. The dust rings
(“bright” annuli) reported at 1.3 mm images (Long et al. 2018)
are all detected in our new 2.9 mm data at their corresponding
locations, though with lower signal-to-noise ratios. DS Tau has
an inner disk surrounded by one ring (R57'°). GO Tau shows
an inner disk plus two rings (R73 and R110), while the faint
outer disk identified from the 1.3 mm radial profile (Figure 2) is
mostly buried in the noise at 2.9 mm. DL Tau, the brightest
disk in our sample, shows complex structures, including an
emission bump (R49) well connected with the inner disk, a
faint and very narrow ring (R77), and a slightly brighter ring
(R116) embedded within some diffuse halo emission. We
define the substructure depth as the intensity ratio between the
gap location (radius of the local minimum) and its associated
outer ring location. High depths of 0.5-0.6 are seen in the R57
ring of DS Tau and the R73 ring of GO Tau. For dust rings in
DL Tau, only ~10% contrasts in emission brightness are
observed. The true gap-ring contrast should be larger than we
estimate here owing to beam smearing. In all three systems, the
inner disks, defined as the region inside the first local intensity
minimum, are slightly more compact at 2.9 mm than what is
seen at 1.3 mm (see Figure 2).

To describe the morphology of millimeter continuum
emission in our sample, we perform the disk modeling in the
uv-plane. The observed visibilities are compared with synthetic
visibilities of the model intensity profile. Given the similar

16 The number here represents the radial distance of the ring peak to the central
star in astronomical units.

morphologies for the disks at 1.3 and 2.9 mm, we adopt the
same intensity profiles as Long et al. (2018), which are
reasonably good models for the dust emission at 1.3 mm with
less than 50 residuals. DS Tau is modeled with a central
Gaussian profile for the inner disk and a Gaussian function
centered at the location of its ring peak, which is

2 _ 2
I(r) = Foexp[zr 2) + FIeXp[w]' (1)

g 20'1

The inner disks of GO Tau and DL Tau are modeled with an
exponentially tapered power law, since the falloff in the edge of
the inner disk is sharper than a Gaussian profile that results in
significant symmetric residuals (>50-10c; Long et al. 2018).
The profile is then expressed as

- "2 _R.
o-afe) ol () ren] 2522]
e e i Zdi
2

where the power-law index 7, and taper index 7, describe the
emission gradient of the inner disk. The number of ring
components for each disk is counted by emission bumps in the
radial profile and adjusted to account for the faint outer disk.
Following Long et al. (2018), we choose one ring for DS Tau,
two rings plus one additional faint ring to model the outer disk for
GO Tau, and three rings plus one broad ring component for the
diffuse halo emission for DL Tau. The same functional forms,
including the same numbers of Gaussian rings, are used for the
fitting of individual disks at both wavelengths. With the defined
model intensity profile, we generate synthetic visibilities using
the Galario code (Tazzari et al. 2018), sampled at the observed
uv-space. The disk inclination and position angles, as well as
phase center offsets, are all set as free parameters. Our fitting is
then performed using emcee v3.0.1 (Foreman-Mackey et al.
2013), in which a Markov Chain Monte Carlo method is
implemented to explore the free parameter space. The radial grid
in the model is linearly spaced from 070001 to 4”, with steps of
070005, much smaller than our beam size (~071). We set
uniform prior probability distributions for the free parameters as
pUogFE) € [6, 11] Jyst ', p(oy) € [0, 0721," p(n) € [0, 21,
p(12) € [0, 20], and p(r.) € [0, 0”4]. Priors on the ring center

"7 Prior of ring sigma for the additional Gaussian ring component for the
diffuse outer disk is given as [0, 076].
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Figure 1. ALMA continuum images at 1.3 mm (Band 6; bottom panels) and 2.9 mm (Band 3; top panels) in brightness temperature calculated using the Rayleigh—
Jeans approximation, with identical synthesized beams for individual disks. The color scheme was applied with a power-law stretch to highlight the weak emission in

dust rings. Dust emission at the two wavelengths is very similar.
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Figure 2. Deprojected and azimuthally averaged brightness temperature profiles in logarithmic scale, using the Rayleigh—Jeans approximation. The disk inclination
and position angles used in the deprojection are adopted from Long et al. (2018). Light shaded regions show the 1o scatter divided by the square root of the number of
beams spanning the full azimuthal angle at each radial bin. Each prominent dust ring is highlighted with a dashed line and a label denoting the ring location. Reff 959
from model fittings are plotted as dotted lines with corresponding colors (see more discussions about disk radius comparison in Section 3.1.1).

locations are given as [R; — 0705, R; + 0705], where R; is the
center location derived from 1.3 mm data for individual dust
rings. Priors on disk inclination and position angles are centered
at what was identified before (Long et al. 2018) with a range
of +20°. The free parameters are sampled with 100 walkers and
5000 steps for each walker. Given the typical autocorrelation time

on the order of 10% these steps are sufficient to reach
convergence. The last 1000 steps are used to sample the posterior
distribution. The adopted parameters are taken as the peaks of
marginal posteriors, with uncertainties given by the 68%
confidence intervals (see Table 2; see also Tables A1-A3 in
Appendix A for the full list of parameters).
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Figure 3 compares the adopted model visibilities to the
binned real part of the data visibilities as a function of projected
uv-distance. The imaginary part of the data visibilities is flat
around zero out to 1500 k), consistent with our assumption of
symmetric intensity models, and thus not shown. Our models
match the overall structures in the visibility profiles reasonably
well. As shown in Figure Al in Appendix A for the data,
model, and residual map comparisons, the disk main structures
(e.g., ring location and width) are well captured by the assumed
models. However, 50100 residuals are seen in the inner disk
of GO Tau and DL Tau at Band 3 (significant residuals are not
seen for Band 6 data), which indicate that our choice of the
intensity models may not be the best form for dust emission of
the inner disk at 2.9 mm. This is also reflected in the imperfect
match of data and model visibilities at long baselines (outward
of 1200 k\; Figure 3), indicating the presence of small-scale
features that are not captured by our models. The mismatch in
DS Tau can be resolved by replacing the Gaussian profile (for
the inner disk) with a tapered power-law function or a Nuker
profile (Tripathi et al. 2017), which provide better fits to
emission with a sharper transition than what is presented by a
Gaussian profile. It is also possible that small-scale substruc-
tures are present inside 20au of the DS Tau disk (see
DSHARP; Huang et al. 2018b); however, identifying them is
challenging given the resolution of our data. Attempts at fitting
with an additional Gaussian ring component in the inner disk
failed to converge (after 10,000 steps). We keep the simple
Gaussian profile plus Gaussian ring model for DS Tau, as this
model describes the data reasonably well with only 3o
residuals. We will discuss the effects of using different
functions in the following when needed. The Band 3 data have
slightly finer resolution, and any substructures are easier to
identify in the more optically thin long-wavelength observa-
tions. Given the same intensity functions adopted at both
wavelengths, the larger residuals in the Band 3 modeling
(especially for the inner disk of GO Tau and DL Tau) thus
imply the presence of additional substructures, while the
numbers and locations for these hidden features are difficult to
quantify. The success of parametric fitting largely depends on
the prior knowledge of the component numbers; thus, the
model for the inner disk of our three disks should be revised
with further higher-resolution observations. A 3¢ residual can
be seen in the dust gap of DS Tau at 2.9 mm, which has a
tentative counterpart in the gap at 1.3 mm (see Figure Al in
Appendix A).

3.1.1. Disk Radius

Through visual inspection, dust emission is detected out to
similar radial distances at 1.3 and 2.9 mm for our individual
disks. To quantify the disk radius, we adopt a generic definition
of size—the location where a fixed fraction of the total disk
flux is encircled, as introduced by Tripathi et al. (2017). For our
interest of the disk outer radius, we measure the effective disk
size as 95% of emission encircled in the adopted model
intensity profile and estimate the uncertainties of Regfos9, as the
68% confidence intervals from its posterior distribution.

The comparisons of disk effective radius at 1.3 and 2.9 mm
are shown in Figure 4. The measurements lie close to the 1:1
line in the plot, revealing consistent disk radii at both
wavelengths. In DS Tau and DL Tau, Res9s54 at 1.3 mm is
slightly larger than that at 2.9 mm by ~3 and 5 au, respectively,
which are not statistically significant. The difference in DS Tau
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is mainly attributed to the subtle ring peak shift (by 07007,
~1.2 au) and ring width change (by 07005, ~0.8 au), in which
the ring at 2.9 mm is slightly narrower and located closer in
(see more discussions about dust rings below). For DL Tau,
one additional component is necessary to be included in the
model to account for the faint fuzzy disk edge. For simplicity,
we adopt a Gaussian ring to model the faint emission, and this
component takes up about 10% of total disk flux and inevitably
affects our disk radius measurement. This is similar to the case
of GO Tau, which hosts a tenuous outer disk beyond the well-
detected rings (R73 and R110) and requires an additional
component in the fitting. Our fitting results in a larger disk
radius (by ~8 au, comparable to 1o uncertainty) at 2.9 mm than
at 1.3 mm for GO Tau. This is because the Band 3 fitting favors
a very faint ring for the outer disk area (barely seen in the radial
profile), wider than what we have obtained for the Band 6 outer
component, while our observations have very poor sensitivity
at that radial distance. A better constraint on disk radius would
be achieved with future higher-sensitivity data. Overall, our
observations demonstrate that disk radii are very similar at the
two wavelengths.

The conclusion that the disks have similar radii at both 1.3
and 2.9 mm holds as long as the adopted size metric includes
the prominent dust rings that contribute to a significant fraction
of the size metric encircled flux. Taking the single-ring system
DS Tau as an example, the dust ring accounts for 50%—60% of
the total dust emission; thus, any metric larger than 50% would
result in similar disk radii. In the most extreme cases, transition
disks, the majority of emission is confined to a specific radial
range. The measured disk outer radii should therefore scale
with the location of dust rings (e.g., Andrews et al. 2018b).

As slightly more compact emission in the inner disks is
observed at the 2.9 mm data, we also measure the spatial extent
of the inner disk with the derived model intensity profiles. For
this calculation, we only take the inner part of the intensity
profile, which is cut at the first local minimum. The inner disk
radius is then given as the radial location where 68% of emission
encircled. Our measurements show that Rigner2.9mm 1S smaller
than Ripper.13mm Dy 3—4au, with a typical lo uncertainty of
0.6 au. The values for Ripner.2.9 mm and Ripper.13 mm are 11.7 and
15.5 au for DS Tau, 24.8 and 28.6 au for GO Tau, and 24.8 and
27.8 au for DL Tau.

3.1.2. Dust Rings

The dust ring locations and widths (sigma of Gaussian ring)
from visibility fitting at both Band 3 and Band 6 are summar-
ized in Table 2. The locations of individual rings are consistent
at both wavelengths. By comparing the derived ring width with
the beam size (Opeam = Pfwhm/2.355, ~7.5au at Taurus
distance), we find that all rings are spatially unresolved, except
for the ring in DS Tau and the (very faint, thus less reliable)
R110 ring in GO Tau, which are marginally resolved (ring
width comparable to ~1beam sigma). Our fitting results
indicate narrower rings at longer wavelength for the R57 ring
of DS Tau, the first ring (R73) of GO Tau, and the second ring
(R77) of DL Tau (see more discussions of ring width fitting in
the image profiles in Appendix C).

The difference of fitted ring width for the marginally
resolved dust ring in DS Tau is, however, very subtle. Ring
widths at both wavelengths are consistent within uncertainties,
with a first hint for a narrower ring at 2.9 mm than 1.3 mm.
This is based on the fitting result from the Gaussian profile plus
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Table 2
Source Properties from Visibility Modeling

Name Band FI, R()S% Incl PA Rl g1 Rz (%) R3 03

(mJy) (au) (deg) (deg) (au) (au) (au) (au) (au) (aw)
Y] ) 3) @) (5) ©) @] ®) ) (10) 11 (12)
DS Tau 13 mm 2215703 70307035 65231039 1597410 57.0170%)  8.14793
DS Tau  29mm  290%0% 67291197 64.627931  159.02702 55821038 7261073
GO Tau 13mm 5459708 170647715 5393793 20957337  73.04%0¢ 485718 110067138 851733
GO Tau 29mm 76501 1785371330 52787990 19397976 7325408 197403 11235417 93739
DL Tau 13 mm  169.99734S  163.2070% 44997937  51.9579%2 4938408  4.62%000  77.2279% 1467090 116.01708 144719
DL Tau 29 mm  2728%0%  158.697131 4433318 51463057 4896703 5957030  77.85°93 0471042 114.69%03 4325103

Note. Column (1): target name. Column (2): observed wavelength. Column (3): disk millimeter flux. Column (4): disk effective radius as 95% of total disk flux
encircled. Column (5): disk inclination angle (0° is face-on and 90° is edge-on). Column (6): disk position angle (east of north). Columns (7)—(12): radial location and
width of dust rings as Gaussian sigma. Adopted values are the peaks of the posterior distributions, with uncertainties representing the 68% confidence interval and
scaled by the square root of the reduced 2 of the fit. Disk parameters for 1.3 mm data are derived from new fitting with the same fitting setup as 2.9 mm data. Ring
widths here for DL Tau rings are smaller than what was reported in Long et al. (2018), because the prior on sigma was set to [0”02, 0”/2]. Comparing to the fitting
result in Long et al. (2018), the derived new parameters fit better the 1.3 mm DL Tau data with fewer residuals as seen in Figure Al.

Gaussian ring model. If we take the exponentially tapered
power-law model for the inner disk, which matches better in
the baseline range of 1000-1500 kA for both wavelengths (see
Figure B1 in Appendix B), the ring width stays the same as the
Gaussian profile model at 1.3 mm, while it becomes narrower
by more than 20% at 2.9 mm (0,29 mm = 5.4 £+ 0.8 au). The
width difference is thus statistically significant. In addition,
peak locations of the dust ring are better aligned at two
wavelengths for the power-law model. Though the comparison
demonstrates how the selected functional forms affect the
fitting parameters, in this case both models prefer a slightly
smaller dust ring at the longer wavelength.

As seen from the radial intensity profiles (see also Figure C1
in Appendix C), disk components in GO Tau and DL Tau are
blended, indicative of the narrowness of the dust rings. In the
fitting for both disks, one additional faint Gaussian ring is
included to account for the tenuous outer disk edge. The fitting
favors a broad component and overlaps with the interior dust
rings, which could therefore affect (likely underestimate) the
derived dust ring properties. Meanwhile, a significant source of
uncertainty in parametric fitting comes from the choice of
functional forms, where systematic errors for disk properties of
interest are hard to quantify. The ring width difference when
comparing the Gaussian profile fit with the power-law fit for the
DS Tau disk has already demonstrated how the choice of
functions for the inner disk affects the connected dust rings in
the outer disk. Considering the complex dust morphology and
the very likely presence of small-scale substructures in the
inner disk, uncertainties in the dust ring properties could be
largely underestimated in GO Tau and DL Tau. The derived
values thus should be taken with caution. To quantify the real
shape of these rings requires future higher angular resolution
observations.

Dullemond et al. (2018) analyzed the high-contrast and well-
separated rings in the DSHARP sample, which are spatially
resolved with a typical ring width of 3-7 au for the sigma of
Gaussian rings in the radial range of 40-120au. The
unresolved nature of our rings is consistent with the narrow
sizes found in the DSHARP rings. For the marginally resolved
dust ring in DS Tau, the ring width is about twice the local

. . . . kg Tyr3
pressure scale height (h,), which is estimated as / S G,

assuming that the gas temperature is equal to dust temperature
given in Section 3.2. As pointed out by Dullemond et al.
(2018), it is possible that strong turbulent mixing prevents the
formation of even narrower dust rings, and/or drift-mixing
equilibrium may not have been reached for dust grains
responsible for our observed wavelengths.

3.2. Spectral Index

Based on the adopted model intensity profiles at two
wavelengths, we derive the spectral index profile as

Omm = 10g(1y1/1u2)/10g(1/1/1/2)- (3)

As shown in the right panels of Figure 3, variations are seen
across dust gaps and rings, where local minima in oy, are
clearly observed around the dust ring of DS Tau and the R73
ring of GO Tau, the two high-contrast rings in our sample. We
also see local minima in other radii that can be easily produced
owing to the slight shifts in fitted gap and ring locations,
leading to complex profile appearances and confusing the
interpretation. Spectral index profiles estimated from the
azimuthally averaged brightness profiles (see Figure 5)
preserve the overall morphology as seen from the model
profiles, but calculations from the image profiles largely damp
the variation amplitudes and smooth out the sharp features.
In the analysis below, we adopt the spectral index profiles
estimated from the images at the two wavelengths, as they
show much cleaner patterns. Emission from the inner disks is
likely optically thick, as ay,, is low (~2). We see an overall
increasing trend in o, with larger distance, reaching above 3
toward the outer disk. Similar to the model spectral index
profiles, local minima (above 2) in ay,, are observed around
the peaks of high-contrast dust rings, though with large scatters
(~0.2) around gap locations. Such variation is not seen across
the rings of DL Tau. This is mainly due to the effect of
observational resolution. Strong corresponding variations in
spectral index have been reported in the dust gaps and rings in
HL Tau and TW Hydra with 2-3 au resolution (ALMA
Partnership et al. 2015; Tsukagoshi et al. 2016; Huang et al.
2018a). By degrading the image of HL Tau to our resolution
(0”1, 15au), the abrupt changes across the gaps and rings
would be largely suppressed, as also evident from the
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Figure 3. From left to right: comparison between the model and observed real part visibilities as a function of deprojected baseline length in 30 k bins; the adopted
intensity profile model normalized to the intensity value at 0”01, with 200 randomly selected chains overlaid; and the model spectral index profile derived from model

intensity profiles at the two wavelengths.

comparison of data and model spectral index profiles for our
disks. The absolute value of oy, is therefore sensitive to
resolution. Another source of uncertainty in the absolute value
of aynm comes from the flux calibration uncertainty, in which a
~10% flux calibration uncertainty at each wavelength would
introduce a systematic offset of ~0.2 in apy,. The disk-
integrated o, calculated from the total fluxes at the two
wavelengths are 2.66, 2.58, and 2.40 for DS Tau, GO Tau, and
DL Tau, respectively.

If dust emission is optically thin and dust opacity is
dominated by absorption, the measured spectral index can be
used to infer the dust grain properties (e.g., maximum grain
size). We estimate optical depth of the dust emission using the
expression of

L(r) = B,(Ta(r))(1 — e™™), “)

where the full Planck function is adopted. Since millimeter
grains are largely settled to the disk midplane, the dust
temperature is adopted as the disk midplane temperature using
the simple irradiated flared disk assumption as

1/4

Ta(r) =|——
aln) 47r20gp

)

(e.g., Chiang & Goldreich 1997; D’Alessio et al. 1998;
Dullemond et al. 2001). The flaring angle is taken to be

@ = 0.02, the same as the value used in the DSHARP analysis
(Dullemond et al. 2018; Huang et al. 2018b), corresponding to
Ty ~ 15K and h/r = 0.06-0.08 at 50 au for our sample. Since
a larger flaring angle will lead to a warmer disk and lower value
of optical depth, our choice of ¢ results in a conservative
temperature estimate and higher end of optical depth. As shown
in Figure 5, the typical optical depth is about 0.1-0.2 for dust
rings at 2.9 mm and 0.2-0.4 for dust rings at 1.3 mm. These
values are broadly consistent with optical depth estimates in
DSHAREP rings.

The optical depth (7,) is proportional to disk surface
density and dust opacity (k,). At millimeter wavelength, x,, is
often approximated as k, = ro(v/vp)%m, in which the power-
law index (B, has strong dependence on the maximum grain
size (amax) and the grain size distribution slope g, when dust
opacity is absorption dominated. In the optically thin case,
Bmm can be directly related to aym as Bmm = amm — 10g(B,,/
B,,) /log(v,/v,). The [y profiles are shown in Figure 5,
presenting similar radial variations to oy, profiles. We find
Bam < 0.5 inside 20 au and [, ~ 0.5-1.5 in our dust ring
peaks (50-100 au), which are lower than the expected Fism
(~1.7; Li & Draine 2001) in the interstellar medium, where
small micron-sized grains dominate. Low values of G, have
been reported from both disk-integrated and spatially resolved
measurements (e.g., Beckwith et al. 1990; Ricci et al.
2010a, 2010b; Pérez et al. 2012; Tazzari et al. 2016) and
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Figure 4. Comparison of disk effective radii, defined as where 95% of flux is
encircled from the intensity profile models, at 1.3 and 2.9 mm. The errors for
DS Tau and DL Tau are smaller than the symbol sizes.

are often interpreted as collisional growth of dust particles
(e.g., Liu et al. 2017). The observed lower S, values in the
dust rings indicate the presence of large particles, which could
be the accumulation of drifting large dust grains from nearby
regions or rapid grain growth in the higher-density regions.
The overall value of G, (Or oy is lower in the brighter disk
DL Tau, which may indicate faster grain growth in brighter
disks, as also seen in the Lupus sample (Ansdell et al. 2018).
We note that the uncertainties in «,,, due to observational
resolution and dust temperature also propagate t0 Bmm,
making the absolute spectral index less robust than the
behavior of its radial variations, which reflects the radial
change of dust opacity functions.

Dust opacity, as well as its spectral index, has complex
dependence on dust grain sizes, chemical compositions, and
morphologies (shapes and internal structures) (e.g., Miyake &
Nakagawa 1993; Pollack et al. 1994; Draine 2006; Kataoka
et al. 2015). The inference of maximum grain size (@pyax) from
dust opacity index depends on the adopted dust model
assumptions. A recent work by Birnstiel et al. (2018) discussed
the effects of grain properties on dust opacity and provided a
reference model for public use. At millimeter wavelength,
when dayax > Aops, Ky, decreases with ay,,,, with a decline slope
dependent on grain size distribution slope (see also, e.g., Ricci
et al. 2010b). Based on the dust model of Birnstiel et al. (2018),
Bmm ~ 0.5-1.5 corresponds to a,.x of millimeter or centimeter
sizes for our disks.

The analysis above is based on an assumption that millimeter
emission is dominated by absorption. Dust scattering is likely
another major source of dust opacity, and it has recently
received wide attention in interpreting observations at milli-
meter wavelength. The self-scattering of thermal dust emission
was introduced to explain the orientation and degree of
millimeter-wave polarization, with an interpretation that the
maximum grain size is only ~100 um (Kataoka et al. 2016; Lin
et al. 2020). The inclusion of dust scattering will make optically
thick disk regions appear optically thin and lead to very low

Long et al.

spectral index (a < 2; Liu 2019; Zhu et al. 2019). The
inferences of the maximum grain size would therefore require a
proper treatment of dust scattering (Carrasco-Gonzilez et al.
2019).

4. Discussion

In this section we present dust evolution models including
grain growth, fragmentation, and radial drift for a disk with
pressure bump introduced by an embedded planet. We
investigate how millimeter-sized grains evolve in a timescale
of 5 Myr and compare to our observations. We also explore the
change in width of dust rings at different wavelengths and what
constraints we can obtain on dust diffusion from ring width.
Finally, dust disk sizes from observations over a wider range of
wavelengths are discussed.

4.1. Comparison with Dust Evolution Models

One intriguing mechanism to produce the observed dust gaps
and rings involves the interaction between planet(s) and the
disk (e.g., Lin & Papaloizou 1986; Pinilla et al. 2012a; Zhu
et al. 2012; Dipierro et al. 2015). An embedded planet with
sufficient mass creates a pressure bump outside the planet orbit,
which traps large dust grains. A natural result of particle
trapping would be keeping large grains of different sizes
around the pressure bump, leading to similar dust disks at
different (sub)millimeter wavelengths (comparable to the size
of large grains). We will show how dust disk radii evolve for
grains with different sizes in a disk model with pressure bump
introduced by an embedded planet and compare the results with
a case of a smooth disk (no pressure bumps).

Since larger grains should drift more efficiently toward the
local pressure maxima, a narrower ring at longer wavelength is
expected (Pinilla et al. 2015b; Powell et al. 2019). The dust
concentration depends not only on the size of the particles (or
their Stokes number) but also on the degree of dust diffusion
(Dullemond et al. 2018). With dust evolution models, we could
also provide some constraints on the dust diffusion with an
assumed disk mass.

4.1.1. Model Setup

Our model including one embedded planet is motivated by
the single-ring system DS Tau. The stellar parameters are taken
from Table 1. For the disk properties, we assume a disk mass of
5.8 My,p,'® from the dust disk mass obtained from the 1.3 mm
emission with a gas-to-dust ratio of 100 and assuming that
around 20% of the mass in dust has been lost owing to radial
drift by million-year timescales. The disk surface density
distribution is assumed as an exponentially tapered power-law

- 2—y .
function, given by X (r) = 20(1!%) exp[—(é) ], with
v=1 and R. = 80au. A gap is formed owing to a planet
located at 33 au, the minimum of the gap as inferred from the
visibility models of DS Tau. Assuming that the ring peak
(around 57 au) traces the pressure maximum and a typical
separation of ~8-9Ry between the planet location and the
location of pressure maximum (Pinilla et al. 2012a), we obtain

a star-to-planet mass ratio of 0.002, which corresponds to
~1.2 My, around a 0.58 M, star. Veronesi et al. (2020) have

18 Asa test, we also performed simulations with a disk with twice the mass in
the fiducial model and found similar results.
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Figure 5. From top to bottom: spectral index profiles, derived from radial profiles at two wavelengths; power-law index of the dust opacity dependence on frequency;
radial profiles of continuum optical depth at two wavelengths. Calculations here use the full Planck expression. Light shaded regions show the 1o scatter divided by
the square root of the number of beams spanning the full azimuthal angle at each radial bin. The typical beam size is 0”1, corresponding to 15 au. The absolute flux
uncertainty is not accounted for here. Regions with signal-to-noise ratio below unity are marked out.

recently performed hydrodynamical simulations of the DS Tau
ring and fitted both the 1.3 mm and the 2.9 mm radial profiles
using a slightly higher planet mass of 3.5 & 1 My, corresp-
onding to a separation between planet location and the ring
peak of ~7.3Ry, which is close to our assumed value here. On
the other hand, Lodato et al. (2019) have used a more
restrictive separation criterion and inferred an even higher
planet mass for DS Tau. Note, however, that both papers
assume a larger stellar mass. In our models, the temperature
profile is assumed as above for optical depth calculations. We
use the prescription from Crida et al. (2006) for an analytical
shape of the gap carved by a planet and assume such gas
density profiles to run the dust evolution. A correction for the
gap depth is taken into account from Fung et al. (2014). We
take an a-viscosity parameter of 10> (independent of radius
and time), which sets the dust diffusion, settling, and turbulent
velocities accordingly in the dust evolution models.

All grains are initially micron-sized particles that grow,
fragment, or erode owing to mutual collisions. Fragmentation
and erosion occur when particles reach a fragmentation
velocity that we set to 10ms~' (Birnstiel et al. 2010). The
grid for particle size has 180 cells logarithmically spaced from
lum to 2m, and the radial grid (300 cells) is also

logarithmically spaced from 1 to 300au. The dust density
distribution for our model is shown in the left panel of Figure 6,
in which the solid white line corresponds to the Stokes number
equal to unity at the midplane. The Stokes number quantifies
the aerodynamical drag of particles, defined in the midplane as
St = ap,w/2%,, where p; is the intrinsic volume density of the
grains, set to 1.2 gcm >, a is the grain size, and Y¢ is the gas
surface density. Thus, the St =1 line represents the gas
distribution in the disk.

4.1.2. Dust Disk Radius

Figure 6 (right panel) shows the radial distributions of grains
of 0.1-1 mm and 1-10 mm, which are roughly the grain sizes
that dominate the emission at 1.3 and 2.9 mm, respectively.
Dust grains for the two populations span similar radial extents
and peak around the pressure maximum (~57 au). The disk
size would be similar at the wavelengths that are sensitive to
these two populations of grain sizes. We have also run a
smooth disk model without the planet, in which the radial
distributions of larger grains are more compact, similar to what
is seen in the inner disk of the planet—disk model.
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Figure 6. Dust density distribution at 1 Myr of evolution for the disk model with an embedded planet of 1.2 My, mass at 33 au. The left panel shows the total dust
distribution, where the white line corresponds to St = 1 (representing the gas density profile). The right panel shows only the distribution of (sub)millimeter-sized

particles.

The evolution of the disk radius that encloses 95% of the
mass of dust particles of 0.1-1 mm and 1-10 mm in sizes is
shown in Figure 7. The case without a gap and otherwise
identical initial conditions is shown for comparison. The
evolution of dust extension is determined by the competition of
grain growth and (regulated) radial drift. The extension of the
population of 0.1-1 mm sized particles starts with increasing up
to around 100 au until 0.3 Myr, as particles at larger radial
distances take longer time to grow. Soon after radial drift
dominates the grain evolution in the outer disk, the disk
extension of this dust population decreases with time in both
models, while disk extension in the planet—disk model
converges to around 60 au (just outside the pressure maximum)
after 0.6 Myr since they all get trapped at the pressure
maximum. The disk radius for 1-10 mm particles also starts
with increasing from collisional growth, but radial drift
dominates at a closer radius for this dust population that
cannot exist beyond 40 au in our smooth model. Around the
pressure maximum after 0.1 Myr, the particles of 1-10 mm
sizes form locally and are trapped there. The disk radius for
1-10 mm particles therefore stays around the pressure max-
imum. The maximum grain size outside 60 au is limited by
radial drift, and grains of these sizes cannot form there. At the
typical disk ages in Taurus (1-5 Myr), we would expect that the
disk radius does not change significantly between 1.3 and
2.9 mm if there is a trap in the outer disk. In contrast, in a
smooth disk, the disk radius should become smaller at longer
wavelength. This applies to our measurements of the inner disk
radius (though within the beam).

We create intensity profiles at 1.3 and 2.9 mm assuming the
dust density distribution from the models with the dust opacity
given by Ricci et al. (2010b) (similar to DSHARP opacity from
Birnstiel et al. 2018). Figure 8 shows the intensity profiles at
1.3 and 2.9 mm from the dust evolution models at 1 Myr,
which are convolved with a Gaussian profile whose width is
0”1 as in our observations. Both Refgs9 and Regegq are
consistent at the two wavelengths when a pressure bump is
present. In this case, the dust disk size is therefore regulated by
the location of the local pressure maximum, different from a
smooth disk where the disk size is drift dominated (Rosotti
et al. 2019). This result is very important to understand the disk

10

size distribution and evolution observed in nearby star-forming
regions, as well as the outer edge of our solar system (Hendler
et al. 2020). Although our model is based on planet—disk
interaction, other mechanisms capable of creating a pressure
gradient in the gas disk (Johansen et al. 2009; Flock et al. 2015)
could also reach the same conclusion. In addition, how the
amplitude of gas density perturbation (strength of dust
trapping) affects the dust dynamics in detail is still an open
question, as low-mass planets can form dust gaps without
altering significantly the gas structure (Dipierro & Laibe 2017).
These disks with extended diffuse emission in the outer disk
region (e.g., GO Tau in our sample) may apply to the scenario
with weak gas density perturbation.

4.1.3. Dust Ring Width

In the disk model with an embedded planet, the ring-like
structure becomes slightly narrower for larger particles. From
the unconvolved model intensity profiles, we measure the
width of the dust ring as the standard deviation for a Gaussian
distribution. We therefore determine the ring width to be only
1.09au at 2.9 mm and 1.29au at 1.3 mm. Observationally
distinguishing this difference would be very challenging,
although this difference strongly depends on the parameters
of the model, in particular on the Stokes number (which
depends on grain size, gas surface density, and intrinsic volume
density of the particles), the shape of the pressure bump, and
the o parameter that controls the dust diffusion, settling, and
turbulent velocities. All of these parameters are still unknown
from current observations. Comparing the convolved intensity
profiles at 1.3 and 2.9 mm (Figure 8), the dust ring profiles
basically overlap at both wavelengths, and any difference in
ring width is washed out. In our visibility fitting, we find very
similar dust ring width for DS Tau, with a weak hint for a
slightly narrower ring at longer wavelength. The subtle width
difference obtained for the ring of DS Tau is likely due to the
full spatial information employed in the fitting, which would
have an effective beam size smaller than 0”1, and/or the exact
shape of the uv-plane coverage between observations at two
bands.
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Figure 7. Evolution of the radius that encloses 95% of the mass of dust particles of 0.1-1 mm and 1-10 mm in size for a smooth disk model (left) and a disk model
with an embedded planet at 33 au (right). At around 0.2 Myr, radial drift starts to dominate the grain evolution in the outer disk.
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Figure 8. Intensity profile at 1.3 and 2.9 mm from the dust evolution models at 1 Myr. The profiles are convolved with a Gaussian profile whose width is 071 as in our
observations. Left panel: case of a smooth disk; right panel: case with a planet. The vertical gray lines correspond to the radius that encircles 68%, while the vertical
black lines correspond to the 95% (solid line for 1.3 mm and dashed line for 2.9 mm). In the case of the smooth disk the 95% radius lies outside the radial range, and
for the case of the planet the dashed and solid lines overlap because the disk radius does not change with wavelength.

The width of our ring from the convolved profile of dust
evolution models (~8 au) broadly agrees with the width of
the ring in DS Tau from the uv-fitting models, providing hints
that the assumed a of 10> may be a good assumption for the
disk viscosity and turbulence. However, the width of the ring
remains marginally resolved from our observations, and any
interpretation has to be taken with caution. In our models, the
width of the emission at the two wavelengths depends on the
St/a ratio as demonstrated in Dullemond et al. (2018).
Increasing « in our simulations will result in a disk with
higher viscosity, dust diffusion, and turbulence, which will
affect the capacity of a planet of a given mass to open a gap
and the efficiency of trapping, probably ending in a disk
without visible structures as pointed out by de Juan Ovelar
et al. (2016). Decreasing the value of o would imply that the
concentration of the grains at pressure maximum is more
effective for the same Stokes number, making the ring
structure narrower. Because trapping is efficient for particles
with St 2 « (Birnstiel et al. 2013), if « is very low, grains
of different size will be efficiently trapped in the pres-
sure bump.
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4.2. Dust Disk Radii by Different Tracers

Similar disk dust extensions at close wavelengths (between
0.9 or 1.3 and 2.9 mm) are seen in previous studies (ALMA
Partnership et al. 2015; Tsukagoshi et al. 2016; Macias et al.
2019). A recent work by Powell et al. (2019) measured disk
radial extents in the dust continuum at a wider range of
wavelengths (0.8—10 mm) for a set of seven disks, most of
which are known to have substructures. In the five disks with
available measurements, they found that disk radii at 0.9 or 1.3
and 2.9 mm are mostly consistent within 1o uncertainties.
Among them, only CY Tau has no reported dust substructures
so far, while the large disk size of CY Tau likely indicates the
presence of substructures (Long et al. 2019). FT Tau shows a
notable size difference of 96 au at 1.3 mm and 60 au at 2.6 mm,
each with an uncertainty of 10-20au (Powell et al. 2019).
Recent high-resolution observation at 1.3 mm for FT Tau
(Long et al. 2018) has revealed a dust ring at 32 au and a full
disk within 60 au. The discrepancy might indicate the existence
of an extended diffuse outer disk beyond the detected dust ring,
while this ring at 32 au may also work as a dust trap given the
disk sizes at 8—10 mm wavelengths of 30-36 au.
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Powell et al. (2019) also find large differences of disk radii
when comparing measurements from short wavelengths
(~1 mm) and long wavelengths (=7 mm). A more compact
disk at longer wavelengths is usually taken as the observational
evidence of radial drift and grain growth. According to our
models, the dust disk radii should not change between
wavelengths if there are pressure bumps at the outer disk to
efficiently trap the dust particles responsible for the observed
emission. The disk effective radius at 7 mm from our model
with a pressure bump is highly consistent with the radii
measured for 1.3 and 2.9 mm emission. A possible explanation
for different dust disk radii at different wavelengths in the
presence of pressure bumps could be that the pressure bumps
formed late and after large grains have already drifted inward
(e.g., Pinilla et al. 2015a). Alternatively, the long-wavelength
observations reported in Powell et al. (2019) may not be
sensitive enough to detect the cold large grains located in the
outermost pressure bump with low surface brightness. This
scenario corresponds to what Tripathi et al. (2018) proposed to
explain the observed dust disk size—frequency relation in the
UZ Tau E disk, that continuum emission is mostly optically
thick in the inner disk and becomes optically thin in the outer
disk. Optically thin outer regions need to be observed at high
sensitivity to properly detect the outer radius at long
wavelengths; otherwise, similar dust disk sizes would be
expected if dust emission is optically thick overall.

5. Summary

This paper presents ALMA continuum observations at
2.9mm for three disks with detected dust rings at 1.3 mm.
The new ALMA observations are conducted at comparable
angular resolution (~0”1) to the previous 1.3 mm measure-
ments. The main goal is to explore the grain properties and
dynamics by comparing the dust emission morphology at two
wavelengths. Our key results are summarized as follows:

1. Dust rings are detected at both wavelengths at corresp-
onding locations for individual disks. For all three disks,
the inner disks (with radius of 20-40 au) are slightly more
compact (by 3—4au) at the longer wavelength, an
observational feature predicted by radial drift and grain
growth models.

2. The dust ring in DS Tau is marginally resolved and
shows a tentatively narrower ring at 2.9mm than at
1.3mm based on visibility fitting with sub-beam resolu-
tion. Disk models with pressure bumps predict narrower
rings at longer wavelengths, but this subtle difference of
ring width (~0.2 au) at 1.3 and 2.9 mm from our model
for DS Tau is impossible to detect with 0”1 resolution.
However, the difference of ring width at the two
wavelengths depends on a number of parameters in the
models such as the grain size, gas surface density, shape
of the pressure bump, and viscosity, all of them being
unknown by current observations.

3. GO Tau and DL Tau are multiring systems in which dust
rings are largely unresolved. The derived ring width
suffers from large uncertainties due to both the complex
emission morphology and the choice of number and
forms of model functions, making the comparison of ring
width unfeasible.

4. Dust emission at both wavelengths has similar outer radii
in our sample of disks, measured from the adopted model
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intensity profiles with parametric fitting in the uv-plane.
This result is consistent with dust evolution models for
disks with a pressure bump (e.g., caused by an embedded
planet), which sets the disk outer radius. In a disk with
smooth surface density distribution (lack of pressure
bump), the disk would become more compact at longer
wavelengths owing to radial drift.

5. Radial profiles of spectral index (ou,,) show a general
increasing trend toward outer disks and local variations
across dust gaps and rings. Local minima in the oy
profile correspond to peaks of high-contrast rings (the
dust ring in DS Tau and R1 ring in GO Tau).

6. The inner disks with o, reaching 2 are likely optically
thick. Dust rings have typical optical depths of 0.1-0.2 at
2.9 mm and 0.2-0.4 at 1.3 mm. If optically thin emission
is a reasonable assumption, grain growth should occur
faster at high-density rings and have already produced
millimeter-sized particles.
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Appendix A
Visibility Fitting Results

Figure Al shows the synthesized images for the data, the
adopted model, and the residual. For each disk, the same
intensity functional forms are adopted. While the maximum
residual in the image is about 3¢ for Band 6 data, higher (~50)
residuals are seen for Band3 data. Model parameters for
individual disks are summarized in Tables A1-A3.
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Figure A1l. Comparison of the data and adopted model for three disks at both wavelengths. The color bar is in units of brightness temperature for the residual map.

Table Al
Model Results for DS Tau
Band Fy oo (R.) N T F, o R, OR.A. é6Decl.
Gaussian Profile 4+ Gaussian Ring
1.3 mm 10.293500% 0.065+3:9%3 9.777+3:9%9 0.051593%3 0.359+0:503 —0.135 0.218
2.9 mm 9.747+0:5%3 0.049+0:503 8.905 0032 0.046+0:503 0.35159004 —0.178 0.158

Tapered Power Law + Gaussian Ring

1.3 mm 9.424*0:122 0.176739% 1.003799%¢ 13.38414:538 9.7897992 0.04979:9% 0.3600:9% —0.135 0.219
2.9 mm 8.23370:11¢ 023270933 133870933 13.6917%334 8.99070938 0.034709%¢ 0.35879%04 —0.179 0.157

Note. Model parameters for both the Gaussian profile and power-law profile are listed. The definition for each parameter can be found in Section 3.1. Uncertainties for
phase center offsets are about 0.001 and not shown here.

Table A2
Model Results for GO Tau

Band (Ring Index) Fo o) o T AR.A. ADecl.
1.3 mm 9.45679921 0.317+3:9% 1.057+0914 6.9297982 —0.168 —0.405
R1 9.4032998 0.03438% 0.507+9003

R2 8.970409%3 0.059+0:922 0.76410.00

R3 8.2371931 0.33075%} 1.011+3938

2.9 mm 9.0117319 0.22075:93 1.0703:9%% 1.290+3338 —0.175 —0.430
RI 8.804+0:1% 0.014+3.909 0.509+3:903

R2 7.958+097 0.065+092 0.780+0013

R3 71194041 0.5320:9%9 0.70370433

Note. In each segment, the first row lists parameters for the inner disk with a tapered power-law profile and phase center offsets. The subsequent rows list the
parameters for each Gaussian ring in order of amplitude, sigma, and location. The definition and unit for each parameter can be found in Section 3.1. Uncertainties for
phase center offsets are about 0.001 and not shown here.
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Table A3
Model Results for DL Tau
Band (Ring Index) Fy o M T AR.A. ADecl.
1.3 mm 9.98079933 0.27659%7 0.737759%3 51554093 0.236 —0.059
RI 9.893+0:942 0.029+3.903 0.31155%%¢
R2 9.727+034% 0.009+3:50 0.486+0:93
R3 9.6637997¢ 0.009799%8 0.730* 3953
R4 9.318+0919 0.227+3949 0.674 19903
2.9 mm 9.3979933 0.230 5944 2.4347936 0.710518 0.257 —0.054
RI 8.971+0%] 0.037+3.904 0.308+0.904
R2 9.4587 9479 0.003* 0001 0.490+0001
R3 8.585104s 0.027799% 0.721+0904
R4 8.450+0923 025743913 0.607+3918

Note. In each segment, the first row lists parameters for the inner disk with a tapered power-law profile and phase center offsets. The subsequent rows list the
parameters for each Gaussian ring in order of amplitude, sigma, and location. The definition and units for each parameter can be found in Section 3.1. Uncertainties for
phase center offsets are about 0.001 and not shown here.

Real Vis [m]y]

-10

Real Vis [m]y]
—

: %

5601000 1500
uv-distance [kA]

Model (Power-law)

) L
0 500

uv-distance [kA]

1000 1500 2000

= -
o o =t
| | o
N = >

Normalized Intensity
=
&

104

Band 3 5k

T 6

AL
Spectral Index o

2640 60
Radius [au]

80

Model (Power-law)

20

2660
Radius [au]

Residual .

A6 "]

0.5 0.0 -0.5 -1.0
A ["]

Figure B1. Comparison of the data and adopted power-law model for DS Tau at both wavelengths.

Appendix B
The Tapered Power-law Fitting for DS Tau

The mismatch of data and model in the visibility profile
around 1200 kA (Figure 3) for DS Tau implies sharper features
in the disk than what can be described by the simple Gaussian
profile and Gaussian ring model. We have performed testing
fits using a tapered power-law function for the inner disk. The
fitting results are shown in Figure B1, with model parameters
listed in Table Al. The discrepancy at long baselines is largely
resolved with this power-law model. A Nuker profile would
also fit this long-baseline oscillation equally well and is not
shown here. The effects of the choice of different function
forms on disk parameters are discussed in Section 3.1.

Appendix C
Simple Gaussian Fit to Dust Rings

We provide a simple Gaussian profile fit to individual dust
rings using the azithmually averaged radial profiles to
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demonstrate the complexity of dust emission morphology. As
disk components are not well separated, we only perform the fit
within a limited radial range around the ring peak for each dust
ring (see Table C1). The fit is performed with the CURVE_FIT in
SCIPY package. The underlying dust ring width is then derived
by deconvolution from the Gaussian beam, specifically

Ode = \|O%y — Oteam. The fitting results are summarized in
Table C1. Summing up the contributions from individual

Gaussian components in GO Tau and DL Tau will result in
significant excess emission in the joint regions. We thus perform
a two-Gaussian fitting in the radial range covered by both
components, which provides a narrower ring width especially for
DL Tau. In the illustration for a zoom-in view of the ring regions
(Figure C1), we adopt the two-Gaussian fitting results for GO
Tau and DL Tau. Ring width measured from the image plane
should always be taken as upper limits, as longer-baseline data
are underweighted in the CLEAN process. Therefore, we see
that deconvolved ring width is always wider than that derived
from visibility fitting for individual disks. Under the caveats, the
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Figure C1. Simple Gaussian fits to dust rings in the radial profiles. Data points are shown with gray circles, and best-fit curves are overplotted with colored lines. For
GO Tau and DL Tau, the combined fit results are shown with solid lines and individual fit results are shown with dashed lines.

Table C1

Dust Ring Properties from Image Plane Fitting

Image Fitting

Name Ring Band Obeam Range
Rim Oim Ode Ode / HI’
(au) (au) (au) (au) (au)
@™ () (3) (€] (5) (6) @ ) )
DS Tau R57 B6 7.43 50-80 55.51 13.55 11.33 2.94
B3 7.43 50-80 54.80 13.15 10.85 3.03
GO Tau R73 B6 7.03 65-80 72.27 12.38 10.19 1.56
65-130* 71.42 11.56 9.18 1.41
B3 7.03 65-80 71.87 11.35 8.92 1.36
65-130" 71.27 10.42 7.69 1.18
GO Tau R110 B6 7.03 105-130 110.39 14.16 12.29 1.09
65-130" 110.12 14.62 12.81 1.18
B3 7.03 105-130 111.51 14.31 12.46 1.11
65-130* 111.25 14.74 12.95 1.15
DL Tau R77 B6 7.60 70-90 77.05 24.16 22.93 4.69
70-130* 74.81 17.77 16.06 348
B3 7.60 70-90 72.37 29.74 28.75 6.22
70-130" 71.50 21.87 20.51 4.70
DL Tau R116 B6 7.60 105-130 113.14 17.78 16.07 2.02
70-130" 116.33 14.93 12.85 2.78
B3 7.60 110-130 111.76 17.52 15.79 2.06
70-130" 116.02 14.88 12.79 2.93

Notes. Column (1): target name. Column (2): dust ring name. Column (3): ALMA band name. Column (4): standard deviation of beam size. Column (5): fitting range
in radial profile. Column (6): ring location from radial profile fitting. Column (7): standard deviation of Gaussian ring from radial profile fitting. Column (8):
deconvolved standard deviation of Gaussian ring. Column (9): ratio of 0. to the disk pressure scale height at ring location.
# Results from two-Gaussian fitting.

behavior of a slightly narrower ring at 2.9 mm is consistently
seen for the dust ring in DS Tau. This pattern, a narrower dust
ring at longer wavelength, is also observed for the R73 ring in
GO Tau, which is the second clearly detected ring in our sample.
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In addition, the large excess emission above simple Gaussian
rings in DL Tau emphasizes that our derived dust ring
parameters from parametric fitting in disks with such complex
morphology probably suffer from large systematic uncertainties.
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