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Abstract

High angular resolution imaging by Atacama Large Millimeter/submillimeter Array (ALMA) has revealed the
near universality and diversity of substructures in protoplanetary disks. However, disks around M-type pre-main-
sequence stars are still poorly sampled, despite the prevalence of M dwarfs in the Galaxy. Here we present high-
resolution (~50 mas, 8 au) ALMA Band 6 observations of six disks around mid-M stars in Taurus. We detect dust
continuum emission in all six disks, 2CO in five disks, and 13CO line in two disks. The size ratios between gas and
dust disks range from 1.6 to 5.1. The ratio of about 5 for 2M0436 and 2M0450 indicates efficient dust radial drift.
Four disks show rings and cavities, and two disks are smooth. The cavity sizes occupy a wide range: 60 au for
2M0412, and ~10 au for 2M0434, 2M0436, and 2M0508. Detailed visibility modeling indicates that small cavities
of 1.7 and 5.7 au may hide in the two smooth disks 2M0450 and CIDA 12. We perform radiative transfer fitting of
the infrared spectral energy distributions to constrain the cavity sizes, finding that micron-sized dust grains may
have smaller cavities than millimeter grains. Planet—disk interactions are the preferred explanation to produce the
large 60 au cavity, while other physics could be responsible for the three ~10au cavities under current
observations and theories. Currently, disks around mid- to late M stars in Taurus show a higher detection frequency
of cavities than earlier-type stars, although a more complete sample is needed to evaluate any dependence of
substructure on stellar mass.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planetary-disk interactions (2204); Planetary
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system formation (1257)

1. Introduction

The discovery to date of over 5000 exoplanets reveals that
planetary systems occupy a wide parameter space in archi-
tecture (Zhu & Dong 2021). In planetary systems around low-
mass stars (e.g., lower than 0.4 M), small planets occur more
frequently than those around solar-mass stars (e.g., Mulders
et al. 2015; Hardegree-Ullman et al. 2019), while giant planets
around those low-mass stars are rare (but have a nonzero
occurrence rate; e.g., Bryant et al. 2023).

The existence of a few giant planets around mid- to late (later
than M3) M stars has challenged the core accretion planet
formation theory (e.g., Morales et al. 2019; Stefansson et al.
2023). Planet population synthesis simulations often fail to
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of the work, journal citation and DOI.

form any giant planet around these very low mass stars, in both
the planetesimal accretion case (e.g., Miguel et al. 2020) and
the pebble accretion case (e.g., Liu et al. 2019; Burn et al.
2021; Mulders et al. 2021; Schlecker et al. 2022). Special
circumstances, such as a reduction in the type I migration
velocities by a factor of 10, are needed to form planetary cores
more massive than 10 Mg (Burn et al. 2021; Schlecker et al.
2022), which then leads to the runaway gas accretion that
enables giant planet formation (Pollack et al. 1996). Besides
core accretion, direct collapse in gravitationally unstable disks
may also form giant planets at early stages (e.g., Boss 1997;
Mercer & Stamatellos 2020; Boss & Kanodia 2023; Longarini
et al. 2023), when those class 0/I prostellar disks have
higher disk mass than their later-stage counterparts (e.g., Tobin
et al. 2020; Tychoniec et al. 2020). Possible evidence of
gravitational instability has been found in some recent Atacama
Large Millimeter/submillimeter Array (ALMA) observations,
even though they targeted higher-mass stars than the mid- to
late M stars focused on in this work (e.g., Pérez et al. 2016;
Paneque-Carrefio et al. 2021; Weber et al. 2023).
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Table 1
Properties of Host Stars

2MASS | Short Name D SpT Ay J Lot M, R, Lycc Moee References

(po) (mag) (Le) M) Re) L) M yr
J04124068+-2438157 | 2M0412 148.7 M4.3 0.84 11.151 0.126 0.30 1.21 0.00204 3.2E-10 L23
J04343128+-1722201 | 2M0434 145.7 M4.3 0.30 11.205 0.115 0.30 1.16 0.00168 2.6E-10
J04360131+1726120 | 2M0436 144.5 M2.7 1.08 11.105 0.146 0.58 1.07 0.0062 4.5E-10 -
J04504003+1619460 | 2M0450 144.4 M4.75 0.0 11.725 0.054 0.24 0.84 L18
J05075496+2500156 | CIDA 12 170.0 M3.7 0.5 11.415 0.13 0.39 1.13 0.0028 3.2E-10 HH14
J05080709+2427123 | 2M0508 170.7 M3.5 0.0 11.396 0.11 0.44 1.03 L18

References. L.23: Long et al. (2023); L18: Luhman (2018); HH14: Herczeg & Hillenbrand (2014).

In the past decade, high angular resolution observations with
ALMA have revealed that substructures are common in
protoplanetary disks. These substructures are mostly seen as
rings and gaps (e.g., ALMA Partnership et al. 2015; Andrews
et al. 2018a; Long et al. 2018; Cieza et al. 2021); asymmetric
substructures like arcs and spiral arms are also found but are
relatively rare (e.g., van der Marel et al. 2013; Dong et al. 2018;
Huang et al. 2018b). These substructures are expected to be
induced by various disk physical processes and planet—disk
interactions (see reviews by Andrews 2020; Bae et al. 2023).
The prevalence of rings suggests the presence of pressure
bumps that halt the inward radial drift of the dust (Pinilla et al.
2012).

Thus far these conclusions are obtained mostly from
observations of solar-type stars and Herbig stars. For disks
around M stars, the dust drift should be faster (Pinilla et al.
2013), so their disks may need stronger pressure bumps to trap
dust particles in order to explain their millimeter emission at
ages of a few megayears (e.g., van der Plas et al. 2016; Sanchis
et al. 2020).

However, only little is known about substructures in disks
around mid- to late M stars. Most structured disks around M
dwarf stars show rings and gaps (Gonzélez-Ruilova et al. 2020;
Cieza et al. 2021; Kurtovic et al. 2021; Pinilla et al. 2021; van
der Marel et al. 2022), where the gaps are mostly central
cavities or large gaps surrounding a compact inner disk
(Pinilla 2022). Only one disk around a mid-M dwarf shows a
clear asymmetric ring, with properties similar to asymmetries
found around T Tauri and Herbig AeBe stars (Hashimoto et al.
2021). Detailed hydrodynamical simulations toward the disk
around the mid-M dwarf CIDA 1 suggest that a planet with a
minimum mass of ~1.4Mjy,, is needed to carve out the
observed cavities present in 0.9 and 2.1 mm continuum images
(Curone et al. 2022), challenging the core accretion planet
formation theory around very low mass stars.

Following the pilot studies above, additional deep high-
resolution observations on disks around M stars (or very low
mass stars) are needed to evaluate the dust morphology and test
disk physical processes in extreme situations, following similar
strategies applied to solar-mass stars (e.g., Andrews et al.
2018a; Cieza et al. 2019; Long et al. 2019). This paper presents
observations from a program designed to obtain high-resolution
observations (~0705) of 16 mid-M star disks in the Taurus
star-forming region. Of the proposed targets, we have obtained
observations of six disks, including the double-ringed disk of
2MASS J041240684-2438157, which was presented in Long
et al. (2023). Here we present all six observed disks (including
2M0412 from Long et al. 2023) to study properties of
substructures in M star disks and their possible origins.

The paper is organized as follows: In Section 2, we describe
our target selection, ALMA observations, data reduction, and
calibration. In Section 3, we present our modeling method in
the visibility plane and the modeling results, as well as CO gas
measurement. Section 4 discusses the global properties of the
six disks and possible origins for their detected substructures.
In Section 5 we summarize our main findings.

2. ALMA Program and Observations
2.1. Sample Selection and Properties

We analyze disks observed in the ALMA project
2019.1.00566.S (PI: G. Herczeg), which aimed at studying
the dependence of dust substructure properties on stellar mass
by targeting 16 disks around M3-MS5 stars selected from
Taurus. The sample selection started from Luhman et al. (2017)
with disk identification based on excess emission in Wide-field
Infrared Survey Explorer (WISE) W2 and W3 bands. We
excluded known binaries (e.g., Kraus et al. 2011; Daemgen
et al. 2015) and sources with Ay, > 3 mag or J-band brightness
1 mag fainter than the median to avoid edge-on disks and
embedded objects. Furthermore, targets with decl. > 26° are
excluded for visibility purposes. Like Long et al. (2019), the
selection ignored the millimeter brightness of disks. Six out of
the 16 proposed targets were observed with the C43-9/10
configuration and Band 6 receivers between 2021 August 27
and 2021 September 27.

For these six sources, their stellar properties (listed in
Table 1) were reevaluated based on optical spectra when
available. For 2M0450 and 2MO0508, the spectral type and
extinction are obtained from Luhman (2018), with uncertain
accretion properties. We obtained flux-calibrated low-resolu-
tion optical spectra for 2M0412, 2MO0434, and 2MO0436
using UH88/SNIFS (3200-10000 A; Lantz et al. 2004) and
for 2M0507 (CIDA 12) using Palomar-Hale §m/DBSP
(3200-8700 A, with a gap from 5600 to 6250 A; Oke &
Gunn 1982). The SNIFS data reduction is described by Guo
et al. (2018), while the DBSP data reduction is described by
Herczeg & Hillenbrand (2014). For these four targets, the
spectral type, extinction, and accretion rate are calculated from
a simultaneous fit, following approaches described in Herczeg
& Hillenbrand (2008, 2014) and using a plane-parallel slab
model for accretion developed by Valenti et al. (1993). The
properties of 2M0412 were presented in Long et al. (2023).

The spectral type for each star is converted to temperature
using the relationship of Herczeg & Hillenbrand (2014). The
luminosity is then calculated from the 2MASS J-band magnitude
(Cutri et al. 2003) and assuming zero J-band veiling, J-band
bolometric corrections from Pecaut & Mamajek (2013), and
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Table 2
Summary of ALMA Observations

Source Obs. Date Nant Baselines On-source Time = Mean PWV  Peak I, (Taper) rms Noise (Taper) Beam (Taper)
(m) (minutes) (mm) (mly beam™ ") (mly beam™") (mas x mas, deg)

2M0412 2021-08-27 38 92.1-10803.3 16.80 0.3 0.19 (0.26) 0.032 (0.039) 74 x 35, 37 (76 x 73, 32)
2M0434 2021-09-27 45 70.1-14361.8 15.29 1.0 0.47 (0.69) 0.039 (0.041) 45 x 24, —47 (43 x 41, —41)
2M0436 2021-09-27 45 70.1-14361.8 15.39 1.0 0.31 (0.42) 0.037 (0.039) 44 x 24, —46 (43 x 42, 38)
2M0450 2021-09-28 47 70.1-14361.8 15.05 0.7 0.23 (0.27) 0.029 (0.029) 36 x 26, —40 (36 x 36, —35)
CIDA 12 2021-09-13 37 178.3-12594.5 16.80 0.6 0.19 (0.30) 0.031 (0.036) 72 x 33,4 (76 x 73, —9)
2M0508 2021-09-13 37 178.3-12594.5 16.87 0.6 0.38 (0.63) 0.035 (0.039) 65 x 25, 4 (63 x 60, 36)

Note. The numbers in parentheses in the last three columns are corresponding values for uv-tapered images.

J-band extinction from the A;/Ay ratio developed by Wang &
Chen (2019). All properties are calculated from distances
obtained from inverting the parallax in Gaia Collaboration
et al. (2023). The masses are then estimated using the Somers
et al. (2020) evolutionary tracks for pre-main-sequence stars
with 51% spot coverage. These tracks lead to higher masses than
standard evolutionary tracks (see discussion for 2M0412 in Long
et al. 2023).

2.2. ALMA Observations

For our ALMA observations, the receivers were configured
into four spectral windows, with two centered at 217.0 and
234.4 GHz for dust continuum with bandwidths of 1.875 GHz
and the other two centered at 220.0 and 230.5 GHz targeting
12CO, 13C0, and C'®0 J = 2—1 lines. Line channel intervals are
spaced at 0.244 MHz (~0.3 km sfl). Table 2 shows the
detailed ALMA observation log.

The raw visibilities were pipeline calibrated using the
specified CASA versions (6.1.1 for 2MO0412,CIDA
12, and 2MO0508; 6.2.1 for the rest) for each object that can
be found in the QA2 report (CASA Team et al. 2022). We
identified residual features of atmospheric absorption correc-
tion around channel 500 in the 234.4 GHz spectral window for
all six targets and flagged corresponding channels 400-600.
For dust continuum imaging, we flagged the channels within
25kms ™" of the rest frame of CO lines and then averaged the
data set with a channel width of 125 MHz, which is the
recommended maximum bandwidth to avoid bandwidth
smearing for ALMA Band 6.

These observations were intended to provide snapshots of
these disks.!” Due to the short on-source time (~15 minutes),
the peak signal-to-noise ratio (S/N) for each source ranges
from 5 to 20. We attempted one round of phase-only self-
calibration on sources 2M0412, 2M0434, and 2M0450. For
2M0436 and 2MO0508, the emission morphology was largely
altered after self-calibration, so we did not apply the solutions.
CIDA 12 has too low S/N to improve from self-calibration.
The self-calibration solutions are not applied to CO line
emission channels, since the improvement is negligible.

The continuum images were generated using the
‘‘tclean’’ task with multiscale imaging, with the Briggs
‘‘robust’’ weighting parameters being 0.5 for 2M0434,
2M0436, 2M0450, and 2MO0508; 1 for 2M0412; and 2 for

17 Young M stars can happen to be active in millimeter wavelength in
timescale of minutes (e.g., MacGregor et al. 2018; Mairs et al. 2019), which
would be an issue for disk analysis, especially for compact sources like
2M0450 and CIDA 12. After performing time-series measurement of the fluxes
for 2M0450 and CIDA 12, no significant flux variations are found during our
observations.

CIDA 12. The adopted weighting parameters are compromises
between resolution and sensitivity. The wuv coverage of
observations produced elongated beams (aspect ratio ~2).
For better visualization, we performed uv-tapering to get more
circular beams. Images with original beams and uv-tapered
beams are shown in Figure 1. The beam sizes are 0”03-0707,
and the rms noise is 30—40 mJy beamfl, with detailed values
summarized in Table 2.

For line images, after subtracting the continuum emission
using the ‘‘uvcontsub’’ task, we applied uv-tapering to
enhance the S/N of the line images. The beams are tapered to
072 for 2M0412 and 2M0434 and 0”1 for the other four
targets. We detected (or marginally detected) '2CO for all six
targets and '*CO for 2M0412 and 2M0434. The channel maps
in velocity and moment maps of detected '*CO and '*CO are
shown in Appendix A.

3. Results

From our ALMA observations, four disks in the sample
show rings and cavities in their dust emission, while the other
two show compact smooth emission. In this section, we
characterize the dust emission through fitting the directly
observable visibilities and present the measurement of dust and
gas disk properties.

3.1. Visibility Fitting of Dust Morphology

The peak fluxes of our disks range from 0.19 to
0.47 mJy beam ™', which corresponds to peak S/Ns of about
6-12 from the non-uv-tapered images in Figure 1. Dust
emission from these disks is faint, as expected for low-mass M
stars. To quantify the dust emission morphology without biases
introduced by the image reconstruction, we fit the brightness
profiles in the visibility domain. The model profiles are selected
based on eye identification of disk substructures. For
2M0450 and CIDA 12, the function to describe their
deprojected brightness is a centrally peaked axisymmetric
Gaussian profile:

2
Iop(r) = 10fexp(—2’72) (1)

where Igp(r) is the Gaussian brightness profile as a function of
disk radius r, with 10/ and o being the amplitude and Gaussian
width, respectively. For the other four disks showing cavities
and rings, we modeled their morphologies with a radially
asymmetric Gaussian ring whose inner and outer width can
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Figure 1. The top panels show ALMA continuum images of disks around mid-M stars in Taurus at 1.3 mm. The box size for 2M0412 is 2”4, and the size for the rest
is 1772, The white scale bars represent 20 au. The bottom panels are for the same targets with beams tapered to a more circular shape for better visualization. The beam

sizes and rms noise of each image are detailed in Table 2.

differ:

SN
10fexp(—w) (r < Tpeak)
201

; @)

Iagr =

_ 2
107 exp ((”#;ak)) (r>rpeak)
20'2

where 10/, Fpeaks and o; are the amplitude, peak location, and
ring width, respectively, for the inner and outer side. A radially
asymmetric Gaussian ring has been previously used to describe
the rings in transition disks (e.g., Pinilla et al. 2017a, 2018;
Huang et al. 2020; Kurtovic et al. 2021). This model fitting is
motivated by the accumulation of dust particles trapped in
radial pressure bumps (Pinilla et al. 2017a). Dust particles in
the outer disk are expected to take a longer time to grow and
drift radially toward the pressure bump. Hence, the external
width of the ring is expected to be larger than the internal width
(e.g., Figure 4 in Pinilla et al. 2015).

Using the adopted radial profiles, we first generate corresp-
onding face-on images. Each model image is projected with an
inclination (i) and a position angle (PA) and combined with a
spatial offset (0r a., Ogec1.), Which adds another four parameters.
We generate each model image with a pixel size of 3 mas,
which is far smaller than our synthesized beam (~40 mas). We
then use galario (Tazzari et al. 2018) to transform each
model image into complex visibilities sampled at the same (u,v)
points as those in the observations and calculate the
X% = 3 Wil Vobs (ks Vi) — Vinoa (ks vi) >, where wy is  the
observed visibility weight; the likelihood function is then
calculated as L oc exp(—x2/2). We assumed a uniform prior
probability distribution for the parameters above (for inclina-
tion the probability xsini to get a uniform disk orientation).

We sample the posterior probability distribution using a
Markov Chain Monte Carlo (MCMC) method (emcee;
Foreman-Mackey et al. 2013) with 50 walkers and 10,000
steps. After running MCMC, we get posterior samples after 10
times the integrated autocorrelation time to ensure stationary

posterior samples. Results for each model parameter are shown
in Table 3, with the reference values adopted as the median
values of posterior samples and their uncertainties estimated
from the 16th and 84th percentiles. The comparisons between
observations and models in the visibility plane, the image
plane, and deprojected azimuthally averaged radial profiles are
shown in Figure 2. The brightness profiles of each model are
shown in Figure 3. All best-fit model images show reasonable
matches with observations, with no residuals above 5o.

3.2. Rings and Cavities
3.2.1. Disks with Substructures in Images

As mentioned in Section 3.1, rings are modeled as radially
asymmetric Gaussian rings. Our results show that the rings
generally have wider outer width than inner width, while
2M0436 shows the opposite. Here we summarize the peak
locations and Gaussian ¢ widths from the best-fit models.

2M0412 has the largest rings and cavity in the sample, with
the inner ring peak at 61.7au and the outer ring peak at
113.9 au. The inner ring has an inner width of 0.9 au and outer
width of 17.5 au, while the outer ring has 5.5 au inner side and
9.5 au outer side. For the ratios between the ring outer width
and inner width, the best-fit model gives 19.8 for the inner ring
and 1.7 for the outer ring. The outer ring is brighter than the
inner ring, with the outer peak intensity 2.1 times as large as the
that of the inner peak. The brightness ratio between the first
ring and the exterior gap is around 6.8.

For 2M0434, we find a ring peak at 9.8 au, followed by
radially extended emission beyond the ring. The ring has 1.5 au
inner width and 8.2au outer width. A Gaussian profile in
Section 3.1 fits the outer broad emission well. For 2M0508, the
best model finds a ring peak at 6.8 au, where its inner width is
0.8 au and outer width is 7.1 au. In 2M0436, the best-fit ring
peaks at 12.2 au, with an outer width being 1.0 au and a larger
inner width being 4.7 au, showing different ring width behavior.

Some potential asymmetries appear in the images. For
example, the northern part of 2M0434 seems to be brighter than
its southern part as shown by the residual map, and a bright
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Table 3

Dust Disk Model Parameters from uv Modeling
Source Name 2M0412 2M0434 2M0436 2M0450 CIDA 12 2M0508 Unit
Model 2AGR GP&AGR AGR GP GP AGR
fi 8.6375%3 9.83+09! 9.98+0.5%3 10457992 9.5410% 9.93+0:93 logo Jy st~
Foeak.1 415.10371 s 84.6875% s o 39.807938 mas
o1 593831 268.38354 32,9035 16.89*14¢ 540671111 469739 mas
o1 117.71537 6.881334 41911381 mas
P 8.96002 9.951303 - logo Jy st
Fpeak2 766.27474, 674175 mas
021 3705775, 10.15775¢ mas
02 63.7478%2 56.227381 mas
Inc 15.9070-3 68.547933 53467148 43267784, 65.537]5%35 54347181 deg
PA 124.14438 96.67934 46.967392 63.01113:8 169.941222 98.90219 deg
Ara 2,77+ 86 10894102 7.861112 —3.1359%8 9.05133) 12.364]38 mas
Adeet, —0.69721 10.37+939 576711 —8.9879%} —2.1575% 5774149 mas
F13 mm 17.58%033 30.73%03% 2717563 085003 0.607306 3.02480 mly
Mgust 1150743 19314133 1685017 0.5319:92 0517992 2.617938 M,
Reso 118.0593 55103 11.8703 3.6703 13.8428 15.67903 au
Roog 126.015¢ 81.2+9% 13.2794 51403 19.6749 204198 au

Note. Model row: AGR for asymmetric Gaussian ring, GP for Gaussian profile.

spot appears at the northwest of 2M0436, which are both at 30
levels. The west part of 2MO0508 is brighter, though the
significance is less than 3¢ level. Deeper observations are
necessary to check whether the above potential asymmetries
exist or not. In this work, we focus on only axisymmetric
substructures.

3.2.2. Potential Cavities around 2M0450 and CIDA 12

Gaussian profiles (Equation (1)) can only describe contin-
uous disks with a monotonically decreasing radial profile. The
Nuker profile, which was first introduced to describe the
brightness profiles of elliptical galaxies (Lauer et al. 1995), can
also reproduce ringlike emission with a central depression. The
Nuker profile is formulated as

s r — r a =08/«
L(r) =10 " 1+ - , (3)

where r, is the transition radius, « is the transition index, (3 is
the outer disk index, and + is the inner disk index. The Nuker
profile behaves as 7 at r<r, and r~ Pat r> r;. The
transition index « determines how smooth /sharp the transition
is between these two asymptotic behaviors (see Figure 2 in
Tripathi et al. 2017). With 8> 0 and v <0 the Nuker profile
can describe a ringlike morphology.

Appendix C presents the detailed modeling with Nuker
profiles on 2M0450 and CIDA 12. Interestingly, the best-fit
Nuker profiles for the two smooth-appearing disks show
depleted inner emission with emission peak at ~1.7 au for
2M0450 and 5.7 au for CIDA 12 (see Figure C1).

However, the Nuker profile has more parameters than the
Gaussian profile, which results in a larger Bayesian Information
Criterion (BIC)18 value. Hence, we still treat 2M0450 and

'8 The BIC is a criterion for the preference of models. It is defined as
BIC = kIn(n) — 2In(L), where k is the number of model parameters, n is the
number of data points, and L is the maximized value of the likelihood function.

CIDA 12 as nonstructured disks in this work. Future higher
angular resolution observations are needed to check their
potential small cavities.

3.3. Potential Unresolved Central Emission in 2M0436

2M0436 shows a ring with a wider inner width, which is
contrary to models of dust trapping in pressure bumps. One
possibility is that an external object has truncated the outer
disk, which we expect to be substellar since no stellar
companions have been detected (Kraus et al. 2011; Kraus &
Hillenbrand 2012). Constraining the mass of the substellar
object given current knowledge would be highly uncertain and
beyond the scope of this work. Other possibilities are the
presence of central compact emission blending with the ring
emission and the blending of multiple unresolved rings.
Compact emission at the center is also hinted at because the
model intensity of 2M0436 slightly underpredicts the emission
of the very inner disk (right column in Figure 2), though this
difference is not statistically significant. An example is CIDA
1, where a model considering only one ring results in a ring
with wider inner width (Kurtovic et al. 2021), while higher
angular resolution observations reveal a compact inner disk and
the inclusion of an inner disk recovers a ring with wider outer
width (Pinilla et al. 2021).

In Appendix B, we show the results of modeling 2M0436 with
a ring and a central point. The flux of the added central point
emission is 0.04703 mJy (corner plot statistics in Figure B2). The
new radial profile increases the inner emission and matches the
observations better than a ring-only model, while the ring still
displays a wider inner width after including a point emission.
However, the result of modeling with central point emission could
be limited by current observations; deeper sensitivity and higher
angular resolution are necessary for future observations.

3.4. Dust Disk Millimeter Flux, Mass, and Size

The millimeter fluxes, masses, and sizes of the dust disk are
not explicit parameters in the models and are inferred from
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Figure 2. Best-fit visibility fitting results vs. observations. Columns from left to right: (1) the real part of deprojected and binned visibilities from observations and
best-fit models; (2) observational continuum images; (3) model images convolved with the same beam as observations; (4) residual images, with white contours at
—30 and green contours at 3¢, and overlaid orange contours are from continuum images at the 3o level; (5) azimuthally averaged radial profiles for observations and
convolved model images, where light-gray shaded regions represent the standard deviation at each radial bin divided by the square root of the number of beams in the
radial bin.
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Figure 3. Normalized radial profiles of dust continuum, '>CO and '>CO (if detected). The thick orange curves are the best-fit model profiles of dust continuum (i.e.,
unconvolved); the thin light-orange lines correspond to 1000 randomly selected model intensities from the posterior sample (Section 3.1). The gray lines are radial
profiles of dust continuum from observations. The blue and green curves correspond to '>CO and '*CO azimuthally averaged radial profiles retrieved from moment 0
images, respectively, except for 2M0412, where moment-8 images are used owing to severe cloud contamination. The colored regions represent 1o uncertainty for
each radial profile. The ticks at the top of each panel represent the radius enclosing 90% emission of each profile, with orange for dust continuum, blue for '*CO, and

green for '*CO.

fitting results. Since our models are axisymmetric, the total
fluxes are obtained through F,, = f,( o0 ), where f,(7) is the flux
within radius 7:

L) =21 fo LG, @)

The dust disk sizes are defined to be a radius that encloses 68%
and 90% of total fluxes, consistent with choices from previous
studies (see, e.g., the review by Miotello et al. 2023). The
continuum fluxes, sizes, and their uncertainties are then
computed from the last 5000 steps of the chains, as shown in
Table 3. Most adopted models reproduce lower fluxes than
those seen at short baselines (left column in Figure 2), likely
due to the fact that either large-scale emission is resolved out
by high angular resolution beams or faint emission is buried by
the noise, so that we lack extra components in our modeling
that could account for the flux difference between models and
observations. Future observations with deeper sensitivity and
shorter baselines are needed to fix this issue.

For CIDA 12, Nuker profiles reproduce millimeter flux
better than that from Gaussian profiles. The visibility near zero-
spacing baselines indicates that its flux is above 1 mJy, and it is

consistent with 1.167{-00 mJy reported in Akeson et al. (2019),

specifically the Gaussian profile gives 0.60:9 mJy, while the

Nuker profile recovers a flux of 1.207028 mJy.
Under the assumption that the dust disk is optically thin at

millimeter wavelengths, the dust disk mass Mg, is estimated

following Hildebrand (1983) as

D?F,

Myyse ¥ ————,
KI/BV(YZiust)

&)

where D is distance from Gaia DR3 (Gaia Collaboration et al.
2023), k, is dust opacity for which we adopt a power law of
#,=23cm’ g (/230 GHz)"* (Andrews et al. 2013), and B,
is the Planck function where the T4, is assumed at 20 K (e.g.,
Ansdell et al. 2016).

We assume 10% uncertainty in the source flux calibration (Diaz
Trigo et al. 2019; see also Francis et al. 2020) to calculate the dust
mass uncertainty. Table 3 summarizes the estimated dust masses.
2M0434 has the most massive disk in our sample, with a dust
mass 19.317]93 M., while CIDA 12 has the lowest dust mass with

only 0.5170:03 M,,. We note that these dust masses serve as lower
limits, since part of the disk could be optically thick in reality (see
Section 4.1 for a brief calculation). The assumed dust temperature
would also affect the estimated dust mass: for example, the dust
mass would be higher/lower by ~40%/50% if the actual
averaged dust temperature is 15 K/30K.

3.5. CO Emission

Gas disk observations and comparisons to dust disks are
helpful to understand disk evolution as a whole. To compute
the integrated fluxes of CO lines, extraction regions need to be
determined. We first generate the cumulative flux distributions
and determine the radii where CO emission no longer
increases. Then, we draw circular regions as large as these
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Table 4
Measurement of Gas Emission from CO Isotopes
Molecule Integrated Flux Peak Intensity Velocity Range Chan. Width Chan. rms Beam Roog, Rgas/Raust
(Jy kms™h (mJy beam™' km s~ (kms™h (kms™) ( mJy beam ™) (mas x mas, deg) (au)

2M0412
2co 1.08 + 0.06 71.4 4.0-8.0 0.4 55 215 x 209, —3 >198.9 >1.6
Bco 0.54 4+ 0.06 39.2 4.0-8.0 0.4 5.8 220 x 212, =2 >187.2 >1.5
c'®o <0.15 4.0-8.0 0.4 42 222 x 211, 5

2M0434
2co 121 £0.11 130.5 2.0-10.0 0.4 6.9 209 x 175, —67 >153.9 >1.9
3co 0.61 + 0.09 74.2 2.0-10.0 1.0 44 170 x 159, —57 >155.9 >19
c®o <0.21 2.0-10.0 1.0 3.4 169 x 159, —55

2M0436
2co 0.38 & 0.07 56.1 1.4-9.4 0.8 3.5 112 x 99, —51 >64.4 >4.9
Bco <0.24 1.4-94 0.8 3.8 113 x 100, —55
c®o <0.17 1.4-94 0.8 29 113 x 101, —54

2M0450
2co 0.10 + 0.04 30.3 2.0-12.0 1.0 26 110 x 97, =77 >25.8 >5.1
Bco <0.11 2.0-12.0 1.0 2.9 112 x 98, —82 .
c'®o <0.10 2.0-12.0 1.0 22 111 x 99, —85

CIDA 12
2co 0.24 4+ 0.05 57.6 2.0-12.0 1.0 3.0 101 x 94, —37 >53.7 >2.7
Bco <0.15 2.0-12.0 1.0 33 102 x 96, —40
c®o <0.12 2.0-12.0 1.0 25 101 x 97, —35

2M0508
2co 0.19 + 0.06 39.6 2.0-12.0 1.0 29 100 x 93, —39 >56.3 >2.8
Bco <0.20 2.0-12.0 1.0 33 101 x 96, —43
c'®o <0.19 2.0-12.0 1.0 25 101 x 97, —38

radii and project the regions with the same inclination and PA
as those of dust disks. CO fluxes are then retrieved from these
elliptical regions. The uncertainties of the integrated flux are
measured in nonemission channels with the same velocity
range as those used to generate moment O images, as the
standard deviation of integrated fluxes estimated from 1000
randomly distributed elliptical regions with the same shape as
the above extraction regions. The fluxes and uncertainties of
"2CO, *CO, and C'®0 J=2-1 lines are listed in Table 4, as
well as the 30 upper limits for the nondetections.

We detect (S/Ns of integrated fluxes above 30) 2CO in five
disks and *CO in 2M0412 and 2M0434. 2M0450 has a marginal
detection of '*CO with an S/N of 2.70. The gas disk sizes are
measured the same way as dust disk sizes, adopting the same
inclination and PAs from the fits to the dust continuum emission.
2M0450 has the smallest gas disk, about 26 au, while 2M0412 has
the largest gas disk, about 199 au. When compared to dust disk
sizes, the ratio ranges from 1.6 (2M0412) to 5.1 (2M0450). Since
the largest angular scale recovered by our observations is only
~0"6, the gas emission at large radii is likely resolved out; cloud
absorption could also result in underestimation of disk sizes (e.g.,
Long et al. 2022); by 10%—-30% with a typical cloud emission line
width of 1-2kms !, we treat the gas radii Ry 009 as lower
limits. The measured gas disk sizes and size ratios compared to
dust disks are summarized in Table 4.

Figure 3 shows the azimuthally averaged radial profiles of
gas emission and the best-fit continuum model intensity
profiles. CO emission around 2MO0412 suffers from severe
cloud absorption, so we show the profile extracted from the
moment 8 map19 instead. Among the six disks, 2M0412 shows

19 Moment 8 map represents the maximum value along the spectrum.

a drop in emission inside the dust cavity, with peak emission
located at ~36au for >CO and 54 au for '>CO. The cloud
absorption may affect these values. A tentative drop of '*CO is
seen around 2MO0508, with the peak location overlapping with
the dust cavity size. No other clear evidence of gas emission
depletion is found in the other four disks, under current ~0” 1
(0”2 for 2M0434) resolution for gas images.

4. Discussion

Among the six disks, the four brighter disks show cavity and
ring substructures and the two faintest disks appear as smooth
emission. The cavities can be large, up to 60 au, while the most
common sizes are about 10au. For the two smooth disks,
visibility fitting suggests the possibility of them harboring
cavities down to 2 au. Comparing the gas disks with dust disks,
two disks show large size ratios of about 5. With these results,
we organize our discussions as follows: In Section 4.1, we
discuss the disk global properties in the context of disk
evolution. Section 4.2 focuses on the detected substructures at
millimeter wavelength and spectral energy distribution (SED)
hints for cavities for micron-sized dust disk. Finally, we discuss
the mechanisms that are possibly responsible for the observed
rings and cavities in Section 4.3.

4.1. Context with Disk Evolution

Putting disk properties together with the disk population can
help constrain global disk evolution (Manara et al. 2023).
Previous studies have shown that the millimeter luminosity of
disks scales with stellar mass (e.g., Andrews et al. 2013;
Ansdell et al. 2016, 2017; Barenfeld et al. 2016; Pascucci et al.
2016). The left panel of Figure 4 compares the six disks in this
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Figure 4. Scaling relations for Taurus disks. Left: millimeter luminosity at 1.3 mm vs. stellar mass. Open orange stars are structured disks, and filled orange stars are
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at ALMA Band 7 (~0.9 mm).

work with other Taurus disks with detected substructures in the
Lym—M, plane (Long et al. 2018; Hashimoto et al. 2021;
Kurtovic et al. 2021; Yamaguchi et al. 2021; Jennings et al.
2022; Zhang et al. 2023; review by Bae et al. 2023), as well as
with other Taurus disks from Manara et al. (2023). The
properties of the six disks follow the correlation for the whole
Taurus population (Andrews et al. 2013). The four structured
disks are brighter than the two smooth disks. It could be that
the two smooth disks simply formed with less dust, while it
could also be due to the lack of substructures to trap the dust
and prevent dust from drifting toward the star. However, if the
potential small cavities shown in Section 3.2.2 are indeed
present in 2MO0450and CIDA 12, either their trapping
efficiency is lower or the formation time of dust traps is later
than the brighter disks.

If disks are optically thick, the low L, might not
correspond to a low dust mass. To have a simple estimate of
the optical depth for the two smooth disks, we estimate the disk
midplane temperature following Huang et al. (2018a):

¢ﬂL* )1/4

871'}’20'513

Thnia(r) = ( (6)

where ogp is the Stefan—Boltzmann constant and ¢y is the disk
flaring angle. A conservative ¢gq = 0.02 is used (Huang et al.
2018a). Then, the optical depth 7, is calculated using

1, (r) = By (Tnia(r)) (1 — exp(—7,(r))), )

where B, is Planck’s law for blackbody radiation. The
conservatively estimated peak 7 is ~0.5 for 2M0450 and 0.15
for CIDA 12, so that 2M0450 is partially optically thick and
CIDA 12is nearly optically thin. We expect the above
arguments regarding dust trapping to hold for CIDA 12 at least.

The L,,n—M, relation has been suggested to be flatter for
disks with inner cavities (Pinilla et al. 2018, 2020; pink line in
left panel of Figure 4). However, those studies lack data for the
very low mass stars and disks with small cavities (<20 au).
Furthermore, the flatter relation is not observed in any
individual star-forming region. The two fainter disks with

small inner cavities (2M0436 and 2MO0508) deviate signifi-
cantly from this flatter relation. Conservative estimates of their
optical depth yield maximum values of 0.6 for 2M0436 and 0.5
for 2MO0508, suggesting that the two disks are partially
optically thick. Boulder formation could also lower the
observable millimeter flux (Pinilla et al. 2020). A combination
of optical thickness and boulder formation in these disks might
explain their deviation.

In addition to stellar mass, the millimeter luminosity also
scales with disk size (Tripathi et al. 2017; Andrews et al.
2018b). The right panel of Figure 4 compares the six disks in
this work with other Taurus disks (Tripathi et al. 2017; Long
et al. 2019; Kurtovic et al. 2021) in the R — Ly, plane with
the best-fit scaling relation Reg Lrg-,?i"“ from Hendler et al.
(2020).2° Numerical simulations have shown that disks fall
along the observed relation Ly, oc R if disks are in the
radial-drift-dominated regime, while for disks with strong
substructures they follow a relation of Loy, o< R (Rosotti
et al. 2019; Zormpas et al. 2022). The two relations intersect at
the top end of the size—luminosity relation (i.e., for bright and
large disks; Zormpas et al. 2022).

Most of our six disks follow the observed relation
Ly o< RZ;, except 2M0412, whose large size stands out at
its luminosity regime, suggesting that a pressure bump was
built early at large disk radii of 2M0412 (Long et al. 2023).
2M0436, 2M0450, CIDA 12, and 2MO0508 fall at the faint end
of the Ly o R relation and hence are likely drift dominated.
For the structured 2M0436 and 2M0508, either their substruc-
tures are too weak to retain the dust in their rings or their rings
formed late when the disks have already evolved to the faint
end of the L, o< RZ; relation.

The gas disk is universally found to be more extended than
the dust disk (e.g., Barenfeld et al. 2017; Ansdell et al. 2018;
Long et al. 2022). In our six disks, we find that the two largest
dust disks (2M0412 and 2M0434) have an Rog gas/Roo,dust Of

20 Eluxes of sources in Kurtovic et al. (2021) and the scaling relation in
Hendler et al. (2020) are extrapolated from 0.9 to 1.3 mm using a spectral index
of 2.2 (Andrews 2020); the slopes of the scaling relation at these two
wavelengths are found to be identical (Tazzari et al. 2021).
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Figure 5. SEDs from observations (black circles) and radiative transfer modeling (blue lines). The red lines are the stellar photospheric emission applied with
extinction. The orange circles are measurements at 1.3 mm in this work; for CIDA 12 the open black circle represents the 1.3 mm flux from Akeson et al. (2019). R;, in
the upper right corner of each panel are cavity sizes from radiative transfer modeling for micron-sized dust grains.

~1.5 and 1.9, respectively. CIDA 12 and 2M0508 have a ratio
of ~2.7. The two smallest dust disks (2M0436 and 2M0450)
have the most extreme ratios of around 5, which are also
among the largest values for the disk population (Long et al.
2022). Early formation of pressure bumps in the two largest
dust disks 2M0412 and 2M0434 may explain their lower size
ratios. 2M0412 shows a large ring at large radii of 114 au,
while 2M0434’s ring peaks at about 10 au, which is far smaller
than its size of 81 au, indicating that its extended emission
outside the ring holds unresolved substructures. Trapman et al.
(2019) suggest that disks with Ro gas/Ro0,qust > 4 can only be
explained with dust evolution and radial drift. This is likely
what 2M0436 and 2M0450 have undergone owing to their such
extreme size ratios, which is also consistent with more efficient
dust radial drift expected in lower-mass stars (Pinilla et al.
2013). These size ratios should be considered as lower limits
since they are affected by cloud absorption and the observa-
tions lack short-spacing data (see the figures in Appendix A);
hence, the gas emission is probably not recovered as well as
dust emission.

4.2. Substructures in Disks around Mid- to Late M Stars

Current studies of substructures mostly come from disks
around solar-like stars (e.g., Andrews et al. 2018a; Long et al.
2018; Cieza et al. 2021). Van der Marel & Mulders (2021)
found that substructures are less common around M stars,
which was mostly based on studies with intermediate spatial
resolution (~25 au in radius) and biased toward larger disks,
while detecting substructures around M stars needs higher
resolution since they are smaller. Currently only a few disks
around M stars (especially mid- to late type) have been imaged
at high spatial resolution. In Taurus, Kurtovic et al. (2021)

10

surveyed at a resolution of ~0”1 (14 au) for a sample of six
disks around M4-MS5 stars and found two disks with a cavity
and one ringed disk. The sample in Kurtovic et al. (2021) is
biased to the brightest disks in the corresponding stellar regime
and hence favorable for substructure detection. Hashimoto
et al. (2021) reported an asymmetric dust ring around a cavity
around the M4.5 star ZZ Tau IRS with resolution ~0”2. Other
studies toward the Lupus and Ophiuchus regions have also
detected a few structured disks around mid- to late M stars with
resolutions down to ~4 au (Gonzalez-Ruilova et al. 2020;
Cieza et al. 2021; van der Marel et al. 2022).

Cavity+ring seems to be the most common substructure
around low-mass stars. In our sample, substructures are
detected in four (2M0412, 2M0434, 2M0436, and 2M0508)
of six disks. The substructures we identify are all cavities
surrounded by rings, with varying numbers in individual disks.
Combined with structured disks around very low mass stars
collected in Pinilla (2022), the cavity frequency seems higher
than that around solar-like stars. Taking disks in Taurus as an
example (Hashimoto et al. 2021; Kurtovic et al. 2021; this
work), high spatial resolution imaging revealed 7 disks with
cavities out of 13 disks around M3-M6 stars. In comparison to
stars earlier than M3 in Taurus, only 4 out of 32 disks analyzed
by Long et al. (2019) show cavities (5/32 considering the
reanalysis in Zhang et al. 2023). However, the sample around
mid- to late M stars used here might be more biased than that in
Long et al. (2019). Based on SED modeling (see below and
Figure 5), two out of the six disks in this work have cavities
>1 au, which is higher than the transition disk fraction of ~8%
within the full Class II disks (van der Marel et al. 2016; similar
fraction is obtained when limiting to M3-M6 stars). Further-
more, disks in this work have been imaged with ~0705
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compared to 0”1 in Long et al. (2019). A complete sample
around mid- to late M stars and higher-resolution imaging of
the inner regions of disks around solar-like stars are needed to
evaluate any difference in their cavity occurrence rate in
millimeter wavelength.

Gap-+ring pairs are only detected in the large double ring
disk 2M0412. 2M0434 has a ring located at about 10 au, while
its dust disk size is about 80 au; the very extended emission in
between may hold shallow rings and gaps inside. Rings around
2M0436 and 2MO0508 have radial widths comparable to the
beam size and hence are not resolved—at higher resolution
they might be resolved into multiple narrower rings (e.g.,
Facchini et al. 2020; Pérez et al. 2020). It is also possible that
fainter rings at large radii are not recovered with current
sensitivity. Observations with a spatial resolution that is smaller
than the pressure scale height and with deeper sensitivity are
needed to have complete characterization of substructure type
and occurrence rate in disks around mid- to late M stars.

Smooth disks 2M0450 and CIDA 12 are candidates to host
small cavities (Section 3.2.2). Though their visibility profiles
do not show clear null points (Figure 2), small cavities below
Sau could remain hidden at our current angular resolution,
especially for CIDA 12, which has an inclination of ~65° (see
analysis of high-inclination disks by van der Marel et al. 2022).

ALMA revealed a central depression of large grains in four
structured disks in our sample. The SED complements ALMA
imaging by providing information on small grains, since
deficits of near-infrared emission indicate an inner disk clearing
of small dust grains. Figure 5 shows the collected photometry
and the modeled SEDs with modeling processes given in
Appendix D. In short, the modeling uses a continuous disk
component with a cavity sized R,mi, and an outer radius
adopting Rgoe, qust retrieved from millimeter images (Table 3).
The goal is not to have a stringent constraint on disk
parameters, since the available infrared photometry is limited,
but to have a rough sense of the cavity sizes of small dust
grains and how they compare to the millimeter-sized grains
observed by ALMA. Since we lack knowledge of other
parameters describing disk density profiles (e.g., power-law
index of surface density and pressure scale height), the cavity
size is degenerated with other parameters, including the power
index for dust mass density and the pressure scale height.
Through experiments, the constrained cavity sizes of small dust
grains can differ by a few astronomical units under different
combinations of other parameters. However, the uncertainty on
cavity sizes does not affect the discussions below.

For the four disks with cavities in millimeter images, three
disks show evidence of inner dust clearing from their SEDs.
2M0412’s SED is consistent with R, in ~ 0.9 au for small dust
grains, which is far smaller than its ~60 au millimeter cavity.
2M0434 and 2M0508 are consistent with R, i, ~ 4 au cavities.
This test of simple SED fitting suggests that micron-sized dust
grains are not as depleted as millimeter-sized grains in the
cavity, consistent with a morphology that is also seen around
larger and more massive disks with both scattered light and
ALMA images (Villenave et al. 2019). R i, for 2M0436 is
around 0.03 au, consistent with dust sublimation radius, so
there is no evidence for clearing of small grains. There is
evidence of an inner disk around 2MO0436 from both its
brightness profile (Figure 4) and its visibility fitting result
(Section 3.1). Models with the same inclination as that from
2M0436’s ALMA image have a bit of difficulty in reproducing
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the high flux at near-infrared. These suggest that 2M0436 may
host a puffed up or misaligned inner disk (e.g., Dullemond
et al. 2001; van der Marel et al. 2018, 2022). For the two
smooth disks, 2M0450 shows no clear small grain cavity with
R/ min consistent with dust sublimation radius, while CIDA
12 shows evidence of a 0.3 au cavity. Further evaluation of
these potential cavities will require follow-up at much higher
spatial resolution and sensitivity. Scattered light imaging would
likely require the next generation of ground-based telescopes,
since these disks are too faint to observe with current ground-
based telescopes and the cavities are too small for JWST
imaging.

4.3. Origins of Small Cavities

Rings are the most common substructures in our sample,
similar to surveys on disks around early-type stars such as
DSHARP (Andrews et al. 2018a; Huang et al. 2018a) and the
Taurus survey (Long et al. 2018). With the current resolution
and sensitivity of our observations, the detected rings all appear
axisymmetric, without significant azimuthally asymmetric
features. Most rings encircle cavities, except for the outer ring
of 2M0412 (see Long et al. 2023 for a detailed analysis of the
origins of substructures of the 2MO0412 disk). In short,
planet—disk interaction is preferred over other mechanisms in
2M0412, with Saturn-mass planets capable of shaping the
observed disk morphology. However, a combination of dead
zones and photoevaporation cannot be ruled out. Below we
focus on discussion of possible origins®' for substructures of
2M0434, 2M0436, and 2MO0508, which show small cavities
around 10 au.

Condensation Fronts. Major volatiles in protoplanetary disks
freeze onto dust grains from the gas phase as the disk
temperature decreases outward. Across these regions, which are
referred to as condensation fronts or ice lines, the dust opacity
and critical fragmentation velocity are expected to change and
further ring/gap substructures can be produced (e.g., Zhang
et al. 2015; Okuzumi et al. 2016).

We consider an irradiated flared disk with a disk midplane
temperature formulated as Equation (6), where the flaring angle
¢q is assumed to be 0.02 (e.g., Dullemond et al. 2018; Huang
et al. 2018a). The ice-line location of a volatile can be
calculated from a stellar luminosity and the freezing point of
the molecule. Since ice lines of abundant species like H,O and
NHj; are close to the host star (<2 au) and are not resolvable by
our observations, we focus on species with lower condensation
temperatures in Zhang et al. (2015), which are clathrate-
hydrated CO and N, (4146 K), CO (23-28 K), and N,
(1215 K).

The comparison between ice-line locations and brightness
profiles from best-fit models is shown in Figure 6. Interestingly,
the peak emission radii are all close to the CO ice lines.
However, inferring the ice-line radius is a challenging task.
Besides the uncertainties in the estimation of disk midplane
temperature (e.g., Liu 2021), ice lines can be thermally unstable
and dynamically evolve on timescales from 1000 to 10,000 yr
(Owen 2020). In simulations, ice lines have not been found to
carve out cavities (see Pinilla et al. 2017b for a simulation

2! We exclude the dead zone outer edge as a possible origin of radial dust
traps. In the up-to-date picture where all three nonideal MHD effects are
considered, the level of MRI turbulence is damped smoothly in the outer disk
(no abrupt change). As a result, a dead zone outer edge will not develop (see,
e.g., Figure 2 in Bai 2016).
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Figure 6. Left three panels: disk midplane temperature profiles calculated using Equation (6) are shown as black curves. Orange curves show the normalized radial
profile of best-fit models from visibility fitting. Shaded regions are the ice-line locations for N, (light green), CO (light blue), and clathrate-hydrated CO and N, (light
purple). Right panel: disk radius vs. the square root of stellar luminosity. The peak model intensity locations are shown for 2M0434 (cross), 2M0436 (plus sign), and

2MO0508 (circle). The shaded regions for ice lines are the same as in the left panels.

around a Herbig AeBe star). Deeper observations of CO
isotopologues are needed to better constrain disk midplane
temperature, and future simulations tailored to M stars could
together help determine the contribution of ice lines to the
cavities /rings detected.

Photoevaporation and MHD Wind. When the mass-loss rate
by photoevaporation surpasses the accretion rate through the
disk, a gas and dust gap will open in the disk. Recent
photoevaporation models by Picogna et al. (2019) predict
transition disks with accretion rates <10~ M. yr ' and
maximum cavity sizes of about 30 au when surrounding solar-
type stars. The lower mass-loss rate at large radii around very
low mass stars (Picogna et al. 2021) will likely lead to a smaller
maximum cavity size, which we expect to be above 10 au. This
is because the old photoevaporation models around 0.1 M,
stars by Owen et al. (2012) have cavities <10au and new
mass-loss profiles by Picogna et al. (2019) are more efficient at
removing material at larger disk radii, which will lead to larger
cavities. We therefore expect that the maximum cavity size
around very low mass stars will fall between 10 and 30 au.
2M0434’s 10au cavity, 2M0436’s 12 au cavity, and their
accretion rates of about a few x 107'°M_ yr~' fall in the
predicted parameter space.

Further evaluating the role of photoevaporation in the
creation of cavities will require additional observations.
Possible discriminators include high angular resolution ima-
ging of the gas—in this paper, we have limited sensitivity that
allows us to only tentatively identify a cavity around one
source, 2MO0508. In addition, empirical measurements of
photoevaporation rates through lines of O 1 and Ne II (Pascucci
et al. 2011) but the results are challenging to interpret (e.g.,
Banzatti et al. 2019; Fang et al. 2023b; Rab et al. 2023), given
the possibility that these lines may form in a magnetothermal
wind (e.g., Wang et al. 2019).

Furthermore, accreting transition disks could be sustained by
other mechanisms. Gérate et al. (2021) showed that a disk with
X-ray photoevaporation in combination with dead zones can
reproduce both the accretion rates and gap sizes observed in
transition disks. Their models predict a long-lived compact
inner disk, which is not seen in our ALMA images under
current resolution and sensitivity. MHD wind as another
scenario, if the large-scale magnetic field distribution is not
significantly modified, could generate a positive radial slope of
the gas surface density (e.g., Suzuki et al. 2016), which inhibits
the inward drift of pebbles, and sustain accretion rates similar
to those of classical T Tauri stars (e.g., Lesur 2021; Martel &
Lesur 2022).
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Embedded Planets. Giant planets can open gaps in the gas
disks and form gas pressure bumps that trap dust particles
outside its orbit. Dust cavities will then form after the inner
dust disk materials are accreted onto the star. By applying the
analytical criterion for opening a gap in the gas (Crida et al.
2006), the estimated masses of planets needed to open the small
cavities in our disk sample are as follows: for viscous o ~ 10~
and 1073, 0.1My,, and 0.3My,, at ~8 au for 2M0434, 0.1Mjy,,
and 0.3Mj,;, at ~10 au for 2M0436, and 0.1M},, and 0.2Mj,, at
~6 au for 2M0508. The locations of planets are assumed to be
five times the Hill radius ny = r,(M,/3My)"/? away from the
ring peak locations (e.g., Dodson-Robinson & Salyk 2011).
Since only 2M0508 shows a tentative gas cavity, these planet
masses should be treated as upper limits. Moreover, if the disk
mass and angular momentum transport are dominated by MHD
wind rather than turbulent viscosity, planets can open wider
and deeper gaps more easily (e.g., Elbakyan et al. 2022;
Aoyama & Bai 2023; Wafflard-Fernandez & Lesur 2023). As a
result, the masses of embedded planets could be a factor of a
few to 10 smaller than estimated above (Elbakyan et al. 2022).

Simulations of planet—disk interaction predict the segrega-
tion between millimeter-sized dust continuum emission peak
and gas emission peak (or micron-sized dust; e.g., de Juan
Ovelar et al. 2013; Facchini et al. 2018). We find hints of such
segregation between micron-sized and millimeter-sized dust
grains from SEDs (Section 4.2). For gas emission, only
2MO0508 shows tentative inner gas depletion, and the gas peak
location overlaps with the ring location. Deeper sensitivity and
higher angular resolution of molecular line mapping are needed
to resolve the gas depletion in the inner disk if present.

Taking disk dust masses in Section 3.4 and assuming a gas-
to-dust mass ratio of 100, the estimated current disk masses are
6.1Mjy,, for 2M0434, 0.5M),, for 2M0436, and 0.8Mjy,, for
2MO0508. If we assume a constant accretion rate after disk
formation, then the total mass accreted onto the star from the
disk is 1.5Mjy,, for 2M0434 and 4.5Mj,, for 2M0436 (using
stellar ages with 50% spot coverage). The planet masses
needed to open cavities for 2M0434 and 2M0436 are within
10% of their estimated total disk masses at initial stages. If
2MO0508 has an accretion rate ~3 x 107'® M yr™!, similar to
those in our sample (Table 1), and that accretion rate has
remained constant (most likely, the accretion rate at earlier
stages of formation was higher; e.g., Fischer et al. 2017; Fang
et al. 2023a), its potential planet mass is also within 10% of
disk mass. Hence, from the perspective of disk mass budget,
the three small cavity disks had enough materials to form those
Saturn-mass planets (e.g., Boss 2006; Lin et al. 2018).
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If the observed cavities are carved out by giant planets, how
does the current detection rate of cavities around mid- to late M
stars compare to the occurrence rate of exoplanets? The
detection rate of cavities around mid- to late M stars in Taurus
is around 24%, given the fraction of 7/13 for cavities in disks
(Section 4.2) and accounting for the disk fraction around 45%
for M3-M6 stars in Taurus (Esplin & Luhman 2019; the latter
correction applies only if the age spread of the sample is much
less than the disk survival timescale). However, this is likely
higher than the real cavity rate, since the sample of 13 disks is
slightly biased to the brighter end of disks around M3-M6
stars. As for exoplanets around M dwarfs, the CARMENES
survey obtained occurrence rates for giant planets with

M, sini> 100 M, and periods of 1-1000 days of 0.02170{1%

planets per star and 0.0457 002} planets per star for stars less and

more massive than 0.337 M., respectively (Ribas et al. 2023).
Wide-orbit (>10 au) giant planets more massive than Jupiter
are found to be rare around M dwarfs (e.g., Bowler et al. 2015).
Currently, the constraints on sub-Jovian giants on orbits of a
few astronomical units around M dwarfs are limited. Measure-
ments around Sun-like stars show that giant planet occurrence
is enhanced by a factor of four beyond 1 au compared to within
1 au (e.g., Fernandes et al. 2019; Fulton et al. 2021), while it is
unclear whether the result could be extrapolated to M dwarfs.
Samples from both disks and exoplanets need to be developed
to make a robust comparison.

Binary Companions. Binary stars could also carve out inner
cavities in circumbinary disks, with the cavity sizes expected to
be 3-5 times the binary semimajor axis (e.g., Artymowicz &
Lubow 1994; Miranda et al. 2017). Hence, stellar companions
within 4 au could be responsible for the 7—12 au cavities in the
three disks. To our knowledge, no evidence of stellar
multiplicity has been found in our sample (Kraus et al. 2011;
Kraus & Hillenbrand 2012), although the scales of a few au
have yet to be explored. If the companions are sufficiently
massive (mass ratios > 0.1-0.2), the binary would produce
eccentric cavities (0.05-0.35 for circular binaries; Miranda
et al. 2017; Ragusa et al. 2020) and cause a shift between the
stellar mass center and the geometric center of the cavity. For
the ~10 au cavities in our sample, resolutions better than the
binary separation are needed to detect the potential shift.

Among the mechanisms described above, photoevaporation
and planets are more preferred origins of small cavities (around
7 and 10au) in our sample. To distinguish between these
possibilities, more deep and higher angular resolution observa-
tions of molecular lines are needed. Furthermore, multi-
wavelength analysis of the spectral index at the cavity edge
might help to distinguish photoevaporation and planet
scenarios (Picogna et al. 2023), where a cavity created by
photoevaporation is expected to have a higher spectral index
owing to its lower dust filtering efficiency.

5. Summary

This paper presents high angular resolution (~50 mas, 8 au)
ALMA Band 6 observations of six disks around mid- to late M
stars in Taurus. We characterize the disk continuum emission
by fitting parametric models in the visibility plane. We explore
these disks’ global properties and the possible origins of their
substructures. The main findings are summarized as follows:

1. We detect all six disks in millimeter continuum emission.
'2C0 is detected in five disks with a marginal detection in
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2M0450, and '*CO is detected in 2M0412 and 2M0434.
Dust substructures are detected in four disks: 2M0412,
2M0434, 2M0436, and 2M0508, which are also the four
brightest disks in our sample. We perform fitting in the
visibility plane, with rings modeled as radially asym-
metric Gaussian rings. With our current sensitivity
(~40 mJy beam ') and spatial resolution, 2M0412 show
a large cavity surrounded by a ring at 60 au, followed by
a gap and an outer dust ring at 110 au; the other three
disks all display a cavity surrounded by a dust ring at
10au for 2MO0434, 12 au for 2MO0436,and 7 au for
2M0508.

. The Nuker profile fitting on the two compact smooth

disks 2M0450 and CIDA 12 shows that they may hold
small cavities, with sizes being ~1.7 au for 2M0450 and
~5.7au for CIDA 12. Current spatial resolution and
sensitivity may hide these small and shallow cavities.
Nuker profiles can reproduce the flux for CIDA 12 better
than a Gaussian profile, with the flux from the Nuker
profile being twice as much as Gaussian’s flux. Higher
spatial resolution is needed to resolve the potential
cavities.

. The structured disks are brighter than the smooth disks in

our sample; the presence of dust trapping by substruc-
tures could account for this. 2M0436 and 2M0508 deviate
from the flatter L,,,—M, relation for structured disks,
which could be due to a combination of partially optical
thickness and boulder formation (Pinilla et al.
2018, 2020). Disks around 2MO0436, 2M0450, CIDA
12, and 2MO0508 fall at the faint end of the Ly, o< R
relation, consistent with being radial drift dominated.
After measuring the ratios between gas disk size Rgas 009
and the dust disk size Ryysio0%, 2MO0436 and
2M0450 show large ratios Ryas 00%/Raust.00% ~ 5, indicat-
ing very efficient dust radial drift in these two disks.

. All structured disks in our sample show a central cavity,

indicating the clearing of millimeter-sized dust grains.
Radiative transfer fits to SEDs to provide a rough
constraint on the clearing of micron-sized dust particles.
Of the four structured disks, only 2M0436 does not show
evidence of clearing of micron dust, with the modeled
cavity size being the dust sublimation radius.
2MO0412 shows a 0.9 au cavity size far smaller than its
millimeter cavity. 2M0434 and 2MO0508 show 4 au cav-
ities for micron dust. For the two smooth disks, CIDA
12 shows a 0.3au cavity consistent with its near-IR
deficit. These SED-derived cavity sizes are smaller than
their counterpart in millimeter images.

. Various mechanisms could be responsible for the

observed substructures. For 2M0412, Long et al. (2023)
show that Saturn-mass planets are able to carve out its
cavity and gap. The large cavity alone can also be shaped
by a combination of dead zone and photoevaporation.
2M0412’s large rings are unlikely to be related to ice
lines. For the other three disks, Saturn-mass planets or
photoevaporation could be responsible for their cavities
around 10 au. Ice lines could also play a role, but their
locations are highly uncertain. High-resolution mapping
of gas emission and multiwavelength analysis of the
spectral index at the edge of cavities could help to
distinguish different mechanisms.
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Our sample covers a wide range of millimeter luminosity;
the four cavity disks together with the other two harboring
potential small cavities suggest that substructures are likely
ubiquitous in disks around mid- to late M stars. Current
exoplanet statistics does not rule out that all these observed
cavities are created by giant planets.

High spatial resolution imaging of disks around mid- to late
M stars is still very limited in number. The more frequent small
cavities of around 10 au around those disks may originate from
various mechanisms, which will make them great laboratories
for testing planet formation and disk physics.
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Appendix A
CO Channel Maps and Moment Maps

Moment maps of 2C0O and *cO (if detected) are shown in
Figure Al, and corresponding channel maps are shown in
Figures A2-A7.
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Figure A1l. Moment 0 maps for (marginally) detected '>CO and '*CO. The 3¢ white contours from dust continuum images are overlaid. For each panel, beams are
shown as white ellipses at lower left and 20 au white scale bars are shown at lower right.
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Figure A2. Channel maps of '2CO (top) and >CO (bottom) for 2M0412. Central velocities are given in the upper left corner of each channel in units of kms™'. The
3¢ white contours from dust continuum images are overlaid. Beams as white ellipses and 20 au white scale bars are shown at lower left and lower right, respectively.
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Figure A4. Same as Figure A2, but for 2M0436.
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Appendix B
Central Emission in 2M0436?

In this appendix, we test whether 2M0436 has unresolved
central emission (Section 3.1). A central point emission is
added to the model of a radially asymmetric Gaussian ring,
with point-source intensity formulated as F6(r). F is set to be
distributed uniformly between O and 1 mJy. Figure B1 shows
the best-fit model images and intensity profiles for the two
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Figure A7. Same as Figure A2, but for 2M0508.

I, [mJy/beam]

H |

models. The central point emission model reaches a conv-
ergence with the point flux of 0.047033 mly (Figure B2),
indicating a nondetection (detection at 10) of central emission.
Section 3.1 mentioned that it could be that the unresolved
central emission blends with the outer ring emission, resulting
in a ring with its inner width wider than its outer width, which
is contrary to dust trapping in pressure bumps. However, in our
attempts to add a central emission component, the outer ring
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Figure B1. Two different models for 2M0436. From left to right: (1) best-fit image from the model with only an asymmetric Gaussian ring; (2) best-fit image from the
model with a central point and an asymmetric Gaussian ring; (3) azimuthally averaged radial profiles retrieved from beam-convolved images.
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Figure B2. Cornerplots of key parameters of the model, including a central point and an asymmetric Gaussian ring. From left to right, the three parameters are the flux of

point emission, the inner width of the ring, and the outer width of the ring.

still shows wider inner width and the ratio between the two
widths is similar to that from the ring-only model
(Section 3.2.1).

Appendix C
Nuker Fitting Results on 2M0450 and CIDA 12

The modeling procedure follows Section 3.1, with
Nuker parameters’ priors following Tripathi et al. (2017):
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p(log,, o) = U0, 2), p(B3) = U0, 10), and y being sampled
approximately uniform over (—3, 2):

1
T 50y

1
1+ e 15027

p(y) x 1 (ChH
Figure C1 shows the best-fit Nuker model images, visibilities,
and random radial profiles retrieved from posterior
distributions.
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Figure C1. Nuker fitting results of disks that seem to lack structures in the image plane. Columns from left to right: (1) unconvolved best-fit Nuker model images; (2)
radial profiles retrieved from best-fit (orange) and 1000 randomly selected (gray) Nuker models; (3) real part of deprojected and binned visibilities from observations

and best-fit models.

Appendix D
SED Fitting

The SED data points are collected from GALEX GR6+7
(Bianchi et al. 2017), Sloan Digital Sky Survey DRI17
(Abdurro’uf et al. 2022), Pan-STARRS (Flewelling et al.
2020), Gaia DR3 (Gaia Collaboration et al. 2023), 2MASS
(Skrutskie et al. 2006), WISE (Wright et al. 2010), Spitzer
(Luhman et al. 2010), Herschel (Marton et al. 2017), and our
measurements at 1.3 mm (literature value at 1.3 mm for CIDA
12 in Akeson et al. 2019).

We fit the photospheric emission of each host star using the
BT-Settl models (Allard et al. 2011), with the temperature and
extinction in Table 1 and assuming a gravity of logg = 4.0.
With the fitted spectrum and stellar luminosity as inputs, we then
use the RADMC-3D code (Dullemond et al. 2012) to perform
self-consistent radiative transfer to obtain dust temperature
profiles and then simulate the SEDs. For a flared disk model with
well-mixed dust and gas (for small grains this is approximately
correct), the disk mass density profile is given as

2i(r) Z2
p(r,z) = — -—— | Dl
(r, 2) 2t exp( 3 ,,2) (D1)

where r is the distance to the central star measured in the disk
midplane, z is the distance to the disk midplane, H), is the
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pressure scale height, and ¥ is the surface density integrated
over the vertical direction. We adopt a simple power law for
and H,:

P
S(r) = zo(r’ ) (D2)
out
o\
H,(r) = H100( o au) , (D3)

where H is the scale height of small dust grains at 100 au and
p, (3 are the slope.

Six parameters are needed to describe the simple flared disk
model: Ry, Rous, P> 5> Hioo, and Mg, We fix p to —1 and Ry
to the Rggpg in millimeter images (Section 3.4 and Table 3).
M gus 18 first set to the estimated value in Table 3 and adjusted
to match the Fy 3 nm. We note that My, has a negligible effect
on the infrared SEDs (and hence the parameter R;,) since dust
is optically thick at that wavelength. We test each combination
of the other three parameters with R;,, between dust sublimation
radius and millimeter cavity size, 3 in [1.0, 1.2] and H,q in
[5, 15]. As for the dust prescription, we adopt the model in
Birnstiel et al. (2018) with grain sizes ranging from 0.01 to
1000 pm. The parameters of our best-fit models are listed in
Table D1, and Figure 5 shows the comparison between the
models and observations.
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Table D1
Best-fit Models for SED

Parameters 2M0412 2M0434 2M0436 2M0450 CIDA 12 2MO0508 Unit
Ri, 0.90 4 0.03 0.02 0.3 4 au
Rou 126 82 14 6 20 21 au
p -1 —1 -1 1 1 -1
5 1.15 1.20 1.15 1.15 1.20 1.15
Hioo 10.0 75 12,5 10.0 6.3 75 au
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