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Abstract

Transition disks with large dust cavities around young stars are promising targets for studying planet formation.
Previous studies have revealed the presence of gas cavities inside the dust cavities, hinting at recently formed, giant
planets. However, many of these studies are biased toward the brightest disks in the nearby star-forming regions,
and it is not possible to derive reliable statistics that can be compared with exoplanet populations. We present the
analysis of 11 transition disks with large cavities (=20 au radius) from a complete disk survey of the Lupus star-
forming region, using ALMA Band 7 observations at 0”3 (22-30 au radius) resolution of the 345 GHz continuum,
13CO and C'®0 3-2 observations, and the spectral energy distribution of each source. Gas and dust surface density
profiles are derived using the physical-chemical modeling code DALI. This is the first study of transition disks of
large cavities within a complete disk survey within a star-forming region. The dust cavity sizes range from 20 to
90 au radius, and in three cases, a gas cavity is resolved as well. The deep drops in gas density and large dust cavity
sizes are consistent with clearing by giant planets. The fraction of transition disks with large cavities in Lupus is
211%, which is inconsistent with exoplanet population studies of giant planets at wide orbits. Furthermore, we
present a hypothesis of an evolutionary path for large massive disks evolving into transition disks with large

cavities.
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1. Introduction

Planets form in protoplanetary disks of gas and dust around
young stars (Armitage 2011; Williams & Cieza 2011). Much
observational effort has been devoted to studies of these disks
around classical T Tauri stars and to the later debris disk stage
when the gas has dissipated (Wyatt 2008). It remains unclear
how and when disks evolve in between these two stages.
Transition disks with cleared out cavities in the inner part of the
dust disk are particularly interesting, as these disks are likely in
the middle of active evolution and possibly planet formation
(e.g., Strom et al. 1989; Calvet et al. 2002; Espaillat
et al. 2014).

These disks were originally identified through a dip in the
mid-infrared part of the Spectral Energy Distribution (SED)
and modeled as axisymmetric dust disks with inner cavities.
Resolved millimeter interferometry pre-ALMA images (e.g.,
Dutrey et al. 2008; Brown et al. 2009; Andrews et al. 2011;
Isella et al. 2012) and subsequently at much higher image
quality with ALMA (e.g., van der Marel et al. 2013; Pérez et al.
2014) have revealed the dust rings and cavities. The presence
of a cavity suggests that a companion (either substellar or
planetary) may have cleared out its orbit in the disk (Lin &
Papaloizou 1979). However, other mechanisms, such as
photoevaporation (e.g., Alexander et al. 2014) or dead zones
(e.g., Turner et al. 2014), or a combination of processes
(Rosotti et al. 2013; Pinilla et al. 2016), may also be
responsible for the presence of gaps. Photoevaporation is often
ruled out due to the high accretion rates, which have been

detected in a large fraction of transition disks (Najita
et al. 2007, 2015; Owen & Clarke 2012; Espaillat et al.
2014; Manara et al. 2014; Ercolano & Pascucci 2017). For
several transition disks, the gas structure inside the dust cavities
has been resolved through ALMA CO observations (Bruderer
et al. 2014; Zhang et al. 2014; Perez et al. 2015; van der Marel
et al. 2015b, 2016a; Canovas et al. 2016; Boehler et al. 2017;
Dong et al. 2017; Fedele et al. 2017). All disks to date that have
been sufficiently resolved show gas cavities that are smaller
than the dust cavities, an indication of one or more undetected
companions (Zhu et al. 2011; Pinilla et al. 2012; Fung
et al. 2014). Small gas rings were previously suggested by
near-infrared observations of the rovibrational CO lines in
some transition disks (Pontoppidan et al. 2008; Brown
et al. 2012; Carmona et al. 2017), but ALMA observations
allowed the determination of the radial structure of the gas
surface density profile through imaging of the rotational CO
line, tracing the bulk of the gas, suggesting the clearing by a
companion. A consequence of this clearing process is the
existence of pressure bumps at the outer gap gas edge, where
millimeter dust will be trapped due to gas-dust drag (e.g.,
Weidenschilling 1977; Zhu et al. 2011; Pinilla et al. 2012) and
show a narrow dust ring or in certain cases asymmetric dust
rings due to Rossby-wave instability (Barge & Sommeria 1995;
Klahr & Henning 1997) or eccentric planet orbits (Ataiee
et al. 2013; Ragusa et al. 2017). The observed structures in
transition disks through multi-wavelength continuum observa-
tions are consistent with the dust trapping mechanism
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Table 1

Sample
Target R.A. Decl. SpT Tetr L, M, log M d

(K) (L) (M) (Mo yr™) (pe)

Sz 91 16 07 11.576 —39 03 47.88 Ml 3705 0.31 0.47 —8.7 200
J16083070-3828268 16 08 30.688 —38 28 27.27 K2 4900 3.0 1.8 —9.1 200
Sz 111 16 08 54.672 —39 37 43.50 M1 3705 0.33 0.46 —9.1 200
RY Lup 1559 28.373 —40 21 51.63 K2 4900 1.7 1.5 —8.2 150
Sz 118 16 09 48.641 -39 11 17.29 K5 4350 1.1 1.1 -9.0 200
Sz 123A 16 10 51.577 —38 53 14.18 Ml 3705 0.20 0.46 —8.8 200
Sz 84 15 58 02.505 —37 36 03.10 M5 3125 0.12 0.18 -9.3 150
Sz 100 16 08 25.750 —39 06 01.69 M5.5 3057 0.17 0.18 —9.5 200
J16102955-3922144 16 10 29.542 —39 22 14.89 M4.5 3200 0.16 0.22 -9.8 200
J16070854-3914075* 16 07 08.539 —39 14 07.94 M5 3125 0.18 0.17 -9.2 200
MY Lup 16 00 44.503 —41 55 31.33 KO 5100 0.78 1.0 <-9.7 150
Note.

 The stellar properties of J16070854-3914075 remain highly uncertain, as this is a flat infrared source (Alcald et al. 2017).

(van der Marel et al. 2013, 2015a; Casassus et al. 2015; Pinilla
et al. 2015, 2017) in combination with planet clearing.

Planet candidates have been found in a handful of transition
disks (e.g., Kraus & Ireland 2012; Quanz et al. 2013; Currie
et al. 2015; Sallum et al. 2015), but for many other disks, only
stringent upper limits of a few Jupiter masses can be set (e.g.,
Maire et al. 2017; Pohl et al. 2017), casting doubt on the
presence of giant planets inside dust cavities. Also, giant
planets at wide orbits are uncommon around main sequence
stars (~0.8% for all spectral types; Bowler 2016). On the other
hand, most transition disk studies have focused on bright, well-
known transition disks around early-type (G and earlier) stars,
which may not be representative of the entire transition disk
population and cannot be compared statistically with planet
formation theory.

Our Band 7 Lupus ALMA disk survey (Ansdell
et al. 2016b), a near-complete (96%) submillimeter study of
all protoplanetary disks in the Lupus star-forming region, has
led to the discovery of several new transition disks, and
confirming the presence of a dust cavity for several transition
disk candidates based on the modeling of the SED (Merin
et al. 2008, 2010; Bustamante et al. 2015; van der Marel et al.
2016b). In this paper we present the analysis of the radial
surface density profile of the dust and gas in 11 transition disks
in Lupus, using these ALMA data of the 335 GHz (890 ym)
continuum and the '*CO and C'®0 3—2 line observations. We
make use of the physical-chemical code DALI (Bruderer
et al. 2012; Bruderer 2013) to extract gas and dust surface
density profiles from the line and continuum data. Such a code
is necessary to interpret the CO emission, as CO abundances
and gas temperatures highly vary throughout the disk due to
physical effects (e.g., freeze-out, photodissociation, various
heating—cooling mechanisms and chemical reactions).

This sample of transition disks with large cavities provides a
unique opportunity for transition disk studies: not only do we
have spatially resolved submillimeter observations of con-
tinuum and CO for all disks, also the stellar properties such as
temperature, luminosity, mass and accretion rate are very well
constrained by VLT X-shooter data (Alcala et al. 2014, 2017).
Gas and dust masses and upper limits were derived for the full
sample (Ansdell et al. 2016b; Miotello et al. 2017), and for 36
of the detected disks, the dust surface density profiles were
analyzed using a two-layer disk model (Tazzari et al. 2017).
The properties of transition disks derived here can thus be

compared directly with primordial disks within a star-forming
region. As the sample of transition disks with large cavities is
taken from a complete disk survey, general properties and
statistics can be derived directly and compared with exoplanet
statistics of giant planets at wide orbital radii. Disk survey
studies have suggested that there are different populations of
transition disks with a different origin (Owen & Clarke 2012;
Garufi et al. 2017), which can be properly tested with the Lupus
disk survey.

The paper is structured as follows. In Section 2 we describe
the details of the ALMA observations and the sample selection.
The modeling approach is presented in Section 3. Section 4
presents the modeling results. Section 5 discusses the
implications for planet formation.

2. Observations
2.1. Data Reduction

The observations were obtained during ALMA Cycle 2 in
2015 June in Band 7. The full details of the setup and
calibration process are described in Ansdell et al. (2016b). The
data were reduced and imaged using CASA 4.4.0. The images
have a typical spatial resolution of 0”34 x 0”28, using Briggs
weighting with a robust of —1. The spectral cubes of '*CO 3—2
and C'80 3—2 were extracted when detected, with a spectral
resolution of 1kms ' and a typical rms of 24mly
bm 'kms™'. The S/N in the zero-moment maps reaches
~15 for the brightest disks. The continuum images (335 GHz
or 890 ;im) have a typical rms of 0.25 mJy bm ™" (M stars) and
0.4mJy bm ' (K stars), resulting in a peak S /N of 50-100 on
the continuum. As the observations were only 1-2 minutes per
sources, the S/N is lower than in previous studies of gas in
transition disks (e.g., van der Marel et al. 2016a).

2.2. Sample

The 11 transition disks of our sample (Table 1) are selected
from a complete disk survey of the Lupus star-forming region
(Lupus I-IV clouds) for stars with M, > 0.1 M, (Ansdell et al.
2016b, M. Ansdell et al. 2018, in preparation). The total disk
population contains 96 objects, as defined in Table 1 of Ansdell
et al. (2016b), with the addition of Sz 91, Sz 76, Sz 77, Sz 102,
V1094 Sco, EX Lup, GQ Lup, and RXJ 1556.1-3655, which
were not observed as part of the initial ALMA program, and
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Table 2
Transition Disk Status

Target Identification Continuum® 3co c®o Fg90 yim (mJy)
Sz 91 Canovas et al. (2015, 2016) resolved resolved® 62 + 0.1
J16083070 Merin et al. (2008), vdM2016b resolved resolved resolved 135 £ 1.1
Sz 111 Merin et al. (2008), vdM2016b resolved resolved resolved 179 £ 1.0
RY Lup Not previously identified resolved resolved marg. resolved 276 £1.2
Sz 118 Not previously identified resolved unresolved non-detection 63 + 1.0
Sz 123A Merin et al. (2008) marg. resolved unresolved non-detection 41 £ 0.6
Sz 84 Merin et al. (2010), vdM2016b marg. resolved unresolved non-detection 33 £04
Sz 100 Not previously identified marg. resolved unresolved non-detection 55 +£0.6
J16102955 Bustamante et al. (2015), vdM2016b marg. resolved unresolved non-detection 7.1 £0.35
J16070854 Not previously identified marg. resolved unresolved non-detection 92 + 1.5
MY Lup vdM2016b marg. resolved unresolved non-detection 177 £ 0.8
Sz 76 vdM2016b no sign cavity unresolved non-detection 92 £02
Sz 103 vdM2016b no sign cavity non-detection non-detection 115 £ 0.2
Sz 104 Merin et al. (2008), vdM2016b no sign cavity non-detection non-detection 32£02
Sz 112 vdM2016b no sign cavity non-detection non-detection 39+£02
J16011549 vdM2016b no sign cavity resolved resolved 82 £ 09
116081497 Bustamante et al. (2015) no sign cavity non-detection non-detection 83 +03
Sz 129 Tazzari et al. (2017) no sign cavity unresolved non-detection 181 £ 0.5
116000236 Tazzari et al. (2017) no sign cavity resolved non-detection 120 £ 0.6
Notes.

# The mark “resolved” refers to whether the cavity is resolved in the image.
® 1200 3-2 rather than '3CO 32 line.

with the omission of J16104536-3854547 and J16121120-
3832197, which were found to be non-members in a study of
the stellar properties (Alcald et al. 2017). Sz 91 was observed
in a separate program (see below), and the other seven
additional sources were observed in similar settings in a recent
ALMA Cycle 4 program, but none of these were found to have
a dust cavity (M. Ansdell et al. 2018, in preparation; S. E. van
Terwisga et al. 2018, in preparation). For the remainder of this
paper, we restrict our analysis to the transition disks with
cavities >20 au. The 11 targets in this study this form a full
census of transition disks with large cavities (>20 au) in a
complete disk survey of a young star-forming region.

Our sample (top part of Table 2) consists of all transition
disks in Lupus I-IV as defined in Ansdell et al. (2016b), with
the exception of J16011549-4152351 and J16081497-3857145.
These targets are omitted because there are no signs of a cavity
in the continuum visibility curve (or image) implying that any
cavity, if present, is smaller than ~20 au radius. We note that
Sz 103 and Sz 104, not identified as transition disks in Ansdell
et al. (2016b), have been identified in the literature as transition
disk candidates (van der Marel et al. 2016b), but there are no
signs of a cavity in the continuum visibility curve (or image)
either, and thus these are excluded from our analysis sample.
Also Sz 76, part of the additional Cycle 4 program, was
identified in this study as a transition disk candidate based on
the SED, but no cavity was resolved in the ALMA data. The
SEDs of the five unresolved transition disk candidates from
Table 2 analyzed by van der Marel et al. (2016b) all indicate a
cavity size of 2-5 au, which indeed cannot be resolved with our
spatial resolution.

Tazzari et al. (2017) identified Sz 129 and J16000236-
4222145 as potential transition disks based on their fit of a
negative v in the surface density profile, but as there is no clear
evidence for a cavity in the continuum visibility curve, these
targets are omitted from our sample. We note that Tazzari’s
findings are consistent with a shallow surface density in the

inner part of the disk and a sharper outer radius cutoff, unlike
the sharp inner cutoffs seen in our sample.

Finally, we have added Sz 118 and Sz 91 to the sample of
transition disks to be analyzed. Sz 118 was not identified as a
transition disk candidate before, but the continuum image and
visibility curves show signs of a dust cavity. Sz 91 was not
included in the original Lupus sample (Ansdell et al. 2016b)
and therefore not part of our data set, but its transition disk
status was confirmed through SED analysis and continuum
imaging (Canovas et al. 2015, 2016; van der Marel et al.
2016b). We use unpublished ALMA archival data from
program 2012.1.00761.S (PI Tsukagoshi) of the Band 7
continuum and the '*CO 3—2 line to constrain the properties
of this disk. These data were reduced using the provided
pipeline reduction script with CASA version 4.3.1. These data
were imaged using natural weighting, resulting in a beam size
of 0.18 x 0”15. The continuum rms is 55 ;Jy beam ', and the
line rms is 5 mJy beam ' per 0.5 kms ' window.

The sample thus consists of 10 new transition disks in
spatially resolved submillimeter observations, out of which 6
had been identified before through their SED based on
photometric points. Only Sz 91 was previously confirmed as
a transition disk in submillimeter interferometry (Canovas
et al. 2015). Table 2 furthermore lists for the line data whether
the cavity is spatially resolved.

The targets are located in the Luplll cloud at distances
between 150 and 200 pc (see Table 1), except for MY Lup,
which is in the LupIV cloud. The stellar properties of the
targets in the sample are taken from (Alcal4 et al. 2017), where
the stellar mass and accretion rate estimates are derived from
evolutionary models (Siess et al. 2000). These properties are
listed in Table 1. J16070854-3914075 is classified as a flat
source according to its infrared properties, and the stellar
properties are highly uncertain, as discussed in detail in Alcald
et al. (2017). However, assuming their spectral type of M5 with
an effective temperature of 3125 K, we find that their derived
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Table 3
Modeling Results

Target Surface Density Radial Structure Vertical Orientation
re Z(‘, dust Mdusl Tcavdust Feavgas 6gas 6dusl h(‘ U PA i
(aw) (g cm™?) (Mean) (au) (au) ©) ©)
Sz 91 75 0.07 25 90 50 <107° 10720 0.1 0.3 17 45
716083070 50 0.39 38 75 60 <107 10720 0.10 0.10 107 74
Sz 111 25 15 232 55 45 <1072 1072 0.08 0.10 40 53
RY Lup 25 2.0 76 50 >107" 107! 0.15 0.15 109 68
Sz 118 25 1.0 57 40 <1073 107! 0.07 0.1 173 65
Sz 123A 25 0.36 16 30 <1073 1072 0.15 0.15 145 43
Sz 84 15 0.50 6.4 20 1072 0.10 0.05 168 65
Sz 100 15 8 43 35 107! 0.1 0.3 50 65
716102955 25 0.25 16 35 10° 0.15 0.10 110 82
116070854 100 0.10 146 40 107! 0.10 0.10 155 65
MY Lup 15 60 616 25 107! 0.05 0.30 59 73

Note. Error bars on ¥, and the § parameters are typically an order of magnitude, on the vertical structure parameters <0.05, on the cavity radii ~5 au and ~5° on the

orientation. See the discussion in van der Marel et al. (2016a).

stellar luminosity of 0.011 L., with A, = 3.6 mag is too low to
reproduce both the stellar photosphere and the thermal dust
emission of the disk. Instead, we use L, = 0.18L.,, which was
derived using a method for a protostar with an envelope that
reprocesses part of the stellar radiation (Evans et al. 2009) and
is more consistent with the properties of YSOs in Lupus
(Alcal4 et al. 2017). We stress that its derived disk properties
remain highly uncertain due to the unconstrained stellar
properties.

3. Modeling

In order to constrain the size and depth of dust and gas
cavities, we use the physical-chemical modeling code DALI
(Bruderer et al. 2012; Bruderer 2013). Our modeling approach
is similar to that in van der Marel et al. (2016a). As physical—
chemical modeling is computationally expensive, MCMC or x>
fitting is not practical. The combined dust and gas data provide
sufficient constraints for a model of the gas and dust surface
density profile consistent with the data. However, we stress that
the derived model parameters are not necessarily unique.

The position angle (east of north) and inclination are derived
with the continuum images and the '*CO spectrum and given in
Table 3. They are consistent within errors with the estimates
found by Ansdell et al. (2016b) and Tazzari et al. (2017). Errors
on these values are typically 5°.

3.1. Physical Model

As a starting point for our models, we adopted the physical
structure suggested by Andrews et al. (2011), as implemented
by Bruderer (2013) and fully described in van der Marel et al.
(2015b). The surface density >(r) is assumed to be a radial
power-law with an exponential cutoff following the time-
dependent viscosity disk model v ~ r” with v = 1 (Lynden-
Bell & Pringle 1974; Hartmann et al. 1998):

el )

The gas and dust follow the same density profile, but the gas-
to-dust ratio is varied throughout the disk, as shown in
Figure 1. Inside the cavity, the dust density is zero, except for
the inner disk, which is set by 844 The inner disk ranges

50 — zC( 1)

between the sublimation radius rg,, (au) =0.07 \/L«(Ls) and
Feap = 1 au. The gas density inside the cavity is varied with Ogys.
For disks where the gas cavity in the CO zero-moment map is
resolved, the gas cavity radius is defined separately as rcaygas»
while in the other disks rcaygas = Feavaust- In the outer disk, the
gas-to-dust ratio is set to GDR = 100. The outer radius of the
model grid is set to 400 au, although the detectable emission
and thus the disk outer radius is usually smaller. As the outer
radius is not the main goal of the analysis, this is not further
explored.

The vertical structure is defined by the scale height 4. and
the flaring angle v, following h(r) = h(r/r.)". The fraction of
large grains fi; and the scale height of the large grains y are set
to 0.85 and 0.2, respectively, to describe the settling. These
parameters are kept fixed, as settling does not significantly
affect the derived structure of gas and dust in the disk
(Bruderer 2013). Stellar properties and accretion rates are taken
from Alcala et al. (2014, 2017) and listed in Table 1. More
details on the implementation of the stellar radiation fields
(including UV excess), the dust composition, settling, and
vertical structure are given in van der Marel et al. (2015b,
2016a). The DALI module for isotope-selective photodissocia-
tion (Miotello et al. 2014) is not included to limit the model
computational times. This may overpredict the computed C'*0
fluxes.

3.2. Modeling Approach

For all targets, the following step-by-step procedure is used
to find a model that is consistent with all data using manual
fitting, similar to that used in Bruderer et al. (2014) and van der
Marel et al. (2015b). We stress that this model may not be a
unique solution but provides constraints on the cavity size in
the dust and the amount of gas inside the cavity, the key
parameters of interest. Degeneracies between disk parameters
in transition disk modeling have been discussed in detail in the
literature (e.g., Mathews et al. 2012, and references therein).

1. Find first estimates of Y. and r., roughly to the
continuum visibility curve, in particular the total flux
and the location of the null.

2. Adjust h. and % to fit the infrared excess in the SED.
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Figure 1. Generic disk surface density model. Note that rg,, is fixed to 1 au in
our models.

3. Adjust gy to fit the near-infrared excess (inner disk) in
the SED.

4. Adjust r, and r,, (keeping the total dust mass the same
with X,) to fit the continuum visibility curve (Figure 2).

5. Find the highest possible value for dgugcay (drop of dust
density inside the cavity) that is still consistent with the
dust continuum visibility curve and image.

6. Set the gas-to-dust ratio to 100 in the outer disk, set
0gas =1 (nO drop in gas density inside the cavity),
compute the '*CO emission, and compare with the data.

7. Vary the r. (and correspondmg h. and 1) parameters) if
necessary to fit the '>*CO emission in the outer disk: as
3CO emission is partially optically thick, the temperature
structure is relevant. Variations in 4. and v are typically
less than 0.05 at this stage.

8. Vary g4 and reuyeas (for the disks where the Bco
emission is spatially resolved) to fit the inner part of the
13CO zero-moment map and visibility curve.

The best-fit parameters are given in Table 3. The C'*0 data
have too low S/N to constrain the structure, but the integrated
fluxes are compared with the model output. Only dust masses
are given, as these are directly fit to the continuum flux.

4. Results
4.1. Final Models

Figures 2—6 show the results of our modeling procedure, and
Table 3 provides the values of the fit parameters. For the
visibility curves, the amplitudes rather than real parts are
shown, as several of the disk images appear non-axisymmetric
due to optical depth effects by their high inclination. In this
approach, all flux is included in the comparison.

The final models generally agree well with the data visibility
curves. Residuals in the images in Figures 4 and 6 likely
originate from the image reconstruction of the visibilities, as
the visibilities themselves match well with the models, in
partlcular the location of the null and the total flux.

The C'®0 images are not shown due to the low S/N, but
Figure 5 shows the spectra and integrated visibilities compared
with the models for the '*CO line. The integrated fluxes of the
C'®0 3—2 are given in Table 4. The model fluxes are about a
factor >2 higher than the fluxes of the data, indicating that the
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real gas-to-dust ratio of these disks may be <100, similar to
previous modeling results of the Lupus disk masses (Ansdell
et al. 2016b Miotello et al. 2017). Alternatively, the model
fluxes of C'®0 may be overestimated as the isotope-selective
photodissociation (Miotello et al. 2014) was not included in
this work. Miotello et al. (2014) showed that neglecting
isotope-selective photodissociation can result in an under-
estimate of the disk mass. As the total disk mass is not the main
focus of this work, the gas mass is not further explored. This
implies that the 6,4,, values are uncertain by a factor of a few
due to the uncertainty in Y., which is lower than the typical
uncertainty on &g, itself, which is about a factor 10 (see
Section 4.2).

The derived dust masses are within a factor of 10 of the
derived dust masses compared to previous estimates where full
disk models were assumed (Ansdell et al. 2016b; Miotello
et al. 2017; Tazzari et al. 2017). Ansdell et al. (2016b)
converted the integrated fluxes into dust masses for all the disks
with a monochromatic temperature to obtain a first order dust
mass distribution; Miotello et al. (2017) derived disk masses
using the integrated fluxes and a large grid of DALI models;
Tazzari et al. (2017) modeled the radial structure of the
continuum emission of each individual source, fitting the
visibilities with the two-layer disk model from Chiang &
Goldreich (1997), and did not include highly inclined disks or
disks with obvious dust cavities (several of our targets) in their
sample.

Since these past works assumed full disks without dust
cavities, their estimates in comparison with the data are less
reliable for the sample of transition disks that they analyze. In
particular, dust masses of highly inclined disks may be
underestimated (Miotello et al. 2017). Furthermore, the
inclusion of a dust cavity can significantly decrease the
required dust mass for the same continuum flux. Our work
focuses in particular on the radial (and vertical) structure of
each individual source, using a full radiative transfer model, the
SED and spatially resolved continuum data, rather than on the
disk masses, so the differences in the derived disk mass are
acceptable.

Uncertainties in the derived model parameters remain due to
redundancies, the noise levels, optical depth effects, and
assumptions in the physical-chemical modeling (e.g., Bru-
derer 2013). Typical uncertainties are ~5 au in the cavity radii
and about one order of magnitude for the gas surface density
(gas-to-dust ratio in the outer disk and Jg,s).

4.2. Quantification of Gas and Dust Inside the Cavity

In order to quantify the maximum amount of gas and dust
inside the cavity, for each model we vary both dgusicav and .
Neither of these parameters could be fit to a single value in any
of these disks: they are merely upper limits. The results are
shown in Figures 7 and 8. Note that the gas models are run with
Oqustcay S€L tO zero (empty cavity).

Figure 8 demonstrates that the depth of the dust cavity is at
least two orders of magnitude, depending on the target. The
well-resolved cavities (Sz 91, J16083070, Sz 111, and RY Lup)
are even better constrained, with a depth of at least three orders
of magnitude. Fitting the dust continuum of Sz 91 requires a
small amount of dust between 50 and 90 au.

The amount of gas inside the cavities is more difficult to
constrain. For the resolved cases (Sz91, J16083070, and
Sz 111), the gas cavity radius is smaller than the dust cavity
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Figure 4. Results of dust modeling. Best-fit for the continuum image, continuum model, and residual. The contours indicate the 20%, 40%, 60%, and 80% levels of

the maximum flux density in the image.

radius and the gas gaps are deep, with Ogas < 102, This is
similar to previous results of gas cavities that have been
analyzed with the same methodology (van der Marel et al.
2016a; Dong et al. 2017). The other disks are analyzed using
Feavaas = Tcavaust With different values of g5, but the depth
could only be constrained for two sources (Sz118 and
Sz 123A) to be bgys < 1072, If the gas cavity is in reality
smaller, it is expected to be even deeper.

RY Lup, although it has a large dust cavity, does not show
any evidence of a gas gap in the '>CO, and quantifying the
amount of gas actually shows 6gas > 107, which is different
from the other disks. The visibility curve of its '>CO data
suggests that the gas cavity may be smaller, considering the
location of the null compared with the models, but this remains

difficult to constrain without the cavity seen in the image. On
the other hand, there is potentially a warp in this disk (see
Section 5.6), which makes the quantification of the gas through
the '*CO less reliable. For the other five disks it was not
possible to set any constraints on Ogas.

5. Discussion
5.1. Clearing Mechanism

This transition disk study reveals dust cavities with radii of
>20au for 11 disks, out of 96 disks studied in the Lupus star-
forming region. This is the first census of transition disks with
large cavities (=20 au) in a star-forming region based on a
complete disk survey. Four of these transition disks (RY Lup,
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Table 4
Integrated C'®0 3—2 Fluxes as Observed and Final Models

Target Flux Data Flux Final Model
(Jy km s ") (Jy km s ")

J16083070 1.7 £0.2 29

RY Lup 1.1 £0.2 2.6

Sz 111 0.70 + 0.07 1.0

Sz 123A <0.10 0.44

Sz 84 <0.12 0.14

Sz 100 <0.10 0.30
J16102955 <0.10 0.23
J16070854 <0.18 0.34

Sz 118 <0.23 0.22
MY Lup <0.27 0.41

Sz 118, Sz 100, and J16070854) show a regular SED without a
clear indication of a cavity as an infrared deficit, which would
not have been recognized from photometric SED analysis
alone. The IRS spectrum at 5-35 um of RY Lup (Kessler-

Silacci et al. 2006) reveals a mid-infrared dip in the underlying
continuum, but as the spectrum is dominated by the strong
silicate features, this is not seen in photometry, underlining the
importance of the mid-infrared spectroscopy.

Common explanations for the origin of transition disk dust
cavities include photoevaporation (e.g., Alexander et al. 2014),
dead zone instabilities (e.g., Regaly et al. 2012), and clearing
by a substellar or planetary companion (Lin & Papaloi-
zou 1979). All disks have a measured accretion rate (Alcala
et al. 2017), which makes, in combination with the large cavity
radius, the photoevaporation mechanism an unlikely explana-
tion, as demonstrated in, for example, Owen et al. (2011),
Ercolano & Pascucci (2017), and Figure 9. Figure 9 also shows
the properties of the disks that remained unresolved in this
study but for which the SED analysis indicates a small dust
cavity radius (van der Marel et al. 2016b). These disks are
listed at the bottom of Table 2 and fall within the
photoevaporation regime. On the other hand, Ercolano et al.
(2018) suggest that cavities in disks with modest gas depletion
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of carbon and oxygen could be explained by X-ray photo-
evaporation out to cavity radii as large as 100 au with accretion
rates of ~107% M, yr~'. We note that the two disks with large
cavities for which the accretion rate is compatible with
chromospheric emission (MY Lup and J16070854) have cavity
sizes of 25 and 40 au, respectively, which still put them outside
the range of transition disks that can be reproduced by
photoevaporation models (Ercolano & Pascucci 2017).

A dead zone and planet gap will both create a (radial) dust
trap at its outer edge, which gives the appearance of a dust ring
(Pinilla et al. 2012). The key to distinguish between these two
mechanisms is the distribution of the gas: a dead zone will only
show a minor change in gas surface density, whereas a
companion can lower the gas surface density significantly up to

several orders of magnitude, depending on its mass and the
disk viscosity (e.g., Zhu et al. 2011; Fung et al. 2014; Pinilla
et al. 2016).

In our sample of 11 transition disks, it was possible to
constrain the gas surface density inside the cavity for about half
of the targets. In three cases, the gas cavity is found to be
smaller than the dust cavity, similar to previous high resolution
studies (Bruderer et al. 2014; Zhang et al. 2014; van der Marel
et al. 2016a; Boehler et al. 2017; Dong et al. 2017). This is
consistent with planet—disk interaction models in combination
with dust trapping, as the dust trap is expected to be at the outer
edge of the gas gap and the gas cavity radius thus further in
than the dust cavity radius. Note that our approximation of the
surface density profile with sharp drops is not physically



THE ASTROPHYSICAL JOURNAL, 854:177 (18pp), 2018 February 20

Marel et al.

5291 1212CO 3-2 visibility Surface density J16083070 13CQO 3-2 visibility Surface density
0.41 7
10 1.0 6 |
0.34 8 0.8 5 1
4 4
02 461 S\ o0 3
4 0.4 2 1
0.1 5 o : |
0.0+ 0 0
S§z111 RYLup
0.5 1.4 ST
| 1.2 |
0.4 e 4 |
0.3 0.8 3
0.21 0.6 1
2
0.4 |
0.1 0.2 1 |
0.04 ‘ ‘ ‘ ‘ ‘ 0.0 - 0 ‘ ‘ ‘
52118 Sz123A
0.20+ .
0.30 |
0.15 0.25
0.107 8ig g\
0.051 0.10 |
0.05
0.001 0.00 1
Sz84 030 52100
0.41 25 0.25 %
0.3 2.0 0.20 \
0.21 1.5 0.15 |
011 1.0 0.10 |
' 0.5 0.05 -
0] 0.04bommmoas 0.00 |
J16102955 T T 11607086
0.251 25 0.20
0.20+ 0.15
0.151 0.10
0.101 0.05
0.051 +$ll<m 0.00
0.00 VLG T
P 104
0.4
a0 10?2
1, 0.3 100
£o.2] Z -2
> W
= 0.1 1074
0.0/ 107°
T T T . T T T 10-8 T T T T
-1 o0 1 0 100 200 300 400 0 25 50 75 100

Cut (") Ruy (kA) R (AU)
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half of the targets but could not be quantified for the other disks.

realistic, and the gas likely follows a smooth drop such as seen
in J1604-2130 (Dong et al. 2017). Such a profile cannot be
constrained from our observations, but it was found to be
consistent with data for several transition disks in van der
Marel et al. (2016a). For the other disks, the gas profile inside
the cavity remains unresolved, and only the amount of gas
inside the dust cavity was varied through Og,.

For half of the targets, the gas cavities have a density drop of
several orders of magnitude, which is consistent with clearing
by a massive companion (several Jupiter masses) in combina-
tion with low values of viscosity (o ~ 10~%), according to
comparisons with planet—-disk interaction models (Fung
et al. 2014). A more detailed discussion on typical companion
masses based on 64, values is given in van der Marel et al.
(2016a). The only exception is RY Lup, which does not have a
deep gas gap. For the other disks, a deep gas cavity cannot be
ruled out or confirmed with the available resolution. It is

striking that apart from RY Lup there are no counter-examples
of resolved gas cavities with the same radius as their dust
cavities in both this study and the literature. This appears to be
a common phenomenon in transition disks and suggests that
transition disks with large cavities are caused by giant planets
of several Jupiter masses at several tens of au. The case of
RY Lup is further discussed in Section 5.6.

Whether the gaps inferred from '*CO observations are really
several orders of magnitude deep remains a topic of discussion.
Facchini et al. (2017) notice that the gas temperature can drop
due to heating—cooling effects of the dust grains when dust
evolution effects are taken into account. In our modeling, dust
evolution is not explicitly taken into account, but the depletion
of dust in the cavity mimics the effect. However, it is possible
that the gas gaps may be less deep (by an order of magnitude)
than inferred here due to additional heating—cooling effects by
the dust. The derived gas cavity radius is unlikely to be affected
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by this effect, as the gas temperature would decrease inside the
entire dust-depleted region, whereas the 13CO emission shows
a smaller cavity radius than the dust emission.

5.2. Gas Cavity versus Gap

The derived gas surface density close to the star can be
compared with the expected gas surface density based on the
accretion rate onto the star, using Equation (5) from Manara
et al. (2014) and the measured accretion rates (Alcala et al.
2017). Assuming a steady-state viscous disk with & = 10~ and
our derived values for Y(r), the gas surface density at 1au
based on our models and from the accretion rates are given in
Table 5.

For the five disks for which 64,, remained unconstrained, the
limits for 3 ,, are much higher than Xy, suggesting that 9y,
is in fact lower than 1. The values for X, ,, for the disks where
Ogas is constrained are generally lower than based on the

11

10’1, ]O’z, 10’3, 10’4, 10’5, and 107%°. The plots demonstrate that the depth of the dust cavity is at

measured accretion rates (Alcala et al. 2017), with the
exception of RY Lup (discussed above) and Sz 111, although
the derived value is an upper limit. This suggests that the gas
surface density close to the star is in reality higher than
measured from the CO observations (Najita et al. 2015), and
the surface density profile is actually a gap rather than a cavity,
with an inner gas disk inside the cavity. In our modeling setup,
this inner gas disk is not included to limit the number of free
parameters. Figure 10 demonstrates that the spatial resolution
of ~0”3 is insufficient to distinguish between a full cavity and
a gap at the measured gap sizes of a few tens of au for the case
of J160803070, the disk with the largest gas cavity in our
sample. In a disk with a gap, the inner part of the disk needs to
be continuously replenished with material flowing through the
gap (e.g., Rosenfeld et al. 2014; Wang & Goodman 2017). A
gap is more consistent with the predictions of planet—disk
interaction models of the effect of a planet on a disk
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Table 5
Accretion Properties

Target 21 au 2 Ve

(g cm™?) (gem ?)
Sz 91 <0.005 22
116083070 <0.19 17
Sz 111 <360 8.6
RY Lup >480 124
Sz 118 <24 17
Sz 123A <0.86 17
Sz 84" <702 3.4
Sz 100* <11226 2.1
J1610295* <600 1.2
J1607085* <990 e
MY Lup* <84195 <5.1
Note.

4 0gas completely unconstrained: value for 3 ,, is derived assuming Ogos = 1.
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Figure 9. Trend between accretion rates and derived dust cavity radii for the
resolved ALMA disks in this study (blue) and the cavity sizes from SED
modeling from van der Marel et al. (2016b) (red). The gray area indicates the
regime where cavities can be explained by photoevaporation models, following
Owen et al. (2011, 2017). The transition disks with large cavities from this
study fall outside this regime.

Table 6

All Known Transition Disks from Millimeter Imaging
Name SpT Origin References® Name SpT Origin References”
V892 Tau B8 Tau 1,18 HD 169142 B9 Isolated 2,19
HD 34282 B10 Isolated 3,20 AB Aur A0 Tau/Aur 4,21
IRS 48 A0 Oph 5,22 HD 97048 A0 Isolated 6, 23
MWC 758 A8 Isolated 7,24 HD 100453 A9 Isolated 8, 18
HD 135344B F4 Isolated 9, 25 HD 142527 Fo Isolated 9, 26
RY Tau Gl Tau 10, 27 SR 21 G3 Oph 11,25
LkHa 330 G3 Tau 11,25 T Cha KO Cham 9,28
MY Lup KO Lup 12, 29 RY Lup K2 Lup 12, 29
J16073080 K2 Lup 12,29 SR 24S K2 Oph 13,24
CS Cha K2 Cham 11, 30 SZ Cha K2 Cham 11, 30
UX TauA K2 Tau 14, 24 LkCa 15 K3 Tau 11, 24
DoAr 44 K3 Oph 11,24 J1604-2130 K5 UppSco 15, 31
GM Aur K5 Tau 11, 24 PDS 70 K5 Isolated 16, 18
Sz 118 K5 Lup 12,29 RXJ 1615-3255 K7 Isolated 11,24
Sz 91 MO Lup 12, 32 RXJ 1633-2429 MO Oph 15, 33
Sz 111 M1 Lup 12, 29 DM Tau M1 Tau 11, 24
Sz 123A M1 Lup 12, 29 MHO 2 M3 Tau 17, 18
J16102955 M4 Lup 12, 29 Sz 84 M5 Lup 12, 29
J160708054 M5 Lup 12,29 Sz 100 M5.5 Lup 12, 29
WSB 60 M6 Oph 11,24
Note.

% The first reference regards the spectral type, and the second regards the (sub) millimeter image.

References. (1) Wahhaj et al. (2010), (2) Dunkin et al. (1997), (3) Merin et al. (2004), (4) Herndndez et al. (2004), (5) Brown et al. (2012), (6) Irvine & Houk (1977),
(7) Chapillon et al. (2008), (8) Vieira et al. (2003), (9) Schisano et al. (2009), (10) Cieza et al. (2010), (11) Manara et al. (2014), (12) Alcala et al. (2017), (13) Spezzi
et al. (2008), (14) Garcia Lopez et al. (2006), (15) Lawson et al. (2004), (16) Riaud et al. (2006), (17) Luhman (2000), (18) ALMA archive, (19) Fedele et al. (2017),
(20) van der Plas et al. (2017a), (21) Piétu et al. (2005), (22) van der Marel et al. (2013), (23) van der Plas et al. (2017b), (24) Andrews et al. (2011), (25) Brown et al.
(2009), (26) Casassus et al. (2013), (27) Isella et al. (2010), (28) Huélamo et al. (2015), (29) this work, (30) Pascucci et al. (2016), (31) Mathews et al. (2012), (32)

Canovas et al. (2015), (33) Cieza et al. (2012).

(Fung et al. 2014), whereas a cavity is consistent with, for
example, a dead zone in combination with an MHD wind, a
scenario suggested by Pinilla et al. (2016), so higher resolution
observations are required in order to properly constrain the
structure of the gas.

5.3. Transition Disks and Spectral Types

The transition disks in this study extend the sample of
confirmed transition disks with large cavities based on
submillimeter imaging down to late spectral types. In Table 6

12

we present an overview of all known transition disks from
millimeter imaging with their spectral type and origin. Sample
studies of transition disks in submillimeter imaging are biased
toward early-type stars, as these disks are brighter. Further-
more, these studies include a large number of isolated Herbig
stars. Although isolated Herbigs are rare, the sample is likely to
be complete within a distance of 200 pc due to their brightness,
whereas later type isolated stars are much harder to detect.
However, we exclude the isolated objects from Table 6 in order
to construct a stellar distribution of the young (1-3 Myr) star-
forming regions Lupus, Chamaeleon, Taurus, and Ophiuchus
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Figure 10. Radial cuts of a gas cavity and a gas gap for the '>CO 3—2 emission of the J16083070 model at 0”3 and 0”1 spatial resolution, with the modeled emission
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(Figure 11). We exclude Upper Sco, as it is known to be
significantly older (Carpenter et al. 2014). The Lupus transition
disks are expected to be complete down to cavity radii of 20 au
(this work), and for Chamaeleon I a disk survey at lower spatial
resolution was presented in Pascucci et al. (2016). Although
full ALMA disk surveys of Taurus and Ophiuchus are not yet
available, these regions have been well studied with the
SubMillimeter Array, and we expect that the majority of
transition disks with large cavities are covered. If any transition
disks are missing in this plot, they are expected to be found
around K and M stars, as all early-type stars in these regions
have been targeted in millimeter interferometric studies.
Figure 11 reveals that the known transition disks span a full
spectral range with a peak at the late-type stars, similar to the
general spectral type distribution in star-forming regions (e.g.,
Luhman 2012), suggesting that transition disks can be found
among all spectral classes.

5.4. Comparison with Exoplanet Statistics

The fraction of transition disks with large cavities in Lupus is
2>11% (4+3.7%), which has important consequences for the
interpretation of the cavity origin. Previous estimates of
transition disk fraction range between 5% and 25%, depending
on the definition, selection criteria, and sample (e.g., Owen &
Clarke 2012; van der Marel et al. 2016b, and references
therein). Previous estimates were often based on studies where
transition disks were selected based on either SED analysis or
millimeter imaging. Selection based on millimeter imaging was
biased toward the brightest objects available due to the limited
sensitivity of pre-ALMA submillimeter interferometers. On the
other hand, SED-based selection includes transition disks with
smaller cavities of a few au (albeit with high uncertainty),
which is likely incomplete due to the uncertainties in SED
analysis, in particular for photometric SEDs without the IRS
spectrum: more than one-third of our targets would not have
been identified as transition disk based on the SED alone.
Besides, disks with small dust cavities fall within the
photoevaporation regime (Owen et al. 2011) rather than planet
clearing, and may thus be a different class of transition disks
(Figure 9).

It is unlikely that many other transition disks with cavity
sizes >20au are missed in this study due to sensitivity: the
faintest transition disk in this sample is J16102955-3922144
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Figure 11. Stellar distribution of all known transition disks in Lupus,
Chamaeleon, Taurus, and Ophiuchus.

with a total flux of 7 mJy, which is in the lowest quartile of the
detections, and even there a null at ~400k\ was readily
detected. Seventeen disks have a detected flux below 7 mly,
but all of these are unresolved. Twenty-seven disks in Lupus
remain undetected with an upper limit of ~1 mJy. The SEDs of
the disks with fluxes <7 mJy do not show evidence for large
cavities either.

Figure 12 displays the distribution of the transition disks as a
function of observables millimeter flux Fgog ,m (corrected for
distance), stellar luminosity L., accretion rate M,.., and dust
outer radius R,,. The latter is measured using a curve of
growth method on the images, taking the outer radius at 90% of
the flux. Figure 12 demonstrates that transition disks with large
cavities are millimeter-bright disks with large outer radii, as
suggested by Owen & Clarke (2012). They distinguish two
populations of transition disks in a combined study of SED and
millimeter imaging targets: millimeter-faint disks with low
accretion rates and small cavity sizes, and millimeter-bright
disks with high accretion rates and large cavity sizes,
suggesting that these two populations thus have different
origins. As our study selects only disks with large cavities, we
are likely seeing only the second population. Considering that
our study is based on spatially resolved transition disks within a
complete and deep flux-limited disk survey, our derived
fraction of 211% is a more reliable estimator of the large
cavity transition disks.
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Figure 12. Histogram of the fraction of transition disks in Lupus as a function of their properties, as a function of millimeter flux Fgoo,m, stellar luminosity L.,
accretion rate M,.., and dust outer radius R, (measured using a curve of growth method on the continuum images, taking the outer radius at 90% of the flux).

Clearing by giant planets at wide orbits appears to be the
most likely explanation for transition disks with large cavities,
but the observed fraction poses an important issue. Planet
detections in transition disks are rare and often debated (e.g.,
Kraus & Ireland 2012; Quanz et al. 2013; Biller et al. 2014,
Reggiani et al. 2014; Quanz 2015; Sallum et al. 2015;
Thalmann et al. 2016). Exoplanet population studies around
main sequence stars demonstrate that the occurrence rate of
planets of 5-13 My, at 10-300 au is less than 8% around all
stars, and even lower for FGK (<6.8%) and M (<4.2%) stars
(Bowler 2016), which is below the observed transition disk
fraction of >11%, although the derived percentages also
depend on assumptions regarding the planet brightness and
assumed planetary evolutionary model (hot-start versus cold-
start).

If the inconsistency is not caused by the biases in the
exoplanet statistics, planet migration may be able to explain the
lack of giant planets at wide orbits. Giant planets are expected
to migrate inwards rapidly due to planet—disk interaction (Kley
& Nelson 2012) if the disk mass is comparable to or greater
than the planet mass, but the high transition disk fraction and
thus lifespan of the transition disk phase (~several 10° years)
indicates that the migration timescale must be of similar length.
Also, dynamical scattering (the Lidov—Kozai mechanism; e.g.,
Wu & Murray 2003), which happens at much longer timescales
(~100 Myr), could explain the inconsistency between trans-
ition disk fraction and giant planet occurrence rate. Based on
the low 6,4, values, our analysis suggests that planets of Jupiter
mass are responsible for the gas cavity, using the relations in
Fung et al. (2014) for a low viscosity of a ~ 10~*. Even lower
viscosities could be explained by lower mass planets down to
Super Earths, which would be undetected in current imaging
surveys. It is also possible that rather than a single giant planet,
multiple Neptune-like planets may be responsible for the large
cavities.

5.5. Transition Disks versus Primordial Disks

The transition disks as defined in this study obviously
deviate from the primordial disks by the presence of a dust
cavity. Any smaller dust cavities would not be resolved with
the available resolution. One of the main questions in transition
disk studies is whether all disks go through this “transition
phase,” or whether only a subset will develop a cavity (Cieza
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et al. 2007). A remarkable property of the transition disks
within Lupus is that they fall on the high tail of the dust mass
distribution (Ansdell et al. 2016b), as also seen in Taurus and
Ophiuchus (Andrews et al. 2013). In Figure 13 we compare the
properties of transition disks with primordial disks using
cumulative plots of the transition/primordial disk fraction as a
function of observables: continuum flux, stellar luminosity,
accretion rate, and dust outer radius.

5.5.1. Millimeter Flux

The transition disks occupy the brightest part of the
millimeter-flux distribution, whereas the primordial disks have
a more even distribution of millimeter fluxes.

5.5.2. Stellar Properties

The stellar luminosity and mass accretion plots show no
distinction in the distribution of primordial and transition disks
with respect to M,... Najita et al. (2015) and Manara et al.
(2016) suggest that the transition disks in the Mgyg—M,. fall
below the main trend, indicating that they have either lower
accretion rates or higher disk masses. Our plot suggests that the
accretion rates are similar to primordial disks and the disk
masses are higher.

5.5.3. Dust Outer Radius

The dust outer radius of transition disks with large cavities is
clearly larger than that of primordial disks, but this is partially a
selection effect, as their cavity size sets the outer radius already
at 250 au for a ~20 au cavity limit due to the spatial resolution.
Still, more than 70% of the transition disks have an outer radius
of more than 120 au, whereas 80% of the primordial disks are
smaller than 120 au based on our r,, estimates. However, a
handful of the primordial disks also have significant extents of
>120 au: IM Lup (Sz 82), Sz 83, Sz 98, and Sz 133.

5.5.4. Two Evolutionary Pathways?

In recent years, ALMA has revealed several primordial disks
with significant extent in dust, usually with ring-like structures,
such as HL Tau (ALMA Partnership et al. 2015) and
HD163296 (Isella et al. 2016). Certain transition disks show
evidence for both inner cavities and outer rings, such as
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Figure 13. Cumulative plot of both transition and primordial disk fractions in Lupus with respect to their total number in each bin, as a function of millimeter flux
Fgooum (corrected for distance), stellar luminosity L., accretion rate M,.., and dust outer radius Ry, (curve of growth: radius at 90% of the flux).

HD 169142 (Fedele et al. 2017), HD 97048 (van der Plas
et al. 2017a), HD 100546 (Walsh et al. 2014), and RX J1615-
3255 (van der Marel et al. 2015b). A large extent is inconsistent
with our understanding of the role of radial drift (Weidenschil-
ling 1977), which acts to decrease the outer radius of the dust,
such as observed in some disks (Pérez et al. 2012; Tazzari
et al. 2016). The large extent in both primordial and transition
disks could be explained by the presence of unresolved dust
rings in the outer disk, as rings are the result of a mechanism
that prevents the large dust grains from drifting in, similar to
the edges of transition disk cavities. Possible mechanisms are,
for example, giant planets creating dust traps at the edges or
condensation fronts where dust grows more efficiently. We
suggest that large, massive, ring-like primordial disks have an
evolutionary connection with transition disks with large
cavities, where a ring system evolves into a transition disk,
as planet formation in the inner part is induced due to the radial
concentrations of dust particles, resulting in (giant) planets
clearing large cavities. Both the transition disks and the large
primordial disks are on the high-mass end of the Lupus disk
mass distribution, indicating that this evolutionary path occurs
for more massive disks. The majority of Lupus disks are
smaller and less massive and thus less likely to form giant
planets, and it remains unclear if they evolve through a
different pathway or are a scaled-down equivalent of this
scenario (see Figure 14).

A division in evolutionary pathways has been suggested
previously based on SED studies of Spifzer data, where Class II
objects were further divided in transition disk (mid-infrared
deficit or dip compared to the mean T Tauri star SED) or
anemic disks (decrease of infrared excess at all wavelengths
compared to the mean T Tauri star SED; Cieza et al. 2007;
Currie & Kenyon 2009). It was suggested that disks either go
through a gradual clearing process between Class II and III, or
clearing from the inside out. Maaskant et al. (2013) and Garufi
et al. (2017) suggested two different evolutionary pathways for
Herbig stars, based on a reassessment of the properties of a
large sample of Group I and Group II Herbig stars. Instead of
the conventional evolution from flared Group I disks (high
infrared excess) to Group II disks (low infrared excess) as a
consequence of settling of grains, they propose that large
Group II disks are in fact self-shadowed, and Group I disks
gapped, where the gap is opened at a later stage. On the other
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hand, there are also small Group II disks that evolve into even
smaller Group II disks. This scenario may be more broadly
applicable to T Tauri stars with different spatial extents.

Alternative to an actual division in evolutionary pathways, it
is also possible that the second group of disks has smaller
cavities and would thus be the scaled-down equivalents of the
ring to cavity scenario. There are a handful of transition disks
that have been identified through their SED with smaller
cavities (<10 au radius) that could not be resolved with the
current ALMA data (Figure 3 and Section 2). In general, it is
difficult to recognize small cavities from the SED, so the
sample of transition disks with small cavities is potentially
much larger. The high fraction of Mini-Neptunes and Super
Earth planets found around main sequence stars at small orbital
radii suggests that small gaps and cavities must be common.
Higher resolution ALMA data of large samples of disks in star-
forming regions are required to test this scenario.

5.6. The Peculiar Case of RY Lup

The inclination of RY Lup is well constrained by the
continuum emission ring and CO spectra at 68°, but the near-
infrared emission in the SED cannot be reproduced if the disk
is so close to edge-on. Furthermore, the >CO emission does
not show an indication of a gap in the gas, unlikely the other
spatially resolved disks in our sample. One possible way to
reproduce the near-infrared excess is to set the inclination of
the inner disk where the near-infrared emission originates to
38° (or less). DALI is not capable of modeling such a
misalignment between the inner and outer disk directly, but the
effect is illustrated for the SED in Figure 15. The lack of a
visible '*CO gap may also be caused by this misalignment.

Another way to increase the near-infrared excess is with
more complex inner disk structures with a puffed up inner rim
(Isella & Natta 2005). Adding an artificial puffed up rim in our
DALI model by increasing the scale height A(r) around the
sublimation radius does not reproduce the excess, although this
is a rather simple approach. Although there may be other ways
to reproduce the near-infrared excess beyond the possibilities
of DALI, we propose misalignment here as a potential solution.
Manset et al. (2009) detected optical variability in this system,
interpreted as occultation by a warped edge-on inner disk,
suggesting that the inner disk structure may be even more
complex.
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Figure 14. Proposed evolutionary sequence for massive, extended disks toward transition disks with large cavities (top). The evolutionary sequence for low-mass
disks with a small extent (bottom) remains unclear: either they evolve differently through general dissipation or as a scaled-down equivalent with smaller cavities and
smaller extent. The sequence is illustrated using some typical examples from the Lupus disk survey.

The near-infrared excess in the SEDs of Sz 100, J16102955,
and J16070854 are also difficult to reproduce with our adopted
disk model, and these disks all have high inclination angles
based on their millimeter image. Based on their SED alone,
they would not have been recognized as transition disks. It is
striking that this issue of reproducing near-infrared excess is
primarily seen toward edge-on disks, so we propose a
misalignment to explain the near-infrared excess instead.

What could cause misalignment between inner and outer
disk (also called a warp)? Dynamical simulations suggest that
such a misalignment can be caused by interaction with a
companion in the disk (Mouillet et al. 1997). In 3 Pic, the inner
disk warp may have been dynamically induced by 3 Pic b
(Dawson et al. 2011), whose orbit is found to be aligned with
the inclined warped component (Chauvin et al. 2012). This
phenomenon appears to be common in TDs: for HD 142527
and HD 100453 where the inner disk warp was constrained by
modeling of the shadows in the outer disk in scattered light
images (Marino et al. 2015; Benisty et al. 2017; Min
et al. 2017), and variations in near-infrared excess and optical
light curves in the face-on disk J1604-2130 (van der Marel
et al. 2015b; Ansdell et al. 2016a), suggest a misalignment of
the inner disk as well. A (planetary) companion in an inclined
orbit could be responsible for the inclined inner disk (Owen &
Lai 2017). A warp can be observed directly through a deviation
of Keplerian motion in the gas velocities close to the star
(Rosenfeld et al. 2014), but the spatial resolution of the current
CO observations is insufficient to confirm this. Interestingly,
the reason that RY Lup was not recognized as a transition disk
in previous (SED) studies is the lack of infrared deficit in its
SED photometry: a handful of other disks are known to show
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Figure 15. SED model of the disk of RY Lup at 68° (red) and 38° (blue)
inclination. The near-infrared excess is properly reproduced at the lower
inclination, whereas the ALMA images require the higher value for the outer
disk. This indicates that there is a misalignment between the inner and outer
disk, or a warp.

surprisingly large dust cavities in millimeter imaging despite a
lack of infrared deficit (Andrews et al. 2011). As the inclination
of the inner disk is unconstrained in most disks, it remains
unclear how common this phenomenon is.

A few other transition disks in the literature are known to
have large dust cavities from millimeter imaging with a
primordial SED (e.g., MWC 758, RY Tau, and WSB 60; Isella
et al. 2010; Andrews et al. 2011). This raises the question
whether transition disks can be recognized from SEDs alone: a
face-on inner disk will produce strong near-infrared excess,
which make the SED appear to be primordial, whereas a more
inclined inner disk results in a deeper infrared deficit in the
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SED. The amount of near-infrared excess in an SED is usually
fit by different amounts of dust in the inner disk (64yug), and it
has even been suggested that there are pre-transitional and
transitional disks based on the amount of near-infrared excess
(Espaillat et al. 2011), but perhaps this is related to orientation
rather than amount. Assuming a random distribution of disk
orientations, SED studies may miss a significant fraction of
transition disks with large cavities. This orientation effect may
be the consequence of misalignment.

6. Conclusions

In this work, we have quantified the dust and gas of 11
transition disks with large cavities that were identified in the
Lupus disk survey of Ansdell et al. (2016b). The analysis was
performed using the physical-chemical modeling code DALLI,
and the modeling outcomes were compared with spatially
resolved ALMA Band 7 observations of the 345 GHz
continuum, 13CO and C'®0 3-2 observations, and the SED
of each source. This is the first study of transition disks using
spatially resolved data within a single star-forming region
based on a complete disk survey. The derived gas and dust
surface density profiles give information about the origin of the
transition disk cavities.

1. The transition disks in this sample have dust cavity sizes
ranging between 20 and 90 au radius. The dust cavities
are empty of millimeter dust down by at least two orders
of magnitude compared with the outer disk.

2. The ">CO emission can be fit using the same surface
density profile as the dust in the outer disk using a gas-to-
dust ratio of 100, with various amounts of gas inside the
dust cavity. The C'®0 3—2 integrated fluxes suggest that
the gas-to-dust ratio is likely lower than 100, similar to
previous studies.

3. For three disks, the data reveal a gas cavity smaller than
the dust cavity, similar to previous studies. For the other
disks the gas cavity radius cannot be constrained and is
set equal to the dust cavity radius.

4. The drop in density inside the gas cavity is several orders
of magnitude for half of the sample, and unconstrained
for the remainder of the sample.

5. The deep drops and large cavity sizes are consistent with
clearing by giant planets, but the observational exoplanet
statistics of giant planets at wide orbits is three times
lower than the fraction of transition disks in this survey of
=11%. Either clearing is done by (multiple) lower mass
planets or subsequent migration may play an impor-
tant role.

6. This study extends the sample of known transition disks
with large cavities down to late spectral types (K and M).

7. Transition disks with large cavities are millimeter-bright
and have large outer dust radii compared to primordial
disks, consistent with higher disk masses.

8. Transition disks with large cavities have similar accretion
rates as primordial disks and are primarily found around
more luminous stars.

9. The connection between large, extended ring-like disks
and transition disks indicate two different evolutionary
pathways for protoplanetary disks: massive, large disks
go through a transition disk phase with planet clearing by
giant planets, whereas smaller, low-mass disks dissipate
slowly without forming large dust cavities.
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10. Four disks in our sample would not have been recognized
as transition disks from their photometric SED alone due
to large mid-infrared excess, potentially caused by a
strong silicate feature. It is suggested for at least one disk
that this is caused by a misalignment between the inner
and outer disk.
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