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Abstract

ISO-Oph 2 is a wide-separation (240 au) binary system where the primary star harbors a massive (Mdust∼40M⊕) ring-
like disk with a dust cavity∼50 au in radius and the secondary hosts a much lighter (Mdust∼0.8M⊕) disk. As part of the
high-resolution follow-up of the “Ophiuchus Disk Survey Employing ALMA” (ODISEA) project, we present 1.3 mm
continuum and 12CO molecular line observations of the system at 0 02 (3 au) resolution. We resolve the disk around the
primary into two nonaxisymmetric rings and find that the disk around the secondary is only ∼7 au across and also has a
dust cavity (r∼2.2 au). Based on the infrared flux ratio of the system and the M0 spectral type of the primary, we
estimate the mass of the companion to be close to the brown-dwarf limit. Hence, we conclude that the ISO-Oph 2 system
contains the largest and smallest cavities, the smallest measured disk size, and the resolved cavity around the lowest-mass
object (Må∼0.08Me) in Ophiuchus. From the 12CO data, we find a bridge of gas connecting both disks. While the
morphology of the rings around the primary might be due to an unseen disturber within the cavity, we speculate that
the bridge might indicate an alternative scenario in which the secondary has recently flown by the primary star causing
the azimuthal asymmetries in its disk. The ISO-Oph 2 system is therefore a remarkable laboratory to study disk evolution,
planet formation, and companion–disk interactions.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Submillimeter astronomy (1647)

1. Introduction

The Atacama Large Millimeter/submillimeter Array (ALMA) is
revolutionizing the field of disk evolution and planet formation by
studying large populations of protoplanetary disks in nearby
molecular clouds and individual objects in unprecedented detail.
On one hand, disk demographic surveys provide information on
fundamental disk properties such as mass and size as a function of
stellar mass (Barenfeld et al. 2016; Pascucci et al. 2016), age
(Ansdell et al. 2017; Ruíz-Rodríguez et al. 2018), and multiplicity
(Cox et al. 2017; Manara et al. 2019; Zurlo et al. 2020). On the
other hand, detailed high-resolution studies can deliver images at
3–4 au resolution at the distance of nearby star-forming regions
(140–200 pc) such as Taurus, Lupus, Ophiuchus, and Chamaeleon
in order to study their substructures (ALMA Partnership et al.
2015; Andrews et al. 2018).

With almost 300 targets, the “Ophiuchus Disk Survey
Employing ALMA” (ODISEA) project (Cieza et al. 2019;
Williams et al. 2019) is so far the largest of the disk demography
surveys in nearby clouds and has identified several interesting
objects for high-resolution follow-up observations. One of the
most interesting targets identified by ODISEA is ISO-Oph 2, a
binary system with a projected separation of 240 au and a flux
ratio of 0.08 in the K band (Ratzka et al. 2005). The primary star

has an M0 spectral type and an accretion rate typical of Classical
T Tauri stars (10−8.7 Me yr−1; Gatti et al. 2006) and hosts a
massive (Mdust∼40M⊕) disk with the largest dust cavity
(∼50 au in radius) seen in the Ophiuchus cloud (Cieza et al.
2019). The secondary star, which lacks a spectral classification in
the literature, harbors a much lighter (Mdust∼0.8M⊕) disk that
remained unresolved at 30 au resolution (Cieza et al. 2019).
ISO-Oph 2 was observed with ALMA as part of the high-

resolution follow-up of the 10 brightest ODISEA targets that were
not included in the ALMA Cycle 4 Large Program DSHARP
(Andrews et al. 2018). The full sample of ODISEA targets
observed at high-resolution is discussed in L. A. Cieza et al. (2020,
in preparation). Here we present the initial results of this long-
baseline program and show that the ISO-Oph 2 system displays
several exceptional properties when observed at 0 02 (3 au)
resolution.

2. Observations and Data Analysis

2.1. ALMA Observations

The long-baseline data of ISO-Oph 2 were obtained during
ALMA Cycle6 under program 2018.1.00028.S. The source
was observed in Band 6 (1.3 mm/230 GHz) in two different
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epochs with baselines up to 16.2 km. The correlator setup was
chosen to maximize the continuum bandwidth (7.5 GHz).
Three spectral windows were configured in Time Division
Mode, with a spectral resolution of 43 kms−1, and overlap the
continuum frequency from the Cycle4 ODISEA observations
at ∼217, 219, and 233GHz. A fourth baseband was centered in
the 12CO J=2-1 line (230.538 GHz) and delivered a modest
resolution of 1.5 kms−1, enough to isolate the line (line width
∼5 km s−1) and trace the spatial distribution of the gas. The
observing log of the Cycle 6 long-baseline observations are
shown in Table 1, together with relevant information on
Cycle4 data at lower spatial resolutions (Cieza et al. 2019;
PID=2016.1.00545.S) that we use to complement our new
12CO observations (see Section 3.3).

2.2. Data Analysis

All data sets were calibrated using the ALMA Science
Pipeline, which includes Water Vapor Radiometer and system
temperature correction, as well as bandpass, phase, and
amplitude calibration.

Continuum and line imaging was performed using the
TCLEAN task in CASA v.5.6.1 (McMullin et al. 2007), with
Briggs weighting and a robust parameter of 0.5. Continuum
images were produced using the continuum spectral windows
of the high-resolution data only, yielding an image with a
synthesized beam of 0 02×0 03 centered at 225 GHz. Since
there are two sources in the field of view, manual masks around
each source were defined during the CLEANing process. Two
iterations of phase-only self-calibration were conducted on
each epoch separately using a mask covering both sources.
Self-calibration improved the signal-to-noise ratio of the final
image by a factor of 1.7. The resulting image is shown in
Figure 1, and its properties are described in Table 1.

Line imaging of the 12CO gas was performed combining the
data sets with 0 02, 0 2, and 1 1 resolution. The data sets at
0 02 and 0 2 resolution (2019 and 2017 epochs) were
recentered using the location of the secondary disk at 0 02
resolution in the continuum as a reference point. The
coordinates of the 1 1 images (2018 epoch) were taken at
face value as the secondary disk is only barely detected. Self-
calibration of the line data from all epochs and resolutions was
done by applying the self-calibration solutions derived from the
respective continuum data sets. We used the UVCONTSUB task
to substract the continuum from the line data, after which the
data was CLEANed using an automasking process (for regions
up to 3×rms) in TCLEAN to generate line cubes with

1.5 kms−1 resolution. To obtain an optimal balance between
spatial resolution and sensitivity, we applied a UVTAPER with
an UPPERTAPER=0 1.

3. Results

3.1. (Sub)stellar Masses

In order to estimate the mass of each component in the binary
system, we first use the spectral type of the primary star (M0; Gatti
et al. 2006) and the infrared photometry to estimate its extinction,
mass, and age, and then use the flux ratio in the K band to estimate
the mass of the secondary object assuming the same age and
extinction. We assume that the observed J–K color from 2MASS
(Cutri et al. 2003) is photospheric and calculate the extinction in
the K band as = ´ - - -A J K J K0.53K O[( ) ( ) ], where

-J K O( ) is the photospheric color of an M0 star. This assumption
is supported by the fact that the ALMA data place an upper limit of
0.1M⊕ for the mass of an inner disk around ISO-Oph 2A (see
Section 3.2), but we note that the presence of K-band excess
cannot be ruled out for either the A or B component in the system.
This approach gives AK=1.3 mag and AV=14.5 mag. Adopting
the BT-Settl models (Allard et al. 2012) and a distance of 144 pc
(Gaia Collaboration et al. 2018), we estimate that the primary is a
∼1 Myr old star with a mass of 0.5Me based on its spectral type
and extinction-corrected absolute K-band magnitude, 2.45.
Similarly, the flux ratio indicates that the secondary has an
extinction-corrected K-band absolute magnitude of 5.2, corresp-
onding to a Teff of 2900 K and a mass of 0.08Me, right at the
stellar/substellar boundary. However, we note that stellar masses
and ages of low-mass stars and brown dwarfs are model dependent
and notoriously difficult to estimate for individual objects
(Gonzales et al. 2020), and hence that these values must be taken
with caution.

3.2. Continuum

3.2.1. Primary Disk

The disk around the primary star shows a large cavity devoid
of millimeter emission and a narrow and structured continuum
outer disk (see Figure 1). The outer region is bright and breaks
into substructure in the form of two narrow rings, which show
spectacular azimuthal asymmetries. The outermost structure
peaks toward south of the star and presents a prominent
decrement to the northwest. On the other hand, the innermost
structure peaks toward the northwest and becomes nearly
undetectable toward the southeast. We do not detect emission

Table 1
ALMA Observations of the ISO-Oph 2 System

UTC Date 2019-06-21/02:07 2019-06-12/02:15 2018-05-26/06:44 2017-07-13/03:29

Config C43-8/9 C43-8/9 C40-2 C40-5
Baselines 82 m–16.2 km 82 m–16.2 km 14 m–313 m 16 m–2.6 km
Mean PWV (mm) 0.85 1.19 1.07 1.8
Calibrators J1517-2422, J1633-2557, J1517-2422, J1633-2557, J1517-2422, Ganymede, J1517-2422, J1517-2422,

J1642-2849 J1642-2849 J1625-2527 J1625-2527
Beam size (″)a 0.02×0.03 0.02×0.03 1.1×1.1 0.2×0.3
Spectral resolution (km s−1) 1.5 1.5 0.08 0.08
Continuum rms (mJy beam−1) 3.6×10−2 2.7×10−2 2.4×10−1 3.7×10−1

Line rms (mJy beam−1 km s−1) 26.5 18.7 89.5 53.4

Note.
a Beam size corresponds to Briggs weighting and a robust parameter of 0.5.
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near the center of the cavity, placing strong constraints on the
mass of a putative inner disk. Based on the 5σ noise (0.18 mJy
beam−1) of the continuum observations and adopting the same
basic assumptions as in Cieza et al. (2019), this limit
corresponds to a dust mass of 0.1M⊕ for an unresolved
inner disk.

In order to highlight the substructure in the disk, a process of
unsharp-masking was applied (Pérez et al. 2020a), which
accentuates the narrow rings. This sharper image is obtained by
convolving the image with a circular Gaussian kernel to
produce a smoothed version of the disk which is later
subtracted from the original image.

In Figure 2, we show the unsharp image of the disk around
the primary deprojected to a position angle (PA) and an
inclination (i) of 0.0° (panel (a)) and the corresponding radial
profile (panel (b)). To perform the deprojection, we explored a
grid of different PA, i, and centers. We find that a PA=1.0°
(E of N), and an i=36.4°, together with the coordinates from
the Gaia Data Release 2 (Gaia Collaboration et al. 2018)
corrected for proper motions13 provide the most circular
deprojected image. This suggests that the primary star is likely
to be located at the center of the disk to within ∼15 mas or
2 au). Both rings show azimuthal variations in intensity and/or
width, which are difficult to disentangle, but as shown in panel
(b), when averaged over azimuth, the inner ring extends from a
radius of ∼0 3 to ∼0 4 (43–58 au), while the outer one does
from a radius of ∼0 4 to ∼0 6 (58–86 au).

Figure 2(b) additionally includes the K-band 5σ contrast as a
function of radius (dashed line) corresponding to the VLT-
NACO image of ISO-Oph 2 presented in Figure 6 of Zurlo
et al. (2020). While the 2.2μm NACO data are not particularly
deep, they allow us to rule out the presence of an equal

brightness binary at the resolution limit of the observations
0 05 (7 au) and of a 0.08Me brown dwarf (K-band contrast
∼0.08) at distances larger than 50 au from the primary. In
Figure 2, we also show the deprojected profile in polar
coordinates (panel (c)), which we also average over the radial
range of each ring, 0 3–0 4 for the inner ring and 0 4–0 6 for
the outer ring (panel (d)). These radially averaged azimuthal
profiles allow us to better characterize the azimuthal asymme-
tries. The outer disk has a minimum at a PA of ∼50° west of
north, but emission is detected at all azimuths. The inner ring is
fainter and radially narrower. It has an azimuthal extension of
∼260° (from PA=100° east of north to 160° west of north),
peaking close to the minimum seen in the outer disk.

3.2.2. Secondary Disk

The disk around the secondary star is only 1.3 mJy and
remained unresolved in our 0 2 resolution observations (Cieza
et al. 2019). The long-baseline data show that the disk is very
compact, 0 05 (7 au) across (FWHM measured with the IMFIT
routine within CASA) and exhibit the double peak (Figure 1(b))
characteristic of a transition disk with a marginally resolved
inner dust cavity.
Given the small flux and angular size of the disk, which push

the limit of ALMA’s capabilities, we estimate the size of the
dust cavity adopting an analytical approach based on
deprojecting the visibilities to 0.0° i and 0.0° PA in the u−v
plane. In particular, the real component of the visibilities as a
function of deprojected u−v distance for a face-on narrow ring
is a zeroth-order Bessel function, and the imaginary flux
components of such a ring is 0.0 at all spatial frequencies.
Following Hughes et al. (2007), the location of the first null on
the Bessel function, Rnull, is related to the cavity radius, Rcav, as

Figure 1. Left: 1.3 mm image of the ISO-Oph 2 system, including the disks around both stellar components and a zoom-in of the secondary disk where the cavity is
marginally resolved. Right: a zoom-in of the primary disk with two nonaxisymmetric rings. North is up, and east is to the left.

13 R.A.=246.408838°; decl.=−24.376830°; epoch=2015.5; pmra=
−5.4 mas yr−1; pmdec=−25.2 mas yr−1.

3

The Astrophysical Journal Letters, 902:L33 (7pp), 2020 October 20 González-Ruilova et al.



follows:

l
p

=R k
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The deprojected u–v distances are given by = +R d da b
2 2 ,

where f= +d u v sina
2 2 and f= +d u v icos cosb

2 2 ,
f=arctan(v/u)−PA (Lay et al. 1997).

In order to construct the visibility profile of the disk around
the secondary star, we first subtracted the visibilities of the

CLEAN model of the disk around the primary from the
visibility data, following Pérez et al. (2020b). We also changed
the phase center to the position of the secondary as measured
with IMFIT in CASA, which also provided initial approxima-
tions for the i and PA of the secondary disk. More precise
values were obtained by minimizing the imaginary components
in the imaginary part of the visibility profile. The resulting
visibility profile corresponding to an i=10° and PA=122° is
shown in Figure 3. A null is seen at 5000±500 kλ, which
according to Equation (1) corresponds to cavity radius of

Figure 2. (a) Deprojected image of the disk around the primary with normalized intensity to 0.3×peak. (b) Average deprojected radial profile of the disk around the
primary and the 5σ contrast curve of the VLT-NACO observations at 2.2 μm reported by Zurlo et al. (2020). (c) Polar radial deprojection from panel (a). (d) Same as
panel (c), but averaged over radius, between 0 3–0 4 and 0 4–0 6, for the inner ring (blue line) and outer ring (red line), respectively. Shaded regions correspond to
the errors in the mean.
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2.2±0.25 au. Given the small size of the outer disk (FWHM/
2=3.5 au), we conclude that the secondary disk also shows a
ring-like morphology like the primary (e.g., with a width
smaller than its inner radius).

3.3. Molecular Gas (12CO) Data

We find that the molecular line data of ISO-Oph 2 system
exhibit interesting features as well. The 12CO line peaks inside
the cavity, but the emission is shifted toward the south,
reaching the secondary (Figure 4(a)). As shown in the position–
velocity (P–V ) diagram (Figure 4(b)), the disk around the
primary is mostly detected at ∼1 and ∼4 km s−1, while there is
significant cloud contamination at velocities between 2 and
3 km s−1. The secondary, on the other hand, is mostly detected
at ∼1.5 km s−1. At velocities between 0 and 2 km s−1, the P–V
diagram also shows what seems to be a bridge of gas
connecting both disks. This bridge becomes even more evident
in the channel map containing emission between 0.25 and
1.75 km s−1 (Figure 4(c)).

Finally, in Figure 4(d), we show the intensity-weighted mean
velocity (moment-1) map of the 12CO data. This map is
consistent with Keplerian motion as the extreme velocities
are observed along the major axis of the disk. We therefore
conclude that there is no indication of an inner cavity in
the gas, which is consistent with the relatively high accretion
rate of the system (10−8.7Me yr−1; Gatti et al. 2006). We also
note that the kinematic center of the disk (where the minimum
and maximum velocities converge) coincides with the expected
location of the star based on the position and proper motions
from Gaia.

4. Discussion

ALMA observations at 3–30 au resolution have shown that
protoplanetary disks in general, and transition disks in

particular, have diverse substructures. The DSHARP project,
the largest long-baseline survey of disks thus far (Andrews
et al. 2018), has revealed that narrow rings and gaps are the
most common substructure in protoplanetary disks. Unfortu-
nately that project does not include transition objects. More
recently, Francis & van der Marel (2020) collected a large
sample of ∼40 disks with large (r>25 au) dust cavities.
Around half of the stars in that sample have dusty inner disks
detected, something that is not seen in ISO-Oph 2 A.
Most transition disks are azimuthally symmetric, but several

examples with azimuthal asymmetries do exist such as IRS-
Oph48 (van der Marel et al. 2013), HD142527 (Casassus
et al. 2013), HD135344B (Cazzoletti et al. 2018), SR21
(Muro-Arena et al. 2020), CIDA9, RYLup, and HD34282
(Long et al. 2019; Francis & van der Marel 2020). These
asymmetries are most likely dynamical in nature and can be
planet-induced vortices (Hammer et al. 2019) or can be
produced by stellar companions (Price et al. 2018; Calcino
et al. 2019). However, the disk around ISO-Oph 2 A is
particularly rare because it shows not one, but two closely
packed and azimuthally asymmetric rings, resembling other
very complex systems such as MWC 758 (Dong et al. 2018).
As demonstrated by Pérez et al. (2019), a single migrating
planet can produce multiple rings, but it remains to be
established by future hydrodynamic modeling if the rings
produces this way can be as nonaxisymmetric as seen in ISO-
Oph2A.
The possible bridge of gas connecting both disks in the

system (Figure 4) might indicate a different origin for the
complex structure of the disk around the primary. At its current
location, the secondary itself is too far away (240 au) to disturb
the primary disk significantly. However, if ISO-Oph 2 is a very
eccentric binary system or an unbound flyby, it is possible that
some of the structure seen in the primary disk is the result of
the recent close approach of ISO-Oph 2 B. Stellar flybys are

Figure 3. The deprojected visibility profile of the disk around the secondary. Both the real (top panel) and the imaginary (bottom panel) parts are shown. A null is seen
at a baseline length of ∼5000±500 kλ (6500 m), indicating a dust cavity with a radius of ∼2.2 au.
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rare but still statistically possible in low-mass star-forming
regions (Cuello et al. 2020). Possible disk flybys reported in the
literature include RW Aur (Dai et al. 2015), HV Tau and DO
Tau (Winter et al. 2018), AS 205 (Kurtovic et al. 2018), and
UX Tau A (Ménard et al. 2020). These flybys typically exhibit
arcs of gas hundreds of au long connecting the disks in the
system, in agreement with the results of hydrodynamic models
(e.g., Cuello et al. 2020). The same models show that flybys
also trigger spiral arms within the disks. Therefore, we
speculate that, if the initial configuration is two narrow rings,
a close approach could result in azimuthal asymmetries similar
to the ones observed in the disk around the ISO-Oph 2 A disk.

Unfortunately the Gaia Data Release 2 only provides proper
motions for the primary star and it is not possible to constrain
the relative motion of ISO-Oph 2 A and ISO-Oph 2 B with
enough precision to assess the likelihood of the flyby scenario.
However, we note that, assuming the closest encounter
occurred 500 yr ago, as in the simulation presented by

Cuello et al. (2020), the relative proper motion between the
primary an the secondary would be expected to be
∼3.4 mas yr−1. The flyby hypothesis could also be tested in
the future with hydrodynamic modeling tailored to the system.
The disk around ISO-Oph 2 B is also very interesting as it has

one of the smallest cavities ever resolved at (sub)millimeter
wavelengths. With a radius of just∼2.2 au, the cavity size is at the
limit of ALMA’s resolution at the distance of the closest
molecular clouds (d∼140 pc). Interestingly, TW Hydra, one of
the closest stars to Earth with a protoplanetary disk (d=60 pc),
also hosts a transition disk with a very small cavity, only ∼1 au in
radius (Andrews et al. 2016). However, unlike TW Hydra, ISO-
Oph 2 B has a disk that seems to be narrow (width/radius <1.0),
resembling the structures of other disks such as ISO-Oph 2 A, Sz
91 (Canovas et al. 2016), and T Cha (Hendler et al. 2018), but in a
much smaller scale (by a factor of 15–40 in radius). Furthermore,
ISO-Oph 2 B also is the lowest-mass object with a resolved dust
cavity in the Ophiuchus molecular cloud, and possible in any

Figure 4. Panel (a): the moment-0 from the combined visibilities at 0 03, 0 2, and 1 1 resolution imaged with a 0 1 beam. The black contours represent emission at
�3−σ with steps of 3σ. Continuum contours in 0 2 are shown in white. Panel (b): the position–velocity diagram with PA=169o, length=3 4, and averaging
width=1″ (see the rectangle in panel (a)), revealing significant emission connecting both disks at ∼1.5 km s−1. Panel (c): the channel map corresponding to
velocities between 0.25 and 1.75 km s−1. Panel (d): the moment-1 of the same data from panel (a). The position of the stars from Gaia, corrected for the proper motion
of the primary, is also indicated.
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region. Based on the age (∼1 Myr) and mass (0.08Me) estimates
discussed in Section 3.1, ISO-Oph 2 B should have an M6.5
spectral type. However, all seven objects that have resolved
cavities in the ODISEA sample have earlier spectral types
(D. Ruiz-Rodriguez et al. 2020, in preparation). That is also the
case for all pre-main-sequence stars with transition disks identified
in Ophiuchus based on their IR spectral energy distribution
(SEDs; Cieza et al. 2010; Merín et al. 2010), and all the transition
objects with millimeter data (from all regions) recently compiled
by Francis & van der Marel (2020) and Pinilla et al. (2020).

5. Summary and Conclusions

We present new 1.3 mm ALMA long-baseline data of the
ISO-Oph 2 system at 3 au resolution. Our main results and
conclusions are as follows:

(1) The ring-like structure of the primary disk is resolved into
two nonaxisymmetric rings, suggesting dynamical distur-
bances. Future hydrodynamic modeling could help explain
the origin of these substructures and establish whether they
are due to an internal or an external disturber.

(2) The high-resolution continuum observations reveal the
disk around the secondary is 7 au across (FHWM) and
has an inner cavity just 2.2 au in radius. This implies that
ISO-Oph 2 B has the smallest (transition) disk ever
imaged in Ophiuchus and likely has a ring-like morph-
ology (width < inner radius).

(3) The flux ratio in the of ISO-Oph 2 system at 2.2 μm
(0.08) and the spectral type of the primary (M0) implies
the secondary is at the brown-dwarf mass limit, rendering
ISO-Oph 2 B the lowest-mass object in the cloud with a
resolved dust cavity in its disk.

(4) The 12CO observations indicate that there is significant
gas within the large cavity in the primary disk and
suggest that the two disks might be connected by a bridge
of gas. This bridge might indicate that the secondary
object recently flew by the primary and provides an
alternative scenario for the origin of the azimuthal
asymmetries in the disk around the primary.

We thank the anonymous referee for the helpful comments and
constructive remarks on this article. This Letter makes use of the
following ALMA data: ADS/JAO.ALMA#2016.1.00728.S and
ADS/JAO.ALMA#2018.1.00028.S. ALMA is a partnership of
ESO (representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada) and NSC and ASIAA
(Taiwan), in cooperation with the Republic of Chile acknowl-
edges support from the Joint China-Chile Committee fund. M.F.
has received funding from the European Research Council (grant
757957). A.Z. acknowledges support from the ANID-FONDE-
CYT grant 11190837. S.P. acknowledges support from ANID-
FONDECYT grant 1191934 and the ESO-Chile Joint Committee.
P.P. acknowledges support provided by the Alexander von
Humboldt Foundation. D.P. acknowledges support from Aus-
tralian Research Council grants DP180104235 and FT130100034.

ORCID iDs

Camilo González-Ruilova https://orcid.org/0000-0003-
4907-189X
Lucas A. Cieza https://orcid.org/0000-0002-2828-1153

Antonio S. Hales https://orcid.org/0000-0001-5073-2849
Sebastián Pérez https://orcid.org/0000-0003-2953-755X
Alice Zurlo https://orcid.org/0000-0002-5903-8316
Carla Arce-Tord https://orcid.org/0000-0002-0176-4331
Simón Casassus https://orcid.org/0000-0002-0433-9840
Hector Cánovas https://orcid.org/0000-0001-7668-8022
Mario Flock https://orcid.org/0000-0002-9298-3029
Gregory J. Herczeg https://orcid.org/0000-0002-7154-6065
Paola Pinilla https://orcid.org/0000-0001-8764-1780
Daniel J. Price https://orcid.org/0000-0002-4716-4235
David A. Principe https://orcid.org/0000-0002-7939-377X
Dary Ruíz-Rodríguez https://orcid.org/0000-0003-
3573-8163
Jonathan P. Williams https://orcid.org/0000-0001-
5058-695X

References

Allard, F., Homeier, D., & Freytag, B. 2012, RSPTA, 370, 2765
ALMA Partnership, Brogan, C. L., Pérez, L. M., et al. 2015, ApJL, 808, L3
Andrews, S. M., Huang, J., Pérez, L. M., et al. 2018, ApJL, 869, L41
Andrews, S. M., Wilner, D. J., Zhu, Z., et al. 2016, ApJL, 820, L40
Ansdell, M., Williams, J. P., Manara, C. F., et al. 2017, AJ, 153, 240
Barenfeld, S. A., Carpenter, J. M., Ricci, L., & Isella, A. 2016, ApJ, 827, 142
Calcino, J., Price, D. J., Pinte, C., et al. 2019, MNRAS, 490, 2579
Canovas, H., Caceres, C., Schreiber, M. R., et al. 2016, MNRAS, 458, L29
Casassus, S., van der Plas, G. M., Perez, S., et al. 2013, Natur, 493, 191
Cazzoletti, P., van Dishoeck, E. F., Pinilla, P., et al. 2018, A&A, 619, A161
Cieza, L. A., Ruíz-Rodríguez, D., Hales, A., et al. 2019, MNRAS, 482, 698
Cieza, L. A., Schreiber, M. R., Romero, G. A., et al. 2010, ApJ, 712, 925
Cox, E. G., Harris, R. J., Looney, L. W., et al. 2017, ApJ, 851, 83
Cuello, N., Louvet, F., Mentiplay, D., et al. 2020, MNRAS, 491, 504
Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, The IRSA 2MASS All-

Sky Point Source Catalog, NASA/IPAC Infrared Science Archive, http://
irsa.ipac.caltech.edu/applications/Gator/

Dai, F., Facchini, S., Clarke, C. J., & Haworth, T. J. 2015, MNRAS, 449, 1996
Dong, R., Liu, S.-y., Eisner, J., et al. 2018, ApJ, 860, 124
Francis, L., & van der Marel, N. 2020, ApJ, 892, 111
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, A1
Gatti, T., Testi, L., Natta, A., Randich, S., & Muzerolle, J. 2006, A&A,

460, 547
Gonzales, E. J., Crepp, J. R., Bechter, E. B., et al. 2020, ApJ, 893, 27
Hammer, M., Pinilla, P., Kratter, K. M., & Lin, M.-K. 2019, MNRAS,

482, 3609
Hendler, N. P., Pinilla, P., Pascucci, I., et al. 2018, MNRAS, 475, L62
Hughes, A. M., Wilner, D. J., Calvet, N., et al. 2007, ApJ, 664, 536
Kurtovic, N. T., Pérez, L. M., Benisty, M., et al. 2018, ApJL, 869, L44
Lay, O. P., Carlstrom, J. E., & Hills, R. E. 1997, ApJ, 489, 917
Long, F., Herczeg, G. J., Harsono, D., et al. 2019, ApJ, 882, 49
Manara, C. F., Tazzari, M., Long, F., et al. 2019, A&A, 628, A95
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in

ASP Conf. Ser. 376, Astronomical Data Analysis Software and Systems
XVI, ed. R. A. Shaw, F. Hill, & D. J. Bell (San Francisco, CA: ASP), 127

Ménard, F., Cuello, N., Ginski, C., et al. 2020, A&A, 639, L1
Merín, B., Brown, J. M., Oliveira, I., et al. 2010, ApJ, 718, 1200
Muro-Arena, G. A., Ginski, C., Dominik, C., et al. 2020, A&A, 636, L4
Pascucci, I., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831, 125
Pérez, S., Casassus, S., Baruteau, C., et al. 2019, AJ, 158, 15
Pérez, S., Casassus, S., Hales, A., et al. 2020a, ApJL, 889, L24
Pérez, S., Hales, A., Liu, H. B., et al. 2020b, ApJ, 889, 59
Pinilla, P., Pascucci, I., & Marino, S. 2020, A&A, 635, A105
Price, D. J., Cuello, N., Pinte, C., et al. 2018, MNRAS, 477, 1270
Ratzka, T., Köhler, R., & Leinert, C. 2005, A&A, 437, 611
Ruíz-Rodríguez, D., Cieza, L. A., Williams, J. P., et al. 2018, MNRAS,

478, 3674
van der Marel, N., van Dishoeck, E. F., Bruderer, S., et al. 2013, Sci, 340, 1199
Williams, J. P., Cieza, L., Hales, A., et al. 2019, ApJL, 875, L9
Winter, A. J., Booth, R. A., & Clarke, C. J. 2018, MNRAS, 479, 5522
Zurlo, A., Cieza, L. A., Pérez, S., et al. 2020, MNRAS, 496, 5089

7

The Astrophysical Journal Letters, 902:L33 (7pp), 2020 October 20 González-Ruilova et al.

https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0003-4907-189X
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0002-2828-1153
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0001-5073-2849
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-5903-8316
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0176-4331
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0002-0433-9840
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0001-7668-8022
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-9298-3029
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0002-7154-6065
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0001-8764-1780
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-4716-4235
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0002-7939-377X
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0003-3573-8163
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://orcid.org/0000-0001-5058-695X
https://doi.org/10.1098/rsta.2011.0269
https://ui.adsabs.harvard.edu/abs/2012RSPTA.370.2765A/abstract
https://doi.org/10.1088/2041-8205/808/1/L3
https://ui.adsabs.harvard.edu/abs/2015ApJ...808L...3A/abstract
https://doi.org/10.3847/2041-8213/aaf741
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..41A/abstract
https://doi.org/10.3847/2041-8205/820/2/L40
https://ui.adsabs.harvard.edu/abs/2016ApJ...820L..40A/abstract
https://doi.org/10.3847/1538-3881/aa69c0
https://ui.adsabs.harvard.edu/abs/2017AJ....153..240A/abstract
https://doi.org/10.3847/0004-637X/827/2/142
https://ui.adsabs.harvard.edu/abs/2016ApJ...827..142B/abstract
https://doi.org/10.1093/mnras/stz2770
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.2579C/abstract
https://doi.org/10.1093/mnrasl/slw006
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458L..29C/abstract
https://doi.org/10.1038/nature11769
https://ui.adsabs.harvard.edu/abs/2013Natur.493..191C/abstract
https://doi.org/10.1051/0004-6361/201834006
https://ui.adsabs.harvard.edu/abs/2018A&A...619A.161C/abstract
https://doi.org/10.1093/mnras/sty2653
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482..698C/abstract
https://doi.org/10.1088/0004-637X/712/2/925
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..925C/abstract
https://doi.org/10.3847/1538-4357/aa97e2
https://ui.adsabs.harvard.edu/abs/2017ApJ...851...83C/abstract
https://doi.org/10.1093/mnras/stz2938
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491..504C/abstract
https://irsa.ipac.caltech.edu/applications/Gator/
https://irsa.ipac.caltech.edu/applications/Gator/
https://irsa.ipac.caltech.edu/applications/Gator/
https://irsa.ipac.caltech.edu/applications/Gator/
https://doi.org/10.1093/mnras/stv403
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449.1996D/abstract
https://doi.org/10.3847/1538-4357/aac6cb
https://ui.adsabs.harvard.edu/abs/2018ApJ...860..124D/abstract
https://doi.org/10.3847/1538-4357/ab7b63
https://ui.adsabs.harvard.edu/abs/2020ApJ...892..111F/abstract
https://doi.org/10.1051/0004-6361/201833051
https://ui.adsabs.harvard.edu/abs/2018A&A...616A...1G/abstract
https://doi.org/10.1051/0004-6361:20066095
https://ui.adsabs.harvard.edu/abs/2006A&A...460..547G/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...460..547G/abstract
https://doi.org/10.3847/1538-4357/ab71fb
https://ui.adsabs.harvard.edu/abs/2020ApJ...893...27G/abstract
https://doi.org/10.1093/mnras/sty2946
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3609H/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3609H/abstract
https://doi.org/10.1093/mnrasl/slx184
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475L..62H/abstract
https://doi.org/10.1086/518885
https://ui.adsabs.harvard.edu/abs/2007ApJ...664..536H/abstract
https://doi.org/10.3847/2041-8213/aaf746
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..44K/abstract
https://doi.org/10.1086/304815
https://ui.adsabs.harvard.edu/abs/1997ApJ...489..917L/abstract
https://doi.org/10.3847/1538-4357/ab2d2d
https://ui.adsabs.harvard.edu/abs/2019ApJ...882...49L/abstract
https://doi.org/10.1051/0004-6361/201935964
https://ui.adsabs.harvard.edu/abs/2019A&A...628A..95M/abstract
https://ui.adsabs.harvard.edu/abs/2007ASPC..376..127M/abstract
https://doi.org/10.1051/0004-6361/202038356
https://ui.adsabs.harvard.edu/abs/2020A&A...639L...1M/abstract
https://doi.org/10.1088/0004-637X/718/2/1200
https://ui.adsabs.harvard.edu/abs/2010ApJ...718.1200M/abstract
https://doi.org/10.1051/0004-6361/202037656
https://ui.adsabs.harvard.edu/abs/2020A&A...636L...4M/abstract
https://doi.org/10.3847/0004-637X/831/2/125
https://ui.adsabs.harvard.edu/abs/2016ApJ...831..125P/abstract
https://doi.org/10.3847/1538-3881/ab1f88
https://ui.adsabs.harvard.edu/abs/2019AJ....158...15P/abstract
https://doi.org/10.3847/2041-8213/ab6b2b
https://ui.adsabs.harvard.edu/abs/2020ApJ...889L..24P/abstract
https://doi.org/10.3847/1538-4357/ab5c1b
https://ui.adsabs.harvard.edu/abs/2020ApJ...889...59P/abstract
https://doi.org/10.1051/0004-6361/201937003
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.105P/abstract
https://doi.org/10.1093/mnras/sty647
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477.1270P/abstract
https://doi.org/10.1051/0004-6361:20042107
https://ui.adsabs.harvard.edu/abs/2005A&A...437..611R/abstract
https://doi.org/10.1093/mnras/sty1351
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.3674R/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.3674R/abstract
https://doi.org/10.1126/science.1236770
https://ui.adsabs.harvard.edu/abs/2013Sci...340.1199V/abstract
https://doi.org/10.3847/2041-8213/ab1338
https://ui.adsabs.harvard.edu/abs/2019ApJ...875L...9W/abstract
https://doi.org/10.1093/mnras/sty1866
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.5522W/abstract
https://doi.org/10.1093/mnras/staa1886
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.5089Z/abstract

	1. Introduction
	2. Observations and Data Analysis
	2.1. ALMA Observations
	2.2. Data Analysis

	3. Results
	3.1.(Sub)stellar Masses
	3.2. Continuum
	3.2.1. Primary Disk
	3.2.2. Secondary Disk

	3.3. Molecular Gas (12CO) Data

	4. Discussion
	5. Summary and Conclusions
	References



