
Astronomy
&Astrophysics

A&A 620, A94 (2018)
https://doi.org/10.1051/0004-6361/201833872
© ESO 2018

Evolution of protoplanetary disks from their taxonomy in
scattered light: spirals, rings, cavities, and shadows

A. Garufi1, M. Benisty2,3, P. Pinilla4, M. Tazzari5, C. Dominik6, C. Ginski6, Th. Henning7, Q. Kral8,
M. Langlois12,13, F. Ménard3, T. Stolker9, J. Szulagyi10, M. Villenave11,3, and G. van der Plas3

1 INAF, Osservatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, 50125 Firenze, Italy
e-mail: agarufi@arcetri.astro.it

2 Unidad Mixta Internacional Franco-Chilena de Astronomía, CNRS/INSU UMI 3386 and Departamento de Astronomía, Universidad
de Chile, Casilla 36-D, Santiago, Chile

3 Université Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France
4 Department of Astronomy/Steward Observatory, The University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721, USA
5 Institute of Astronomy, Madingley Rd, Cambridge, CB3 0HA, UK
6 Astronomical Institute Anton Pannekoek, University of Amsterdam, PO Box 94249, 1090 GE Amsterdam, The Netherlands
7 Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany
8 LESIA, Observatoire de Paris-Meudon, CNRS, Université Pierre et Marie Curie, Université Paris Didierot, 5 Place Jules Janssen,

92195 Meudon, France
9 Institute for Particle Physics and Astrophysics, ETH Zurich, Wolfgang-Pauli-Strasse 27, 8093 Zurich, Switzerland

10 Institute for Computational Science, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
11 European Southern Observatory, Alonso de Córdova 3107, Casilla 19001 Vitacura, Santiago 19, Chile
12 Aix-Marseille Université, CNRS, LAM, Marseille, France
13 CRAL, UMR 5574, CNRS, Université de Lyon, Ecole Normale Supérieure de Lyon, 46 Allée d’Italie, 69364 Lyon Cedex 07, France

Received 16 July 2018 / Accepted 3 October 2018

ABSTRACT

Context. Dozens of protoplanetary disks have been imaged in scattered light during the last decade.
Aims. The variety of brightness, extension, and morphology from this census motivates a taxonomical study of protoplanetary disks
in polarimetric light to constrain their evolution and establish the current framework of this type of observation.
Methods. We classified 58 disks with available polarimetric observations into six major categories (Ring, Spiral, Giant, Rim, Faint,
and Small disks) based on their appearance in scattered light. We re-calculated the stellar and disk properties from the newly available
Gaia DR2 and related these properties with the disk categories.
Results. More than half of our sample shows disk substructures. For the remaining sources, the absence of detected features is due to
their faintness, their small size, or the disk geometry. Faint disks are typically found around young stars and typically host no cavity.
There is a possible dichotomy in the near-infrared (NIR) excess of sources with spiral-disks (high) and ring-disks (low). Like spirals,
shadows are associated with a high NIR excess. If we account for the pre-main sequence evolutionary timescale of stars with different
mass, spiral arms are likely associated with old disks. We also found a loose, shallow declining trend for the disk dust mass with time.
Conclusions. Protoplanetary disks may form substructures like rings very early in their evolution but their detectability in scattered
light is limited to relatively old sources (&5 Myr) where the recurrently detected disk cavities cause the outer disk to be illuminate. The
shallow decrease of disk mass with time might be due to a selection effect, where disks observed thus far in scattered light are typically
massive, bright transition disks with longer lifetimes than most disks. Our study points toward spirals and shadows being generated by
planets of a fraction of a Jupiter mass to a few Jupiter masses in size that leave their (observed) imprint on both the inner disk near the
star and the outer disk cavity.

Key words. planet-disk interactions – planets and satellites: formation – protoplanetary disks

1. Introduction

The most direct observational approach to study planet forma-
tion − the direct imaging of forming planets − has thus far
been unproductive, with only a handful of young planet can-
didates being found in the literature (e.g., Quanz et al. 2013a;
Sallum et al. 2015; Keppler et al. 2018; Müller et al. 2018).
On the other hand, the direct imaging of protoplanetary disks
has provided several examples of disk sub-structures (e.g., cav-
ities, annular gaps, spiral arms) that are potentially formed by
an interaction with embedded (forming) planets. Currently, the

paucity of planet detection and the lack of a known evolutionary
trend for these substructures are hindering our understanding of
planet/disk interaction processes and planet formation.

Until the advent of ALMA, optical and near-infrared (NIR)
imaging of the scattered light from protoplanetary disks was the
best method for detecting substructures (see pioneering work by
Grady et al. 1999; Augereau et al. 2001). Observations at these
wavelengths exploit the good angular resolution achieved with
single telescopes but suffer from the low contrast of any circum-
stellar emission in comparison to the star. Much of the current
focus is on Polarimetric Differential Imaging (PDI) since this
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technique guarantees the most efficient removal of the stellar
light by separating it from the polarized fraction of the light
reflected by the disk (see e.g., Kuhn et al. 2001; Apai et al. 2004).
This type of observation traces the small dust grains (from a frac-
tion of a micrometer to a few micrometers in size) at the disk
surface and allows one to resolve substructures as small as 5 au
from disks at a distance of 150 pc.

Recently, several groups have started a systematic approach
to the observation of protoplanetary disks in PDI (see e.g.,
Tamura 2009; Garufi et al. 2017a). These surveys have revealed
an incredibly varied morphology of disks, with the most recur-
rent feature being an inner disk cavity as large as tens of
astronomical units. The existence of these cavities was deduced
from the characteristic dip in the near- and mid-IR of their
spectral energy distribution (SED) and led to the definition of
transition disks (Strom et al. 1989) since these objects were
initially thought to represent an intermediate stage between pro-
toplanetary and evolved, gas-poor disks. To date, several authors
have considered these objects to follow a separate evolutionary
path rather than being a particular stage of disk evolution, as
derived from, for example, the detection of large cavities already
in very young disks (Sheehan & Eisner 2017) and the notion that
often these disks are the most massive of all protoplanetary disks
(Owen 2016).

Several other sub-structures with no appreciable impact on
the SED have been revealed by PDI images. The intriguing dis-
covery of spiral arms (e.g., Muto et al. 2012) and concentric
rings (e.g., Quanz et al. 2013b) on scales comparable or slightly
larger than the size of our solar system led to the concept of
a possible connection with yet unseen planetary companions.
The number of disks known to host any of these substructures
has now reached the several tens. Nonetheless, an evolutionary
framework for the morphology of protoplanetary disks is yet to
be established. To a large extent, this lack is to be ascribed to the
large uncertainty on the age determination, which in turn partly
comes from the uncertainty on the distance to these sources.
However, the recent Gaia DR2 (Gaia Collaboration 2018) has
alleviated this issue by providing the most accurate measurement
of their distance.

In this study, we catalog the protoplanetary disks with PDI
images available from the literature and relate their appearance
in scattered light with both the stellar and complementary prop-
erties. To do so, we classified all objects into six major categories
and studied their appearance in the parameter space defined by
the stellar age, mass, luminosity, and variability and by the IR
excess and disk mass. We recalculated all properties to ensure
homogeneity and to account for the new estimate on the distance
from Gaia DR2. The paper is organized as follows. In Sect. 2
we present the sample and the classification used in this work
and in Sect. 3 we describe the recalculation of all properties fol-
lowing Gaia DR2. The main results are presented in Sect. 4 and
discussed in Sect. 5. We conclude in Sect. 6.

2. Sample and classification

The sample studied in this work consists of 58 sources from mul-
tiple star-forming regions observed in PDI during the last decade
with Subaru/HiCIAO (Tamura et al. 2006), VLT/NACO (Lenzen
et al. 2003), GPI (Macintosh et al. 2014), and VLT/SPHERE
(Beuzit et al. 2008). We did not consider objects observed by
space missions, for example the Hubble Space Telescope since
the inner 1′′ around these objects was typically not accessi-
ble. However, the vast majority of those objects have also been
observed by ground telescopes and are therefore included in this

work. These 58 stars have spectral types spanning from M1 to B9
and masses from 0.4 to 3.0 M�, covering a very wide parameter
range of intermediate- and low-mass stars. The complete sample
is described in Appendix A. We classified all 58 objects into six
major categories, based on the appearance (in spatial extent and
morphology) of the protoplanetary disk in scattered light. The
six major categories proposed are summarized in Fig. 1.

Ring disks. One of the most common features imaged in
scattered light are concentric, typically bright rings. Proto-
typical examples are TW Hya (van Boekel et al. 2017) and
HD97048 (Ginski et al. 2016). The disk may show an inner
cavity in PDI (e.g., HD169142; Quanz et al. 2012) but often
it does not show any down to the innermost accessible radius
(typically ≈15 au).

Spiral disks. A few disks show bright, quasi-symmetric, dou-
ble spirals on relatively small scale (a few tens of au). The
prototypical cases are HD135344B (SAO206462; Muto et al.
2012) and HD36112 (MWC758; Grady et al. 2013). Similarly to
Ring disks, these disks may (HD135344B) or may not show a
cavity (HD36112).

Giant disks. We introduce this category to account for those
disks showing multiple, asymmetric, relatively faint arm-like
structures on large scales. The morphology of the spiral arms
detected in for example HD31293 (AB Aur; Hashimoto et al.
2011) and HD142527 (Avenhaus et al. 2014) is in fact clearly dif-
ferent from that mentioned above. In some cases, it is not even
obvious whether the arms are wrapped spirals or tenuous, bro-
ken rings (HD34282 and HD100546; de Boer et al., in prep.;
Sissa et al. 2018). We leave this case unsolved and refer to these
objects as Giant, since these extended, complex arms are always
found in disks with very large radial extent (�100 au).

Rim disks. Some disks do not show any peculiar features
besides a bright rim at the outer edge of a disk cavity, like
J1604 (Mayama et al. 2012) and PDS70 (Hashimoto et al. 2012).
Signal within the cavity may be detected and can be strong in
some cases (LkCa15; Thalmann et al. 2016). This category only
includes transition disks but does not include all transition disks,
as many objects of the three previous categories are also tran-
sition disks. In other words, the presence of a disk rim is not
a characteristic of Rim disks only, but in this category it is the
most obvious feature.

Faint disks. Not all disks observed in PDI actually show any
peculiar feature (e.g., RU Lup; Avenhaus et al. 2018). However,
from our experience the non-detection of features is related to
the overall faintness of the polarized signal (see Sect. 5.3 and
Appendix D). Therefore, it is possible that characteristic sub-
structures are present in the disk but remain undetected (or are
barely detected like in AS209; Avenhaus et al. 2018) given the
current achievable contrast.

Small disks. The detection in PDI of the smallest disks can
be hindered by the inner working angle achieved by the current
generation of telescopes (≈10−20 au at 150 pc). Observations
of this type of objects have thus far been mostly succeeded by
ALMA (see e.g., Barenfeld et al. 2017) but several attempts in
PDI are described by Garufi et al. (2017b), Ginski et al. (2018),
and Dominik et al. (in prep.).

We caution that this classification cannot aim at full objectiv-
ity and that the categories cannot be perfectly mutually exclusive.
The different quality of the various datasets may also have a
marginal impact on the classification. In particular, we find a
possibly debatable assignment for approximately 20% of the
sample. In view of this, we individually discuss all controver-
sial cases and judge their impact onto the results of this work in
Appendix A.
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Multiple symmetric, bright annuli. 
Prototypes: TW Hya, HD97048. 

Rings

Faint

Low signal. No feature visible. 
Prototypes: RU Lup, MWC480. 

Small

Signal on very small scale. 
Prototypes: HD150193, CS Cha. 

Rim

Mainly one ring around a cavity. 
Prototypes: J1604, PDS70. 

Spirals Giant

Symmetric, bright spirals on small scale. 
Prototypes: HD135344B, MWC758. 

Wrapped, asymmetric arms on large scale. 
Prototypes: HD100546, HD34282. 

Fig. 1. Sketch summarizing the classification of protoplanetary disks in scattered light used in this work (see text for details).

A separate class of objects emerges from the census of
imaged disks: the Inclined disks (with i & 70◦, like T Cha;
Pohl et al. 2017). The identification of features in these disks
is simply limited by the low viewing angle. However, we do not
exclude these sources from the analysis since the complementary
properties that we investigate may also be impacted by the disk
orientation.

An additional element that we consider in this work is the
presence of outer stellar companions (e.g., HD150193A; Garufi
et al. 2014) and local shadows (HD100453; Wagner et al. 2015).
In particular, shadows are seen as more or less narrow dark lanes
in scattered-light images where the most realistic interpretation
is the occultation of the stellar light by some material close in.
Here we only consider shadows with clear indications in PDI
(e.g., GG Tau A and HD135344B; Itoh et al. 2014; Stolker et al.
2016a) and ignore others that have been revealed with other tech-
niques but are not seen in PDI. Furthermore, only dark features
that cannot be ascribed to the scattering phase function are con-
sidered (i.e., they are not symmetric with the disk orientation
like in HD100546 and HD31648; Garufi et al. 2016; Stolker et al.
2016b; Kusakabe et al. 2012).

3. Recalculation of stellar and disk properties

A comprehensive literature is available for the vast majority of
the sample. However, our new knowledge of the distance to the
sources (Gaia DR2; Gaia Collaboration 2018) affects most of
the available estimates. In view of this and to ensure homogene-
ity, we therefore recalculated several stellar and disk properties
for the entire sample.

3.1. New distance from Gaia DR2

Gaia DR2 provides the most accurate estimate for all the sources
studied in this work. In most cases, the previously available

distance was within 15% from the newly available estimate.
However, a larger discrepancy is found in a few cases (e.g., Sz111
− from 200 to 158 pc − and LkHα330 − from 250 to 311 pc).
Interestingly, a few sources have a significantly different distance
from Gaia DR1 (Gaia Collaboration 2016; e.g., HD135344B −
from 156 to 136 pc − and V1247 Ori − from 319 to 398 pc). The
DR2 uncertainty is on average 1.3 (6.7) pc for our sources within
(beyond) 200 pc.

Even though a study of the distance of the various star-
forming regions is beyond the scope of this paper, the following
is worthwhile noticing:

– All the Lupus sources (11 in this work) lie in a very narrow
range of distance (from 156 to 161 pc).

– The Taurus sources (9) are systematically further away than
what is typically assumed (an average 157 vs. 140 pc).

– Sources from the Sco-Cen association (15) span a large range
of distances (from 104 to 166 pc).

3.2. Stellar properties

The complete SED from the B band to 1.3 mm of each source was
built through VizieR1. In particular, we inspected the temporal
evolution of the brightness in the V band through ASAS-3 (from
2000 to 2009; Pojmanski 1997) and ASAS-SN (from 2016 to
2018; Shappee et al. 2014; Kochanek et al. 2017). This ensured
the use of the most representative photometric value and also
allowed a quantitative assessment of the stellar variability ∆V .
To reject any possible bad measurements, we excluded the 10%
highest and lowest values.

We adopted a PHOENIX model of the stellar photosphere
(Hauschildt et al. 1999) with the effective temperature Teff

and extinction AV taken from the literature, and surface grav-
ity log(g) = −4.0. We calculated the stellar luminosity L∗ by

1 http://vizier.u-strasbg.fr/viz-bin/VizieR
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Fig. 2. Stellar properties. Panel a: HR diagram. The three lines are the PMS tracks for the illustrative masses of 1, 2, and 3 M�. Panel b: stellar
mass vs. age diagram derived from the PMS tracks. The average of all categories is shown at the top. The dashed line divides Herbig AeBe + F stars
from TTSs (G0-type). The three error bars shown are representative of the whole sample at different age intervals. Panel c: labeled version of the
middle diagram. Circles indicate the presence of a cavity imaged with PDI and/or in the millimeter.

integrating the photospheric model scaled to the dereddened V
magnitude and known distance d. Finally, we constrained the
stellar age t and mass M∗ by comparing the pre-main-sequence
(PMS) stellar tracks by Siess et al. (2000) with our newly derived
L∗ and the literature Teff . We adopted solar metallicity, except for
a few cases with known depleted metallicity (Folsom et al. 2012;
Kama et al. 2015). Error bars on M∗ and t are derived by prop-
agating the uncertainty on AV (20%) and distance onto L∗ and
a conservative ∆Teff = 200/400 K for TTSs/Herbig stars. The
uncertainties on AV and ∆Teff are chosen to account for most
different estimates available from the literature while the final
error bars do not include the slightly discrepant values of M∗
and t found by different evolutionary tracks (see e.g., Soderblom
et al. 2014). For a few sources older than 10 Myr, the uncertainty
is large enough that the adoption of an upper limit is preferable.
The adopted literature properties of the entire sample are listed in
Table F.1 while the newly calculated ones are shown in Table F.2.

3.3. Infrared excess

From the SED, we obtained a self-consistent measurement of
the NIR and far-IR (FIR) excess as in Garufi et al. (2017b). This
is done by integrating the flux in excess to the stellar photo-
sphere from 1.2 µm (2MASS J band) to 4.5 µm (WISE W2
band) and from 22 µm (WISE W4 band) to 450 µm, respectively,
and by normalizing by the stellar luminosity. The error bars are
entirely due to the uncertainty on the AV (20%) since the error for
the photometry is negligible. The calculated values are listed in
Table F.2. For some sources, these values were already shown by
Garufi et al. (2017b), Banzatti et al. (2018), and Avenhaus et al.
(2018).

3.4. Disk mass

We constrained the disk dust mass of each object through the
integrated (sub)millimeter flux. We retrieved the flux Fmm at
1.3 mm, and at 0.88 mm when the former was not available (see
Table F.1) and converted it following

Mdust =
Fmmd2

κλBλ(Tdust)
, (1)

where κλ is the dust opacity and Bλ(Tdust) the Planck function
at the dust temperature Tdust. We assumed κλ to scale inversely

with λ from a characteristic value of 10 cm2 g−1 at the frequency
of 1000 GHz (Beckwith et al. 1990). Given the variety of stars
of this work, we assumed Tdust = 25 (L∗/L�)1/4 K as in Andrews
et al. (2013). The error bars were obtained from the uncertainty
on L∗, d, and Fmm. Additional uncertainty may come from the
possibly different Tdust and κλ of disks at different evolution-
ary stages or of different radial extent. In this work, we make
use of the normalized Mdust/M∗, whose values are shown in
Table F.2.

4. Results

In this section, we show how the different categories of disks
proposed in Sect. 2 are distributed with respect to the environ-
ment, stellar, and disk properties calculated in Sect. 3.

4.1. Disk features versus stellar properties

The distribution of the entire sample in the HR diagram is shown
in Fig. 2a. It is clear that with the sources of this work, both
stellar luminosity and temperature are rather uniformly covered,
reversing the initial trend of a few years ago when hotter stars had
primarily been observed. The available sample mostly includes
single stars as, to our knowledge, only 12 objects are multiple
systems. Of these, five are circumbinary disks (with a triple sys-
tem in one case, GG Tau A) and eight are circumprimary disks
with an outer companion on a large orbit2. There is no obvi-
ous trend with the disk properties, besides the fact that disks are
small when they host an outer companion (see Appendix A).

The distribution of disk categories within the HR diagram
is uniform, except for two cases: the Spiral disks are thus far
only found around earlier-type stars (Teff > 5800 K) and the Faint
disks are primarily associated with late-type stars. As described
in Sect. 3.2, the comparison between observations and PMS
tracks yielded the stellar mass and age shown in Fig. 2b. Here,
it can be seen that the vast majority of Faint disks are young. It
is therefore debatable whether the segregation of these disks is
intrinsically due to the cold or to the young nature of the host
star. At this stage, it should be noted that four Ring disks have
similarly low stellar temperature (Fig. 2a) but only one is of sim-
ilar age to the Faint disks. Furthermore, the top data point of

2 The sum yields 13 and not 12 as CS Cha (Ginski et al. 2018) belongs
to both categories.
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both diagrams, HD179218, is Faint and the star is hot and young.
These aspects may suggest that the accumulation of Faint disks
around late-type stars is to be ascribed to their young age, and
the observational implication is a segregation around cold stars
(since all young, intermediate-mass stars are late-type). To test
the significance of this accumulation, we took the distribution
in age of Faint disks and of the rest of the sample and used
the Kolmogorov–Smirnov (KS) two-sided test. The maximum
deviation between the cumulative distributions is ∼0.6, with a
low probability (∼2%, corresponding to 2.3σ significance) that
the two samples are similar. This finding is further discussed in
Sect. 5.3.

From Fig. 2b, it should also be noted that Spiral disks are
always around stars that are old for their given mass (massive
stars evolve faster). The KS two-sided test shows a low probabil-
ity (∼2%, 2.3σ significance) that disks with spirals are of similar
age to those without spirals. It should also be noted that stars
with Spiral disks are never less massive than 1.5 M�. Also, Ring
disks are typically old with only one source out of twelve being
younger than ∼4 Myr, while Giant disks are moderately young
with none of them in the oldest tertile. These results are dis-
cussed in Sect. 5.1. Finally, Inclined disks are significantly older
than those of all other categories. Unlike the others, this behav-
ior is most likely artificial. For statistical reasons, they should in
fact not be different from the others while it is possible that in
such geometries a fraction of the stellar radiation is intercepted
by the upper disk layer. Consequently, stars will appear fainter,
and thus less massive and older (see Fig. 2a).

More generally, three deserts clearly appear in Fig. 2b.
One, to the top right, is explained by the shorter evolutionary
timescale of more massive stars, reaching the MS in a few mil-
lion years. This rapid evolution of the star should therefore reflect
a rapid dissipation of the disk making the existence of a disk
around an evolved, massive star unlikely.

Two well-known sources that lie to the left of the diagram
(i.e., the young super-Solar stars) are T Tau and RY Tau, namely
two bright TTSs associated with extended emission (Takami
et al. 2014; Csépány et al. 2015). It is possible that stars in this
regime are still partly embedded in the natal cloud.

On the other hand, the lack of old sub-solar-mass stars is
most likely a sensitivity bias. In fact, we calculated that a 6 Myr-
old TTS of 0.5 M� at a representative distance of 150 pc has
an apparent magnitude in the R band of approximately 13. This
value is around the current limit of observability for the cur-
rent generation of instruments and restricts the observability of
<0.5 M�-mass stars at 150 pc to those older than 2–3 Myr. This

limit is even more stringent for extincted and distant sources
since it impacts on all sub-solar-mass stars with either AV > 2.0
or further away than 300 pc (see Table B.1). The only object
lying in this region of the diagram is TW Hya, which is in fact
much closer to us (60 pc) than all other stars.

In Fig. 2c, the distribution of disk cavities is shown. In par-
ticular, we show whether or not disks host a resolved cavity with
either PDI or (sub)mm interferometry. Most of the sources of
this work (≈65%) have a cavity. Sources with no evidence of a
cavity are mostly Faint, Small, and Inclined disks. Reasons and
implications of this finding are discussed in Sect. 5.2.1.

Finally, the stellar variability ∆V estimated as described in
Sect. 3.2 spans from 0.0 to 3.1. The distribution with disk cate-
gories is relatively uniform, except for Inclined disks having an
average ∆V significantly higher than the other categories (1.0
vs. 0.5) most likely because of occultation of the stellar pho-
tosphere by material in the line of sight. Interestingly, no Ring
disks have ∆V > 0.5 and the average is as low as 0.2 (see
Appendix A).

4.2. Disk features versus other disk properties

4.2.1. The SED

The NIR and FIR excess of the entire sample is shown in Fig. 3.
Three major clusters of objects are identified. Most sources sit to
the left of the equality line, that is, they have a NIR excess numer-
ically equal to or lower than the FIR excess. Eleven sources
have intermediate NIR excess and low FIR excess; this region
of the diagram identifies the empirical classification of Group II,
namely those sources with low far-IR excess (see Meeus et al.
2001 and Sect. 5.3). Finally, a few sources have both very high
NIR and FIR excess.

The diagram shows a hint of segregation for some of the
categories depicted in Fig. 1. In fact, the vast majority of Ring
disks lie in the major group of objects with intermediate FIR
and low NIR excess. On the other hand, five out of six Spiral
disks have high NIR excess, which corresponds to a significance
probability of 94% (1.9σ significance) of actual segregation
from the KS test. Furthermore, all Small disks belong to the
Group II cluster. The other categories are spread anywhere in the
diagram.

These results suggest that although the physical conditions
that contribute to the appearance of faint, rim, and giant disks
may be diverse, the dichotomy between spiral and ring disks
might be traced back to one specific origin. This element must
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Fig. 4. Dust disk mass with time. Panel a: for the categories of these works. Their average is shown to the right. The error bars in the bottom area
are representative of different ages while those on the disk mass are comparable to the symbol size. Panel b: labeled version of panel a. Inclined
disks are not included. Disks where an outer stellar companion is present are indicated by the twin dots. The best-fit to our data is shown as a dashed
line. The median of Taurus, Lupus, Chamaeleon, and upper Scorpius is shown as crosses. Panel c: same as panel b, with the age being normalized
to the ZAMS (see text). Panel d: only sources belonging to the main SFRs. Here small disks are indicated by the black dot and inclined disks by
the horizontal bar.

also have an impact on the appearance of the SED, and in par-
ticular on the NIR excess. A similar result was found by Garufi
et al. (2017b) and Banzatti et al. (2018) and is further discussed
in Sect. 5.2.

The distribution of cavity and shadow across the sample
is shown in Fig. 3b. To directly relate cavity and shadow, here
we only mark the existence of a cavity if it is detected in PDI
(unlike Fig. 2c). Interestingly, we found that among the sources
with a resolved millimeter cavity, as much as ∼40% do not
show any cavity in PDI. In Fig. 3b, cavities seem uniformly dis-
tributed with the exception of Group II sources, where a cavity
is never present. On the other hand, shadows are mostly found in
high-NIR sources (with the only exception being DoAr44) and
predominantly in Giant and Spiral disks. By performing the KS
test in this case, we reveal that there is also a very low proba-
bility that disks with shadows have a similar NIR excess to the
rest of the sample (∼6%). In particular, it should be noted that
for all the sources with NIR > 15%, the presence of a cavity in
scattered light implies the presence of a shadow. This trend is
discussed in Sect. 5.2.

4.2.2. Disk masses

The dusty disk/stellar mass ratios obtained in Sect. 3.4 are
related to the stellar age in Fig. 4a. A clear yet loose trend
is visible in the diagram with several young sources having a
mass ratio between 10−3 and 10−4 and all old sources having
one . 10−4. Any quantitative considerations on the trend suf-
fer from the large uncertainties on the age (in particular for

t & 5 Myr). The Pearson correlation coefficient for the rela-
tion is −0.37, indicating a weak correlation between the two
quantities.

Interestingly, a large fraction of the young, Faint disks dis-
cussed in Sect. 4.1 are among the most massive disks of the entire
sample. A few others have instead comparably low mass to the
Small disks suggesting that diverse geometries contribute to the
faintness in scattered light. Spiral disks have slightly lower dust
mass than the other categories with features. Finally, Inclined
disks all lie in the lowest half of the distribution, which is con-
tradictory from statistical considerations. This may indicate that
dust masses of disks seen almost edge-on may be significantly
underestimated because of marginally, optically thick emission
even at millimeter wavelengths.

In Fig. 4b, we show how the sources of this work relate
to the median from different star-forming regions (SFRs). We
extracted the best-fit to our data (red, dashed line) excluding
non-detections in the millimeter and Inclined disks for which
the age determination is possibly biased (see Sect. 4.1) and com-
pared it to the median (blue crosses) found for Taurus, Lupus,
Chamaeleon, and Upper Scorpius (Villenave et al., in prep.).
Clearly, this line lies above the SFRs indicating that disks
observed thus far in scattered light represent the upper tail in the
mass distribution. The few sources of our sample lying below
the median of SFRs are typically Small disks, with an outer stel-
lar companion that is likely truncating the circumprimary disk.
Given the overall trend, the absence of disks around stars older
than 15−20 Myr clearly implies that a more rapid dissipation
eventually occurs.
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In Fig. 4c, we also compare the disk mass with the age nor-
malized to the time needed to a star with the respective mass
to reach the zero age main sequence (ZAMS; from Siess et al.
2000). In this case, the majority of sources seem to align on
the trend, with the exception of the Small, truncated disks and
the exceptionally massive GG Tau and HD142527. More quan-
titatively, the correlation is stronger as the Pearson coefficient
is −0.50. This is likely an indication that the dust dissipation
is more easily observable when accounting for the different
evolution timescales of stars with a different mass.

4.3. Disk features versus the environment

Most of the sources observed thus far in scattered light belong
to a specific SFR. The only exception is, to our knowledge,
HD179218, while TW Hya and V4046 Sgr are part of stellar
groups devoid of any other protoplanetary disks. A few sources
are the only representative of more or less large regions, for
example IRAS 08267-3336 (Gum Nebula), RX J1852.3-3700
(Corona Australis), and V1247 Ori (Orionis OB1). Three sources
belong to ε Cha (PDS 66, T Cha, DZ Cha).

Much larger samples are instead provided by Taurus,
Chamaeleon, and the large associations of Lupus, ρ Ophiuci, and
Scorpius-Centaurus. With the distance of all objects now avail-
able, studying the distribution of more complete samples within
these regions is certainly worthwhile. Within the framework of
this work however, we focus on the four dozen objects with
resolved scattered-light observations. Their distribution within
the above regions is shown in Fig. E.1.

Taurus. Our nine sources in Taurus belong to four different
sub-regions (VI, V, X, and the eastern edge) and this is reflected
in very different ages and therefore disk masses (see Fig. 4d).
Given this, the comparison to the average disk mass is probably
meaningless. In PDI, the Taurus sources imaged thus far already
show all sorts of structures but they are typically extended (i.e.,
no Small disk belongs to Taurus). Interestingly, both sources at
the eastern edge of Taurus, MWC758 and CQ Tau (4 pc away),
show spirals.

Chamaeleon. Unlike Taurus, all Chamaeleon sources (7) are
very tightly distributed (all within 20 pc of relative distance).
Their age is in fact limited to ≈4 Myr. Interestingly, four out
of seven disks appear Small. The only prominent disk thus far
observed in scattered light is HD97048.

Lupus. All Lupus sources (12)3 are relatively close in space
and age (see Fig. 4d). The only sources that in our calcula-
tion appear much older than the rest of the sub-sample are two
Inclined disks, MY Lup and IRAS 16051-3820. This is possi-
bly additional evidence that the age determination from inclined
disks is problematic (see also Sect. 4.1). From the comparison
with the average disk mass for Lupus, a very strong bias toward
massive disks emerges. Nonetheless, many disks are Faint in
scattered light (whereas others − like IM Lup and RX J1615 −
are very prominent).

Upper Sco and ρ Oph. On the sky plane, ρ Oph is embedded
in Upper Sco. The 3D map now shows that its sources are intrin-
sically very close to some sources in Upper Sco4, namely those
at 140–165 pc. From Fig. 4d, the Upper Sco sources appear as an
ideal prosecution in time of ρ Oph. Other Upper Sco sources at
3 In this work, we consider HD142527 as Lupus source. Even though it
is typically associated with the Upper Cen association, its new distance
makes it closer to Lupus (see Fig. E.1).
4 In this work, we consider HD150193 as ρ Oph source. Even though it
is typically associated with the Upper Sco association, its new distance
makes it closer to ρ Oph (see Fig. E.1).

smaller distance and the Upper Cen sources instead span a much
larger interval of age and disk mass.

Figures 4d also shows how the trend for the disk mass with
age in these regions is possibly less dispersed and less shallow
than the main one. In fact, drawing only sources that do not
belong to these regions results in no trend.

5. Discussion

In this section, we discuss the implications of the primary results
listed below that emerged from the analysis of Sect. 4 and that
only concern the 58 sources of this work and are found with a
∼2σ significance:

– Faint disks are young.
– Spiral disks are old, being at the end of their PMS evolution.

They have high NIR excess and moderate disk mass.
– Ring disks have low NIR excess and stellar variability, and

no outer stellar companion or shadow.
– Shadows are seen in sources with high NIR.
– There is a loose, shallow, declining trend for the dust disk

mass with age (which is slightly stronger when we account
for the evolutionary timescales of stars with different
mass).

– Current estimates of age and mass of Inclined disks may be
incorrect

– We are currently biased toward old super-solar and young
sub-solar stars, as well as toward massive disks.

5.1. Timescale for the formation of substructures

Addressing the timescale for the formation of disk features is
also pivotal in understanding their origin. As an example, the
ALMA image of HL Tau (ALMA Partnership 2015) shows mul-
tiple rings that might be inconsistent with planet-disk interaction
in the core accretion scenario (Pollack et al. 1996), given the
young stellar age. When studying the temporal evolution of any
disk feature in scattered light, we must keep in mind that super-
solar-mass stars observed thus far are primarily old whereas
sub-solar stars are primarily young (see Fig. 2b).

In this work, we show that rings are typically imaged in
scattered light around older stars. This notion by itself would
suggest that these structures are formed a few million years
after the stellar formation. However, we also show that many
young disks are actually faint in scattered light and this may
hinder the detection of disk features. The prototypical example
of this behavior is AS 209 where the disk clearly shows mul-
tiple rings in the sub millimeter (Fedele et al. 2018) that are
only barely detected in scattered light (Avenhaus et al. 2018).
Therefore, the accumulation of Ring disks around older stars
may only be due to the global faintness of young objects in scat-
tered light (discussed in Sect. 5.3) and rings may well form early
(�2 Myr) but only become detectable later in the disk lifetime
(&2 Myr).

In principle, the same considerations may apply to spirals.
In fact, we find that the six stars hosting spiral-disks are all at a
very late stage of their PMS evolution. In absolute terms, their
age varies from ∼3 to ∼12 Myr depending on their mass. In rela-
tive terms, these ages correspond to >80% of their PMS lifetime.
Unlike Ring disks, we found no source at an earlier evolution-
ary stage suggesting that the trend may be due to an actual late
formation for spiral arms. This scenario also provides a possible
explanation for the lack of spiral disks around TTSs. In fact, very
few old (>5 Myr) low-mass stars have been observed in scattered
light (see Fig. 2b).
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5.2. Origins of substructures

Since the start of protoplanetary disk imaging, it has been clear
that disks often show substructures. From this work, it turns
out that when the disk size, brightness, and orientation allow
it, such features are always detected. In fact, the only sources
showing no extended arms, spirals, or rings are the inclined disks
(because of the geometry), the faint disks (because of the sensi-
tivity of the observations), and the small disks (because of the
angular resolution). Clearly, the first category does not repre-
sent an observational bias as we can assume that inclined disks
appear identical to the others. As discussed in Sects. 5.1 and 5.3,
in faint disks the same structures may be present but remain
elusive.

As for small disks, we cannot conclude anything about the
existence of substructures. In particular, it would be interesting
to investigate whether the extended structures that are recurrently
observed in giant disks are also present in small disks, mak-
ing them a scaled-down version of the large disks. This work
(and the current generation of telescopes) does not answer this
question. Nonetheless, it must be noted that the NIR excess of
these objects is typically within a narrow range of values (see
Fig. 3a and Banzatti et al. 2018) suggesting that the physical con-
ditions of the inner regions are more uniform than for extended
disks.

5.2.1. Cavities

The high occurrence of cavities in the sample of imaged disks is
well known. Any considerations on the distribution of disk cav-
ities within this sample may be biased by the abnormally large
fraction of transition disks in current PDI samples. As mentioned
in Sect. 4.1, ∼65% of our sources show a cavity and this is a
lower limit to the fraction of transition disks since some cavi-
ties may be too small to be resolved (see e.g., Menu et al. 2015).
Splitting the sample into young and old sources with threshold
at 4 Myr yields &50% and &70%, respectively. These num-
bers must be compared to those obtained photometrically from
large samples like the 8% and 46% fraction of old and young
transition disks, respectively, by Balog et al. (2016) or the gen-
erally accepted ∼10% (see review by Owen 2016). Therefore,
the current sample is clearly biased toward transition disks and
any estimate on the temporal evolution of disk cavities may be
partial.

Focussing on our sample, a disk cavity has been imaged
in scattered light and/or in the (sub)millimeter for all the Rim
(by definition), Spiral, Giant, and for most of the Ring disks.
A significant exception within the Ring disks is HD163296
(Muro-Arena et al. 2018). On the other hand, a disk cavity is
rarely imaged in the Faint, Small, and Inclined disks. For Faint
disks the absence of a large cavity could be the origin of their
faintness (see Sect. 5.3), while for Small disks it is an obvious
consequence of their nature, and for Inclined disks it is an obser-
vational bias. In fact, in scattered light an inclined disk likely
hides the cavity. In principle, (sub)millimeter images should
always reveal a cavity but it is not obvious whether all disks are
actually optically thin at those wavelengths.

An important element to understand the origins of disk cav-
ity is the large number of disks with a cavity detected in the
(sub)millimeter but not in PDI (∼40%, see Sect. 4.2.1). Within
the remaining ∼60%, approximately half (i.e., ∼30%) show
a smaller cavity in PDI than in the millimeter (e.g., Garufi
et al. 2013), resulting in ∼70% of the millimeter-cavities being
smaller in the NIR. This morphology is a natural result of

dust filtration. In particular, the spatial segregation of small and
large grains is indicative of dust trapping at the outer edge of
a gap carved in the gas surface density by a massive planet
(Pinilla et al. 2012; de Juan Ovelar et al. 2013). Other mecha-
nisms that lead to particle trapping, such as the outer edge of
a dead zone, do not lead to this segregation resulting in cavi-
ties of similar size at short and long wavelengths (Pinilla et al.
2016b).

5.2.2. Shadows

An important finding of this work is that sources showing a
shadow in the outer disk systematically have a high NIR excess
(see Fig. 3b and also Banzatti et al. 2018). In particular, when
a high-NIR source shows a disk cavity in scattered light it also
shows a shadow. For disks without a scattered-light cavity, for
example HD36112, shadows may be present at a smaller scale
than what is currently accessible with PDI observations.

The most plausible explanation for shadows in the outer disk
is the existence of a dust belt at a distance to the star of less than
1au. This belt must be sufficiently misaligned with respect to the
outer disk to allow the projection of azimuthally confined shad-
ows (Marino et al. 2015; Benisty et al. 2017; Min et al. 2017).
In turn, the misalignment is best explained by the presence of a
massive planet or a low-mass star on an inclined orbit (Facchini
et al. 2013). Our finding that the presence of shadows corre-
sponds to a high NIR excess implies that this inner disk must
also be vertically extended. In fact, all possible scenarios for an
increased NIR (e.g., a magnetically supported disk atmosphere
or the presence of warps induced by a companion; Flock et al.
2017; Owen & Lai 2017) invoke an increased vertical scale height
of the dusty structures.

Therefore, massive planetary companions within the disk
cavity can explain both the misalignment and the vertical extent
of inner disk structure that are responsible for shadows and high
NIR. However, in the case of a massive planet being the origin
of the cavity, the NIR excess is expected to decrease with time.
In particular, disks older than 3−5 Myr that host a very massive
planet (&5 MJup) on a circular orbit should not show any NIR
excess, since all the dust is filtered in the outer disk and the opti-
cally thick dust belt near the star cannot be replenished (Pinilla
et al. 2016a). Conversely, the NIR in our old sources is systemat-
ically high. This implies that the planetary scenario is consistent
with our observations only if the putative companion has a mass
that is between a fraction of a Jupiter mass and a few Jupiter
masses.

5.2.3. Spirals

Similar to shadows, spiral arms are likely associated with a high
NIR excess (see Fig. 3). The consequence of this double con-
nection is the known association between spirals and shadows
(see e.g., Wagner et al. 2015; Garufi et al. 2017b). Shadows
may actually be the best vehicle to connect spirals in the outer
disk and high NIR in the inner disk, in a scenario where the
reduced gas pressure under the shadow may (contribute to) excite
spiral waves (Montesinos et al. 2016). While in some disks
like HD100453 (Benisty et al. 2017) the morphological connec-
tion between shadow and spiral seems obvious, in others, like
HD135344B (Stolker et al. 2017), shadows are variable in both
azimuthal position and contrast, leaving the association to spirals
less straightforward.

An alternative view is that a planetary companion within the
disk cavity is directly responsible for the spiral wave excitation
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in the outer disk (e.g., Ogilvie & Lubow 2002) and at the same
time for the inner disk misalignment. In this scenario, spirals
and shadows would have the same origin but different physical
mechanisms. On the other hand, gravitational instability (e.g.,
Durisen et al. 2007) is an unlikely origin for spirals since (i) it
requires massive disks whereas Spiral disks have typically low
mass (see Fig. 4a), (ii) it is more efficient at earlier evolutionary
stages while Spiral disks are old (see Sect. 5.1), and (iii) it does
not explain the high NIR of these sources. In any case, the old
age of Spiral disks implies that the mechanisms responsible for
the spiral formation occur or become dominant only later on in
the disk/stellar evolution. In the planetary scenario, this is spec-
ulatively explained by the fact that the disk breaking necessary
for the formation of a misaligned inner disk is favored when the
disk aspect ratio and temperature are low (Facchini et al. 2018).

It must be noted at this stage that these considerations only
apply to the quasi-symmetric, bright spirals detected in PDI on
a small scale (10−30 au). Very extended, tenuous spirals on a
larger scale, for example in HD100546, and spirals detected with
ALMA (like Elias 2-27; Pérez et al. 2016) likely have a different
origin.

5.2.4. Rings

Finally, our study does not highlight any peculiar property asso-
ciated with disks that have rings. In fact, the 12 disks of this type
are never associated with any outer stellar companion, their NIR
and FIR excess is moderate, they never show any shadow in PDI,
and their hosting star is never particularly variable. Instead, their
dust mass spans the almost entire interval shown by our sample.
All in all, the perspective of this work is that disks with rings
are the normality and our analysis cannot disentangle between
their origins, for example the interaction with companions (e.g.,
van Boekel et al. 2017) or the accumulation and growth of dusty
material at the various ice-lines (e.g., Zhang et al. 2015).

5.3. Faint disks in scattered light

It is known that protoplanetary disks appear generally bright in
the visible/NIR scattered light. However, up to ∼25% of our
disks appear faint. The majority of these are found around young
stars. In other words, the amount of scattered light generally
tends to increase with the stellar age, as can be seen from Fig. 5a
for some illustrative sources. Broadly speaking, causes for the
disk faintness can be diverse. HD179218 and DZ Cha have low
dust mass (see Fig. 4a) despite being young. This is possibly
explained by the presence of an outer companion (Thomas et al.
2007) and photoevaporation (Canovas et al. 2018), respectively.

HD163296 and HD31648 are the prototypical Group II
objects, namely those Herbig stars with a moderate FIR excess
that is fitted by a single power-law continuum (Meeus et al.
2001). Historically, these objects were considered as an evolved,
flattened version of the flared Group I disks. Nowadays, the prop-
erties of Group II, including faintness in scattered light, are best
explained by the absence of a disk cavity in a geometry where
the outer disk remains mostly self-shadowed (Muro-Arena et al.
2018). As shown in Fig. 3 and discussed by Garufi et al. (2017b),
different disk morphologies result in the observational criteria
defining Group II (mostly a FIR excess lower than 5−6%): Small
disks, Faint disks, Inclined disks and one Ring disk (HD163296).
What all these disks have in common is the absence of a large
cavity.

Finally, the faintness of massive disks like Sz71, CI Tau,
AS209, and RU Lup is more controversial since these objects
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Fig. 5. Temporal evolution of the polarized light contrast (panel a) and
FIR excess (panel b) for some illustrative sources, in panel a, and the
entire sample, in panel b. The values for the contrast are from Garufi
et al. (2017b) and Avenhaus et al. (2018).

have a large FIR excess (they are, formally speaking, Group I).
A likely explanation for this contradiction is the different origin
of the FIR excess; in evolved sources (&3 Myr) this component
is primarily originated in the directly illuminated outer disk sur-
face, whereas in younger sources it is partly due to some uplifted
material or envelope that is inherited from previous evolutionary
stages. This dichotomy is clear in Fig. 5b, where we show that,
among the oldest sources, only disks with a cavity are bright
in the FIR whereas, among the youngest, this excess can be large
even in disks with no cavity. Thus, in disks with no cavity the FIR
excess tends to decrease with time. The large FIR excess of many
young sources does not have a counterpart in scattered light and
the disk therefore looks faint. In other words, the absence of a
cavity is the most likely reason why these disks are faint in scat-
tered light even though an additional cold component unrelated
to the disk surface distinguishes them from the observationally
defined Group II.

Summarizing, the disk faintness in scattered light seems to
always be related to the absence of a cavity. In this framework,
the accumulation of Faint disks around young stars could be
proof that (i) some disk cavities are formed after ≈3 Myr, or that
(ii) mainly disks with a cavity live for &5 Myr (see Sect. 5.4).

5.4. Disk evolution and dissipation

Our sample shows a shallow, declining trend for the dusty disk
mass with time (Fig. 4). In principle, the trend suggests that the
disk evolution is universal since our sources belong to a dozen
SFRs. We must nonetheless keep in mind the scatter and the
biases of the trend. Large scatter is found already in the cor-
relation between disk and stellar mass (see e.g., Pascucci et al.
2016). Since our diagrams show the dust masses normalized to
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the stellar mass, this scatter is included in the trend. It is possible
that this dispersion is the result of different initial conditions or
evolutionary paths of protoplanetary disks. The fact that the cor-
relation with the age is less dispersed when accounting for the
different PMS timescales (see Fig. 4c) is a likely indication that
disks around different stars evolve differently.

We showed that the current dataset of disks in scattered light
represents the upper tail of dust mass distribution of all disks (see
e.g., Ansdell et al. 2016; Pinilla et al. 2018, for comparison). In
particular, our sample likely represents the vast majority of the
most massive protoplanetary disks within 200 pc. This is clearly
an observational bias but, as such, it may be used to infer that
the dissipation of material in massive disks is a slow process (as
dictated by the shallow trend). Speculatively, this is explained
by the propensity of more massive disks to form massive plan-
ets (Mordasini et al. 2012) and by the efficiency of these giant
planets to retain part of the dusty material at large disk radii for
a longer time (Pinilla et al. 2012).

This scenario may also reconcile with the age inhomogeneity
of our sample. In fact, the number of disks older than 10 Myr is
comparable to that of disks of 1−3 Myr, whereas this ratio is 1:7
based on the excess at 20 µm of large surveys (see Ercolano &
Pascucci 2017, and references therein). Interestingly, the gener-
ally reported disk lifetime of 4−6 Myr (see e.g., Ribas et al. 2014)
approximately corresponds to the age of the oldest Faint (cavity-
less) disks of our sample. After this time, all the non-inclined
disks show a cavity in the (sub)millimeter and are bright in scat-
tered light. One potential explanation for the high occurrence
of transition disks among the old sources is the aforementioned
propensity to form massive planets. Thus, massive disks with
large cavities may have different evolutionary paths from the
others (see e.g., Pinilla et al. 2018) and the disk features that
we observe, particularly the spirals, may be less common in
short-lived, cavity-less disks.

As for the less massive disks that are not included in this
sample, it is possible that their evolution is far more rapid. As
mentioned in Sect. 5.3, the low mass of the outliers HD179218
and DZ Cha is best explained by the tidal interaction with an
outer companion and internal photoevaporation, respectively.
According to Long et al. (2018), these two mechanisms are the
most likely responsible for the low-mass disks that do not follow
the disk-stellar-mass scaling law. As for the former explanation,
the actual number of small disks (possibly truncated by an outer
companion) is much larger than that of this sample (see e.g.,
Barenfeld et al. 2017). Also, the fraction of stellar systems in
our sample (≈20%) is much lower than the real one (≈50%;
Duchêne & Kraus 2013), suggesting the existence of many low-
mass disks that would steepen the temporal decline of the disk
mass in Fig. 4.

5.5. Current and future framework of PDI observations

Imaging protoplanetary disks with PDI in the NIR has two
important limitations. First, the angular resolution (although
excellent) and small size of protoplanetary disks limit the observ-
ability range to a distance smaller than 400 pc (preferably even
smaller than 200 pc). Second, the adaptive optics at the tele-
scope set a certain threshold in the apparent optical or NIR
brightness of the star (dependent on the instrument). Both a
low intrinsic luminosity and a high circum- and interstellar
extinction contribute to lowering the apparent magnitude. These
limitations concur to confine the available sample to the stellar
masses and ages shown in Fig. 2c and Table B.1. To quantify the
impact of these limitations on the current sample, we derived

the fraction of stars from Taurus (from Andrews et al. 2013),
Lupus (Ansdell et al. 2016), Chamaeleon I (Long et al. 2017),
and Upper Sco (Barenfeld et al. 2017) with R mag < 13. This
yielded 51%, 31%, 30%, and 46%, respectively. Therefore, we
are currently only able to access less than half of the PMS stars
within 200 pc.

PDI observations of high-mass stars (M > 3 M�) are uncom-
mon because of the scarcity of nearby O and early-B stars, while
those of very low-mass stars (M < 0.5 M�) are challenged by
their low brightness. This element also introduces a bias to the
age of moderately low-mass stars (M < 1 M�), as only those
younger than 5−6 Myr are bright enough. In this work, we also
showed that all disks younger than 2−3 Myr are difficult tar-
gets in PDI because of both (i) the extended emission occulting
the star or dominating the polarimetric contribution and (ii) the
paucity of large cavities that leaves the outer disk substantially
under illuminated.

All in all, PDI applied to this generation of telescopes has
been very useful for the detection of disk features around single,
relatively evolved, intermediate-mass stars (e.g., HD135344B
and HD169142; Muto et al. 2012; Quanz et al. 2012) or excep-
tionally extended and bright objects (like GG Tau and IM Lup;
Yang et al. 2017; Avenhaus et al. 2018) but the characterization of
brown-dwarf disks, small disks, and early-stage disks will be hin-
dered by the aforementioned limitations. Nevertheless, enlarging
the sample to more TTSs (proceeding, e.g., the line of investiga-
tion by Avenhaus et al. 2018) is of pivotal importance to confirm
or reject the trends highlighted in this work.

6. Conclusions

In this work, we investigate the origin and the timescale of pro-
toplanetary disk substructures through a taxonomical analysis of
a large set of scattered-light images from the literature. We clas-
sify 58 disks into six major categories based on their appearance
in polarimetric light (PDI). The comparison with their newly cal-
culated stellar and disk properties from Gaia DR2 has led to the
following major trends.
1. Disk substructures are always seen when the disk is extended

and bright enough (given the resolution and contrast).
2. Young disks (.5 Myr) are typically faint in scattered light,

whereas old disks are systematically bright.
3. Disks observed thus far show a loose, shallow decline of

dust mass with time. The outliers are typically truncated
disks.

4. The presence of spirals and shadows is associated with a high
NIR excess. Disks with rings have low NIR excess.

5. Spirals are found only around stars toward the end of their
PMS evolution (&80% of the PMS lifetime).

6. Up to 70% of the disk cavities is significantly smaller in
scattered light than in the (sub)millimeter.

We also investigated the framework of the current dataset, reveal-
ing that primarily evolved super-solar and young sub-solar mass
stars have been observed thus far. The former limit may be
related to the embedding envelope of early-type, massive stars.
The latter is instead due to the low brightness of evolved TTSs,
which is technically challenging for the current instruments. We
also found a relatively strong bias toward single stars, massive
disks, and transition disks.

Our conclusions based on points (1) and (2) are that disks
may always host substructures but these remain undetected in
small disks (10−20 au in size) and in several young disks, since
they are faint. Their faintness is likely related to the absence
of a disk cavity, in a scenario where most disks older than
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Fig. 6. Sketch summarizing the results on the taxonomical analysis of
58 protoplanetary disks in scattered light. The top panel emphasizes the
young age of faint disks and the old age of spiral disks relative to the
respective PMS stellar lifetime. It also highlights the space of stellar
properties that is not covered by the currently available sample. The
bottom panel sketches the shallow trend of the dust mass with time for
the transition disks that are typically observed in PDI.

∼5 Myr host a cavity, and are therefore bright. The general
preference to observe this type of object explains why the disk
mass evolution is so flat (point 3), since the bulk of the disk
population (composed of small disks in stellar systems and
rapidly evolving disks) remains mostly unobserved in scattered
light. In other words, the current PDI dataset includes a large
fraction of the disks with a lifetime longer than the e-folding
time of ≈5 Myr (Ribas et al. 2014), and it therefore represents
a particular path of disk evolution. This view is summarized
in Fig. 6.

Points (4)–(6) are all suggestive of the presence of planetary
companion(s) within the cavities. In fact, a giant planet of at least
≈1 MJup may perturb the orientation and the scale height of the
inner disk thus generating a high NIR and shadows on the outer
disk. The same planet(s) or, indirectly, the shadows, can then
trigger the spiral waves. In this scenario, the absence of spirals
around TTSs may be due to (i) our inability to observe the late
PMS evolution of sub-solar stars (see Fig. 6), or to (ii) the inef-
ficiency of less massive disks to form massive planets. In any
case, gravitational instability as the origin of spirals is less plau-
sible, since the disk masses of these objects are on average lower
than the others. A giant planet is also the most likely explana-
tion for the small size of NIR cavity compared to the millimeter,
since planets differentially filter the dust grains. However, these
planets should not be more massive than ≈5 MJup to allow the
replenishment of the inner disk that is always present in our
sample.

Currently only a small fraction of our sample has com-
plementary (sub)millimeter images with a comparable angular
resolution (from ALMA). However, this fraction will certainly
increase in the near future. The results of this work will there-
fore have to be confronted with the newer PDI and ALMA
observations that the community will soon carry out.
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Appendix A: Caveats on the sample

The sample studied in this work is shown in Table F.1. It con-
sists of the vast majority of sources being observed in PDI
and with either published papers or works in preparation (see
Table F.2 for all references). We limit the sample to protoplane-
tary disks, by excluding debris disks but also intermediate-stage
disks (sometimes referred to as anemic disks, e.g., HD141569).
The quantifying criterion to distinguish these three categories is
the FIR excess (being 0.1–1% for anemic disks and <0.1% for
debris disks). We also removed from the analysis those sources
that are contaminated by an embedding nebulosity (RY Tau and
SU Aur; Takami et al. 2014; Jeffers et al. 2014). In the following,
we discuss the individual sources that present either a critical
classification or caveats in the properties calculation.

– HD142527 and GG Tau A are here considered as Giant disks
but could also be labeled as Rim disks. They are certainly
peculiar objects (similar to each other) with a giant cavity
encompassed by a very prominent disk wall. They are both
multiple stellar system, as HD142527 consists of a pair of
F + M stars and GG Tau A of three M stars.

– HD31293, HD34282, GM Aur, IM Lup are four Giant disks
that may have a controversial classification. It is possible
that the multiple arms in IM Lup and GM Aur are con-
centric rings that appear fainter than the prototypical cases
like TW Hya. In HD34282, the arm(s) can even be con-
sidered as multiple spiral arms or a unique ring. Finally,
HD31293 (AB Aur) is the prototypical giant disk with
multiple arms even though Tang et al. (2017) showed the
existence of a double-spiral structure in CO resembling that
of HD135344B.

– HD163296 is treated as a Ring disk in this work even though
the polarized signal is low (see Fig. D.1). This is motivated
by the fact that the ring itself is, unlike e.g., AS 209, very
bright while the overall brightness is low because of self-
shadowing of the inner disk regions (see Sect. 5.3 and Garufi
et al. 2017b).

– The PDI image of DoAr28 by Rich et al. (2015) does not
seem to show any peculiar structure. On the other hand, we
cannot infer whether the disk is intrinsically faint. It must be
noted that the disk is an outlier in the faint-young analogy,
as the star is as old as 6.3 Myr.

– In principle, a Rim disk with a significant signal from
within the cavity can be considered a Ring disk where the
region inside the rim is merely a disk discontinuity. PDS70
and LkCa15 are here considered Rim, while PDS66 and
J1852 are considered Ring, even though their classification
is possibly interchangeable.

– The distance to HD179218 is larger than most of the other
sources (266 pc). However, this discrepancy (an average fac-
tor ≈1.8) does not seem enough to explain the faintness of
the disk by perspective considerations only. Other sources
with prominently imaged disks (e.g., LkHα330 and V1247
Ori) are much further away (310 and 398 pc, respectively).

– The uncertainties on all the properties of SR21 and IRS48
are much larger than the rest of the sample since the high
optical extinction AV (=6.3 and 10.0, respectively) makes the
calculation of the stellar luminosity critical.

Table B.1. Observability of young stars for some representative values
assuming a lower limit to the stellar brightness in the R band of 13 mag.

Sources at 150 pc

AV = 0.0 mag AV = 2.0 mag
M∗ (M�) Age (Myr) M∗ (M�) Age (Myr)

0.2 Never 0.4 Never
0.3 <2 0.5 <1
0.4 <3 0.6 <2
0.5 <6 0.7 <3
0.6 Always 0.8 Always

Sources at 300 pc

AV = 0.0 mag AV = 2.0 mag
M∗ (M�) Age (Myr) M∗ (M�) Age (Myr)

0.4 Never 0.9 Never
0.5 <1 1.0 <2
0.6 <2 1.1 Always
0.8 <6
0.9 Always

Notes. When the age is � 1 Myr or >20 Myr, the star is considered as
never and always observable, respectively.

– Unlike all other Small disks, HD144668 and DI Cha remain,
to our knowledge, undetected in PDI. However, all their
properties are similar to those of the other Small disks (see
e.g., Garufi et al. 2017b) and the most likely explanation
for their non-detection is the very limited radial extent. We
therefore treat them here as Small disks.

We critically assessed that the main conclusions of the paper
remain unaltered by these critical cases.

Appendix B: Observability of faint stars

As discussed in Sect. 4.1, the absence of old, low-mass stars
observed thus far in scattered light is due to the limit in stellar
brightness imposed by this generation of telescopes. Assuming
a representative limit in the R band of ∼13 mag, this restriction
translates into the stellar properties shown in Table B.1.

Appendix C: Stellar variability

The stellar variability ∆V calculated in Sect. 3.2 for all the
sources of this work is shown in Fig. C.1. As commented in
Sect. 4.1, stars with a Ring disks appear less variable than other
categories like the Faint disks or the Inclined disks (being their
average 0.2, 0.8, and 1.0, respectively). The number of objects in
each category concurring to the average is typically low but in
the case of the Ring and Faint categories is reasonably high (12)
to infer that this is a significant finding. Investigating the origin
of the variability for each source is worthwhile but we defer this
analysis to a dedicated work.
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Fig. C.1. Stellar variability ∆V of the entire sample as calculated in Sect. 3.2. The narrow bars of the last box indicate the average of the various
categories and their height the number of objects contributing to the average. Note the discontinuity in all boxes at ∆V = 2.
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Appendix D: Faint disks

What we define Faint disks in this work are sources with an actu-
ally low amount of scattered light, as can be seen in Fig. D.1 for
some illustrative sources. This figure is an extension to that pre-
sented by Garufi et al. (2017b). Besides the Faint disks, other
sources with low scattered-to-stellar light contrast are the Small
and the Inclined disks, as well as HD163296 (see Appendix A).
From the figure, it is also clear that RU Lup and AS 209 are
clearly outliers to the trend, having a prominent FIR excess but
low scattered-light brightness (see Avenhaus et al. 2018, and
Sect. 5.3).

Appendix E: Star-forming regions

In Fig. E.1, we show the spatial distribution of the sources mem-
ber of the Scorpius-Centaurus-Lupus, Taurus, and Chamaeleon
associations.
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Fig. E.1. Plain maps of Sco-Cen, Taurus, and Chamaeleon star-forming regions. Only sources included in this work are shown with symbol size
proportional to the distance from Gaia DR2.
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Appendix F: Additional tables

Table F.1. Literature properties of the sample.

No. Main Alternative Region d Teff AV Multiplicity F1.3mm Reference
name name (pc) (K) (mag) (mJy)

1 HD31293 AB Aur Taurus 162.9 ± 1.6 9800 0.2 (*) 136±15 b,1
2 HD31648 MWC480 Taurus 161.8 ± 2.1 8800 0.2 (*) 250±15 b,1
3 HD34282 Ori A 311.5 ± 4.9 9400 0.6 (*) 100±23 a,2
4 HD36112 MWC758 Taurus 160.3 ± 1.8 8200 0.2 (*) 72±13 b,3
5 HD97048 CU Cha Chamaeleon 184.8 ± 1.4 10400 1.1 (*) 452±34 a,4
6 HD100453 Lower Cen 104.2 ± 0.4 7200 0.0 (*)* 200±21 a,5
7 HD100546 Lower Cen 110.0 ± 0.6 9800 0.1 (*) 465±20 a,4
8 HD135344B SAO 206462 Upper Cen 135.7 ± 1.5 6400 0.4 (*) 142±19 a,6
9 HD139614 Upper Cen 134.8 ± 0.9 7800 0.0 (*) 242±15 a,6
10 HD142527 Upper Cen 157.2 ±1.2 6400 0.6 (**) 1190±33 a,7
11 HD142666 Upper Sco 148.4 ± 1.1 7400 0.9 (*) 127±9 a,6
12 HD143006 J1558.3-2257 Upper Sco 166.1 ± 4.2 5800 0.7 (*) 43±3(1.2) g,2
13 HD144432 Upper Sco 155.3 ± 1.5 7400 0.4 (*)* 44±10 a,7
14 HD144668 HR5999 Lupus 161.0 ± 1.8 8400 0.5 (*)* 20±16 a,4
15 HD145718 V718 Sco Upper Sco 152.4 ± 1.9 8000 0.5 (*) 49±5 a,29
16 HD150193A Upper Sco 150.8 ± 1.6 9000 1.5 (*)* 45±12 a,1
17 HD152404 AK Sco Upper Sco 140.6 ± 1.2 6200 0.7 (**) 33±1 a,8
18 HD163296 Upper Sco 101.5 ± 1.1 9200 0.5 (*) 743±15 a,4
19 HD169142 - 114.0 ± 0.8 7400 0.0 (*) 197±15 b,6
20 HD179218 - 266.0 ± 3.6 9600 0.4 (*)* 71±7 b,3
21 TW Hya - 60.1 ± 0.1 4000 0.0 (*) 558±1 d,9
22 PDS 70 V1032 Cen Upper Cen 113.4 ± 0.5 4000 0.0 (*) 233±3(0.87) i,18
23 RX J1604.3-2130 Upper Sco 150.2 ± 1.4 4600 1.1 (*) 69±1 h,10
24 EM* SR21 Rho Oph 138.3 ± 1.2 5800 6.3 (*) 95±10 d, 21
25 GG Tau A Taurus 150.2 ± 2.3 4000 0.3 (***) 593±53 f,12
26 Sz 91 Lupus 159.0 ± 1.5 3800 1.9 (*) <27 c,25
27 DoAr 28 V2251 Oph Rho Oph 138.9 ± 1.0 4400 1.9 (*) <75 j,11
28 LkCa15 Taurus 159.0 ± 1.3 4800 0.6 (*) 167±6 d,14
29 WLY 2-48 Oph IRS 48 Rho Oph 134.4 ± 2.2 9000 10.0 (*) 60±10 g,11
30 V4046 Sgr - 72.4 ± 0.3 4000 0.0 (**) 283±28 k,15
31 PDS 66 MP Mus - 98.9 ± 0.3 4600 0.8 (*) 224±8 l,16
32 LkHα330 Perseus 310.6 ± 7.9 5800 3.0 (*) 53±2 d,17
33 GM Aur Taurus 159.7 ± 2.1 4400 1.4 (*) 253±12 d,12
34 RX J1615.3-3255 Lupus 157.7 ± 1.0 4000 0.6 (*) 132±4 d,16
35 V1247 Ori HD290764 Ori OB1 398.4 ± 9.8 7800 0.3 (*) 174±23(0.87) a,24

Notes. Columns are: reference number in this work; main name; alternative name from the literature; star forming region; distance from Gaia DR2
(Gaia Collaboration 2018); effective temperature and optical extinction adopted in this work; stellar multiplicity, with star(s) indicated by asterisks
and the disk by the brackets; flux at 1.3 mm, unless differently specified by the superscript number; reference for the effective temperature (letters)
and millimeter flux (numbers), as specified below.
References. a. Fairlamb et al. (2015), b. Folsom et al. (2012), c. Alcalá et al. (2017), d. Manara et al. (2014), e. Manara et al. (2017), f. Herczeg &
Hillenbrand (2014), g. Salyk et al. (2013), h. Preibisch & Zinnecker (1999), i. Kunder et al. (2017), j. Rich et al. (2015), k. Pecaut & Mamajek
(2013), l. da Silva et al. (2009), m. Pascual et al. (2016). 1. Sandell et al. (2011), 2. Natta et al. (2004), 3. Mannings & Sargent (2000), 4. Henning
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Table F.1. continued.

No. Main Alternative Region d Teff AV Multiplicity F1.3mm Reference
name name (pc) (K) (mag) (mJy)

36 T Cha Chamaeleon 109.6 ± 1.0 5200 1.2 (*) 105±15 l,16
37 DoAr 44 Rho Oph 146.0 ± 1.1 4800 2.2 (*) 105±11 d,19
38 DZ Cha Chamaeleon 100.8 ± 0.3 3600 0.2 (*) <24(0.87) l,20
39 AS209 Upper Sco 120.9 ± 0.9 4400 0.8 (*) 300±30 g,21
40 IM Lup Lupus 158.5 ± 1.3 4400 0.5 (*) 260±9 c,25
41 MY Lup Lupus 156.5 ± 1.2 5000 1.2 (*) 56±4 c,23
42 RU Lup Lupus 159.5 ± 1.8 4000 0.0 (*) 197±7 c,25
43 RY Lup Lupus 159.0 ± 1.8 4800 2.0 (*) 78±5 c,23
44 CI Tau Taurus 158.7 ± 1.3 4400 1.9 (*) 190±17 f,12
45 CQ Tau HD36910 Taurus 163.1 ± 2.2 6800 0.4 (*) 172±1 m,10
46 CS Cha Chamaeleon 176.4 ± 1.3 4800 0.6 (**)* 129±46 d,4
47 CV Cha Chamaeleon 193.4 ± 1.1 5200 1.5 (*) 59±1(0.88) e,28
48 IRAS 16051-3820 J1608-3828 Lupus 156.0 ± 1.0 4800 0.0 (*) 39±1 c,22
49 Sz 111 Lupus 158.2 ± 0.8 3800 0.0 (*) 49±5 c,16
50 UX Tau A Taurus 139.9 ± 2.0 5000 1.2 (*)* 65±1 f,10
51 DI Cha Sz 19 Chamaeleon 190.5 ± 1.1 5200 1.8 (*)* 38±11 e,4
52 IRAS 08267-3336 AT Pyx Gum Nebula 373.1 ± 7.1 5000 1.2 (*) f
53 SY Cha J1056.3-7711 Chamaeleon 183.2 ± 0.7 4000 0.6 (*) 118±1(0.88) e,28
54 VZ Cha Chamaeleon 192.3 ± 0.7 3800 2.0 (*) 123±1(0.88) e,27
55 EX Lup Lupus 157.7 ± 1.0 3800 0.0 (*) 19±4 c,23
56 RX J1852.3 CrA 145.8 ± 1.1 4800 0.3 (*) 60±8 d,26
57 Sz 71 GW Lup Lupus 156.0 ± 1.5 3600 0.8 (*) 106±18 c,25
58 SZ Cha Chamaeleon 189.8 ± 1.5 4900 1.5 (*) 78±20(1.2) d,13
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Table F.2. Properties of the sample from this work.

No. Main Alternative M∗ t t/ZAMS ∆V FNIR/F∗ FFIR/F∗ Mdust/M∗ Category References
name name (M�) (Myr) (mag) (%) (%) (×104)

1 HD31293 AB Aur 2.3 ± 0.2 4.6+0.9
−0.5 0.88 0.33 27.1 ± 2.9 17.4 ± 0.6 0.33 ± 0.03 Giant (Spiral) 1

2 HD31648 MWC480 2.0 ± 0.2 6.4+0.9
−0.5 0.90 0.24 14.8 ± 2.3 4.7 ± 0.1 0.82 ± 0.04 Faint 2

3 HD34282 2.0 ± 0.2 6.9+6.0
−0.8 0.97 0.30 9.2 ± 1.0 12.1 ± 1.4 1.19 ± 0.22 Giant (Spiral) 3

4 HD36112 MWC758 1.9 ± 0.1 10.9+12.0
−1.0 1.36 0.07 27.5 ± 2.9 13.1 ± 0.5 0.30 ± 0.05 Spiral 4,5

5 HD97048 CU Cha 2.4 ± 0.2 3.9+5.4
−0.4 0.83 0.06 9.8 ± 1.2 15.1 ± 1.9 1.33 ± 0.10 Ring 6

6 HD100453 1.6 ± 0.1 >11.5 >0.97 0.06 21.7 ± 2.7 19.6 ± 3.5 0.50 ± 0.05 Spiral 7,8

7 HD100546 2.2 ± 0.2 4.8+1.1
−2.0 0.84 0.09 5.4 ± 0.9 20.5 ± 0.4 0.60 ± 0.03 Giant 9,10

8 HD135344B SAO 206462 1.6 ± 0.1 11.9+3.7
−5.8 1.00 0.37 27.2 ± 3.1 25.6 ± 1.2 0.58 ± 0.08 Spiral 11,12

9 HD139614 1.6 ± 0.1 11.8+1.6
−3.6 0.99 0.05 7.8 ± 1.0 16.7 ± 2.8 0.98 ± 0.06 Ring 13

10 HD142527 2.0 ± 0.2, 0.0 6.2+1.5
−1.1 0.87 0.13 34.2 ± 3.3 34.8 ± 4.1 4.15 ± 0.11 Giant (Rim) 14,15

11 HD142666 1.6 ± 0.1 8.5+1.1
−0.8 0.71 0.40 15.2 ± 2.0 5.5 ± 1.0 0.54 ± 0.04 Inclined 16,49

12 HD143006 1.5 ± 0.1 11.9+3.7
−5.8 0.87 0.11 21.3 ± 1.4 10.7 ± 0.5 0.26 ± 0.02 Ring 17

13 HD144432 1.8 ± 0.1 8.9+1.5
−1.4 0.99 1.73 16.0 ± 2.3 4.1 ± 0.3 0.17 ± 0.04 Small 18,49

14 HD144668 HR5999 2.5 ± 0.2 4.0+0.4
−0.3 0.95 0.47 16.6 ± 3.0 1.9 ± 0.2 0.04 ± 0.03 Small 16

15 HD145718 1.6 ± 0.2 13.7+4.0
−4.1 1.15 0.41 16.9 ± 6.5 3.3 ± 1.1 0.24 ± 0.02 Inclined 19

16 HD150193A 2.2 ± 0.2 7.0+0.4
−1.9 1.23 0.09 17.1 ± 2.2 3.3 ± 1.1 0.11 ± 0.03 Small 16,18,45

17 HD152404 AK Sco (1.4, 1.4) ± 0.2 >12.0 >0.75 0.68 14.3 ± 3.7 5.3 ± 0.7 0.09 ± 0.01 Inclined 16,49

18 HD163296 2.2 ± 0.2 7.2+0.5
−1.5 1.26 0.22 13.8 ± 1.4 3.1 ± 0.3 0.84 ± 0.02 Ring 18,20,45

19 HD169142 1.5 ± 0.1 >12.0 >0.88 0.05 10.5 ± 1.0 18.2 ± 3.1 0.66 ± 0.05 Ring 18,21

20 HD179218 3.0 ± 0.2 1.9+0.9
−0.2 0.68 0.06 5.4 ± 0.8 7.2 ± 0.5 0.28 ± 0.03 Faint 56

21 TW Hya 0.8 ± 0.2 10.2+9.5
−5.1 0.20 0.39 1.0 ± 1.0 14.0 ± 0.9 2.29 ± 0.10 Ring 22,23

22 PDS 70 V1032 Cen 0.5 ± 0.2 3.8+3.7
−1.3 0.04 0.33 4.8 ± 0.6 11.3 ± 0.7 1.60 ± 0.02 Rim 24,25

23 RX J1604.3-2130 1.1 ± 0.2 13.1+5.5
−6.5 0.50 0.98 17.5 ± 3.6 26.9 ± 1.9 1.02 ± 0.01 Rim 26,27

24 EM* SR21 2.1 ± 0.2 4.9+1.0
−2.3 0.77 0.44 1.9 ± 3.1 11.0 ± 5.5 0.26 ± 0.03 Ring 28,56

25 GG Tau A (0.5, 0.3) ± 0.2 1.2+1.0
−0.3 0.01 0.33 29.8 ± 0.5 36.7 ± 0.4 10.16 ± 0.90 Giant (Rim) 29,30

26 Sz 91 0.5 ± 0.1 3.8+2.1
−1.3 0.04 0.45 0.0 ± 0.0 16.8 ± 2.2 <1.30 Rim 31

27 DoAr 28 1.1 ± 0.2 6.3+3.9
−2.7 0.24 0.51 2.5 ± 1.9 10.5 ± 1.3 <0.92 Faint 32

28 LkCa15 1.3 ± 0.1 10.5+5.4
−1.3 0.55 1.22 13.4 ± 1.0 9.5 ± 0.4 2.01 ± 0.07 Rim 33,34

29 WLY 2-48 Oph IRS 48 2.2 ± 0.1 6.9+2.2
−0.7 1.21 2.6 ± 11.1 13.6 ± 22.0 0.13 ± 0.02 Rim 35

30 V4046 Sgr (1.1, 0.7) ± 0.1 12.9+5.7
−3.8 0.50 0.11 0.7 ± 0.9 8.9 ± 1.4 0.61 ± 0.06 Ring 36,37

31 PDS 66 MP Mus 1.4 ± 0.1 5.4+2.0
−2.1 0.34 0.14 7.3 ± 1.4 6.5 ± 1.2 0.93 ± 0.03 Ring (Rim) 38,37

32 LkHα330 2.5 ± 0.2 3.1+1.6
−0.7 0.74 0.15 11.1 ± 3.7 9.4 ± 2.0 0.53 ± 0.02 Spiral 39,40

33 GM Aur 1.1 ± 0.3 2.3+1.6
−1.1 0.09 0.29 0.0 ± 1.2 19.7 ± 1.8 3.36 ± 0.15 Giant (Ring) 41,42

34 RX J1615.3-3255 0.8 ± 0.2 2.3+1.2
−1.0 0.04 0.34 0.0 ± 0.9 8.7 ± 1.0 2.71 ± 0.08 Ring 43,37

35 V1247 Ori HD290764 2.0 ± 0.1 7.0+0.3
−0.3 1.67 0.15 20.7 ± 1.5 22.2 ± 1.3 0.92 ± 0.12 Spiral 44

36 T Cha 1.2 ± 0.1 15.9+6.8
−5.4 0.72 3.14 39.0 ± 3.4 12.9 ± 1.0 0.65 ± 0.09 Inclined 46

37 DoAr 44 1.5 ± 0.1 6.8+3.3
−2.4 0.50 0.31 10.5 ± 2.0 9.1 ± 1.1 0.79 ± 0.08 Rim 37

Notes. Columns are: reference number in this work; main name; alternative name; stellar mass; age; age normalized by the ZAMS variability; NIR
excess and FIR excess relative to the stellar flux; disk dust mass relative to the stellar mass; category of the disk as from Fig. 1; reference for the
PDI image of the disk, as specified below.
References. 1. Hashimoto et al. (2011), 2. Kusakabe et al. (2012), 3. de Boer et al. (in prep.), 4. Grady et al. (2013), 5. Benisty et al. (2015),
6. Ginski et al. (2016), 7. Wagner et al. (2015), 8. Benisty et al. (2017), 9. Garufi et al. (2016), 10. Sissa et al. (in prep.), 11. Muto et al. (2012),
12. Stolker et al. (2016a), 13. Benisty et al. (in prep.), 14. Avenhaus et al. (2014), 15. Avenhaus et al. (2018), 16. Garufi et al. (2017b), 17. Benisty
et al. (in prep.), 18. Monnier et al. (2017), 19. Benisty et al. (in prep.), 20. Muro-Arena et al. (2018), 21. Bertrang et al. (2018), 22. Rapson et al.
(2015), 23. van Boekel et al. (2017), 24. Hashimoto et al. (2012), 25. Keppler et al. (2018), 26. Mayama et al. (2012), 27. Pinilla et al. (2015),
28. Follette et al. (2013), 29. Itoh et al. (2014), 30. Yang et al. (2017), 31. Tsukagoshi et al. (2014), 32. Rich et al. (2015), 33. Thalmann et al.
(2015), 34. Thalmann et al. (2016), 35. Follette et al. (2015), 36. Rapson et al. (2015), 37. Avenhaus et al. (2018), 38. Wolff et al. (2016),
39. Akiyama et al. (2016), 40. Benisty et al. (in prep.), 41. Oh et al. (2016), 42. Stolker et al. (in prep.), 43. de Boer et al. (2016), 44. Ohta
et al. (2016), 45. Garufi et al. (2014), 46. Pohl et al. (2017), 47. Canovas et al. (2018), 48. Langlois et al. (2018), 49. Dominik et al. (in prep.),
50. Benisty et al. (in prep.), 51. Ginski et al. (2018), 52. Ginski et al. (in prep.), 53. Villenave et al. (in prep.), 54. Ménard et al. (in prep.),
55. Hagelberg et al. (in prep.), 56. VLT/SPHERE archive.
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Table F.2. continued.

No. Main Alternative M∗ t t/ZAMS ∆V FNIR/F∗ FFIR/F∗ Mdust/M∗ Category References
name name (M�) (Myr) (mag) (%) (%) (×104)

38 DZ Cha 0.4 ± 0.1 2.9+1.5
−1.0 0.03 0.45 3.9 ± 1.1 21.6 ± 0.3 <0.17 Faint 47

39 AS209 1.2 ± 0.3 2.1+1.2
−1.0 0.10 0.34 7.4 ± 2.4 18.7 ± 2.0 1.97 ± 0.19 Faint (Ring) 37

40 IM Lup 1.1 ± 0.3 1.7+1.2
−0.8 0.07 0.21 3.3 ± 1.1 7.5 ± 1.3 3.19 ± 0.11 Giant (Ring) 37

41 MY Lup 1.3 ± 0.1 12.7+5.1
−4.4 0.67 0.56 2.5 ± 0.9 8.0 ± 1.1 0.61 ± 0.04 Inclined 37

42 RU Lup 0.7 ± 0.2 1.2+0.7
−0.4 0.02 1.12 39.5 ± 4.3 30.2 ± 2.3 4.09 ± 0.14 Faint 37

43 RY Lup 1.9 ± 0.1 2.6+1.6
−1.0 0.33 1.80 13.1 ± 2.5 11.7 ± 1.6 0.44 ± 0.03 Inclined 48

44 CI Tau 1.2 ± 0.2 2.5+2.1
−1.0 0.11 0.58 17.4 ± 5.1 11.5 ± 1.5 2.27 ± 0.20 Faint 56

45 CQ Tau HD36910 1.6 ± 0.1 11.4+0.8
−0.9 0.96 1.96 25.4 ± 2.5 24.0 ± 1.7 0.96 ± 0.01 Spiral 50

46 CS Cha (0.9, 0.3) ± 0.2 1.8+0.6
−0.3 0.04 0.25 2.2 ± 0.6 11.1 ± 0.4 1.77 ± 0.63 Small 51

47 CV Cha 2.2 ± 0.1 2.8+1.7
−1.3 0.49 0.21 16.2 ± 2.7 5.8 ± 0.6 0.09 ± 0.01 Small 52

48 IRAS 16051-3820 J1608-3828 1.4 ± 0.1 8.3+4.4
−2.1 0.52 0.25 2.3 ± 1.0 16.4 ± 1.0 0.40 ± 0.01 Inclined 53

49 Sz 111 0.5 ± 0.1 5.2+3.0
−2.0 0.05 0.55 4.8 ± 1.7 37.0 ± 2.3 2.52 ± 0.25 Faint 56

50 UX Tau A 1.5 ± 0.2 9.1+3.3
−3.7 0.66 1.32 5.4 ± 1.2 7.4 ± 0.6 0.41 ± 0.01 Rim 54

51 DI Cha Sz 19 2.7 ± 0.2 1.7+0.7
−0.8 0.47 0.11 15.4 ± 2.9 4.3 ± 0.5 0.16 ± 0.04 Small 56

52 IRAS 08267-3336 AT Pyx 1.8 ± 0.1 4.2+1.8
−1.0 0.47 1.42 20.5 ± 2.3 39.8 ± 3.2 Giant (Rim) 52

53 SY Cha J1056.3-7711 0.8 ± 0.2 3.1+1.8
−1.4 0.06 0.73 7.6 ± 1.1 7.5 ± 0.3 0.95 ± 0.01 Faint 56

54 VZ Cha 0.5 ± 0.1 0.8+0.7
−0.1 0.01 1.33 17.7 ± 3.9 5.1 ± 0.7 1.47 ± 0.01 Small 56

55 EX Lup 0.6 ± 0.2 2.7+2.4
−1.3 0.03 3.06 9.2 ± 2.0 22.6 ± 1.4 0.62 ± 0.13 Faint 56

56 RX J1852.3 1.0 ± 0.1 >14.0 >0.42 0.27 2.4 ± 0.3 13.2 ± 0.2 0.95 ± 0.12 Ring (Rim) 56

57 Sz 71 GW Lup 0.4 ± 0.1 1.7+0.5
−0.3 0.02 0.65 11.5 ± 1.7 16.5 ± 0.9 5.34 ± 0.90 Faint 56

58 SZ Cha 1.7 ± 0.1 4.4+2.6
−1.6 0.43 0.54 12.2 ± 1.1 13.2 ± 0.7 0.63 ± 0.16 Ring 55
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