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Abstract 

 
In questa proposta si richiede un finanziamento integrativo alle attività di ricerca nel campo dello               
studio dei dischi protoplanetari attualmente inserite nel Progetto Premiale FRONTIERA          
(Fostering high ResolutiON Technology and Innovation for Exoplanets and Research in           
Astrophysics, P.I. Isabella Pagano) come parte del WP4.5 ‘Disks and Jets’ . I ricercatori              
coinvolti fanno anche parte della collaborazione JEDI (JEts & Disks@INAF) creata nell’ambito            
del progetto PRIN-INAF 2013 ‘Disks, jets and the dawn of planets’ (PI Brunella Nisini). Lo studio                
dei dischi è diventato negli ultimi anni un tema molto caldo dell’astrofisica dato il ruolo chiave,                
ormai universalmente riconosciuto, che essi giocano nel processo di formazione dei pianeti.            
Parallelamente, l’affermazione internazionale di ricercatori INAF che lavorano in questo campo           
e che partecipano a questo bando è cresciuta esponenzialmente negli ultimi dieci anni, grazie              
anche alla forte sinergia tra competenze scientifiche diverse ed utilizzo di strumentazione            
all’avanguardia in cui INAF è direttamente coinvolto, anche con programmi di tempo garantito             
(e.g. SPHERE, ALMA, X-Shooter, LBT). Il progetto FRONTIERA, a causa del taglio del 60%              
rispetto alla iniziale richiesta, è stato utilizzato in pratica solo per contratti per il personale, a                
scapito delle richieste per missioni e ​hardware​. Si richiede quindi un intervento integrativo che              
avrà lo scopo di garantire il livello di eccellenza sin qui acquisito sui progetti presenti e futuri su                  
cui il team sta già attivamente collaborando. 
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High-resolution images
Disk taxonomy  ⇔  Morphology  ⇔  ≲ 0.15ʺ resolution.!

!

Near-IR (scattered light).!
Resolution naturally achieved.!

Need long exposure; surveys are demanding.!
!

Talks: Benisty, Mauco, Hunziker!
!

Millimeter (continuum emission).!
Only ALMA (for now); specific configuration required.!

Snapshot exposures are also possible. !
!

Talks: previous, Huang, Perez, van der Marel…



High-resolution images
Disk taxonomy  ⇔  Morphology  ⇔  ≲ 0.15ʺ resolution.!

!

Near-IR (scattered light).!
Approximately 50 disks with published observations.!

(>40 observed and yet unpublished)!
!

Millimeter (continuum emission).!
Over 50 disks with published observations.!

(depending on the desired resolution)!
!

Only 30 disks with both, more than 100 in total.



NIR-millimeter diagram

Near-IR contrast ≣ Amount of scattered light
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NIR-millimeter diagram

Disk dust mass

Flaring of outer disk!
                      Emptying of inner disk

Near-IR contrast ≣ Amount of scattered light

m
il

l
im

e
t
e
r

 l
u

m
in

o
s
it

y
 (

a
t
 1

5
0
 p

c
)



NIR-millimeter diagram
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Disks with a cavity are brighter in scattered light. Garufi, Meeus, Benisty et al. 2017
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NIR-millimeter diagram

Low-mass!
transition disks 

High-mass!
transition disks 

High-mass!
continuous disks 

Low-mass!
continuous disks 

Near-IR contrast ≣ Amount of scattered light
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NIR-millimeter diagram

CHALLENGING

Near-IR contrast ≣ Amount of scattered light
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NIR-millimeter diagram

Homologous!
depletion

Inside-out!
clearing

Near-IR contrast ≣ Amount of scattered light
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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. 

Taxonomy in the NIR

Garufi, Benisty, Pinilla et al. 2018



The extremes: giant vs small disks

Small

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

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. 

Abnormally massive, large disks.!
All known and characterized.!
Precursor of HR8799?!
Special formation, slow evolution?

Avenhaus et al. 2017, 2018!
Itoh et al. 2014, Sissa et al. 2018

Normally small disks? 
Routinely imaged, not characterized 
Truncated or smaller version? 
What planetary systems from them?



The extremes: giant vs small disks

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. 

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. 

Abnormally massive, large disks.!
All known and characterized.!
Precursor of HR8799?!
Special formation, slow evolution?

Avenhaus et al. 2017, 2018!
Itoh et al. 2014, Sissa et al. 2018

Normally small disks? (e.g., Barenfeld et al. 2017)!
Routinely imaged, not characterized (e.g., Dominik et al. in prep.) !

Truncated or smaller version? (e.g., Manara et al. 2019)!
What planetary systems from them?



The extremes: giant vs small disks

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. 

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. 
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The surprise: faint disks (in NIR)
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. 

Near-IR contrast ≣ Amount of scattered light
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Even massive disks can be faint in the NIR, if there is no cavity.

The surprise: faint disks (in NIR)

11

Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

Andrews et al. 2018 vs Muro-Arena et al. 2018 and Avenhaus et al. 2018
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Garufi et al. 2018

Faint disks are typically young.!
Does it mean that cavity has not yet formed or that these disks will not make it to >5 Myr?
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Faint disks are typically young.!
Does it mean that cavity has not yet formed or that these disks will not make it to >5 Myr?

Garufi et al. 2018
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The celebrity: spirals disks (NIR vs mm)

NIR spirals are only seen around Herbig. There is no millimeter counterpart.

34 The Messenger 169 – September 2017
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Garufi et al. 2018

NIR-spiral disks are typically old.!
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The celebrity: spirals disks (NIR vs mm)

NIR spirals are only seen around Herbig. There is no millimeter counterpart.
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Benisty et al. 2015, 2017, Stolker et al. 2017, Boehler et al. 2018, van der Plas et al. 2019, Cazzoletti et al. 2018
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Garufi et al. 2018

NIR-spiral disks are typically old.!
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The celebrity: spirals disks (NIR vs mm)

NIR spirals are only seen around Herbig. There is no millimeter counterpart.
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Benisty et al. 2015, 2017, Stolker et al. 2017, Boehler et al. 2018, van der Plas et al. 2019, Cazzoletti et al. 2018
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Garufi et al. 2018

NIR-spiral disks are typically old.!
Different origin from the mm-spiral disks, that are young?

11

Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).
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Immediate future: push observations to smaller/fainter disks and to TTSs.!
Beyond SPHERE/GTO: DARTTS and DESTINYS…
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DARTTS (Disks around TTSs)
DARTTS-S I: SPHERE/ IRDIS Polarimetric Imaging of 8 TTauri Disks 7
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1"

DoAr 44
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Figure 1. H band images displayed in logarithmic stretch (the exact stretch is adjusted for each disk individually to improve
the visibility of sub-structures). The data were re-scaled to represent the same physical size, thus the 100 au scale bar in the
first panel applies for all panels. Because the angular scales are different, a 1′′ bar is shown in each panel. Immediately obvious
is the extraordinary size of the IM Lup disk compared to the others, with RXJ 1615 coming in second. Areas marked green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels).
The red dot in the center marks the position of the star. North is up and east is to the left in all frames.

present the J band and Uφ data. The disks have been
scaled in such a way that they represent the same phys-
ical scale. While this scale is afflicted with some uncer-
tainty, due to the uncertainty in the distance specifically
for the four sources with no Gaia distance available, it
is clear that the disks are of vastly different physical
size, with IM Lup being the largest and RU Lup, almost
identical in mass and of the same age, being one of the
smallest.
All disks except RU Lup show easily visible sub-

structure (see also Fig. 12). However, it is unlikely
that the tightly spaced rings in AS 209 are real, because
they only appear in the H band and the depressions in
the Qφ image coincide with the diffraction rings in the
intensity image. We discuss this in section 5.2.8. There
are, however, fainter structures in this disk that are hard
to identify by eye, which we discuss in more detail in the
same section.

4.1. Surface brightnesses

To get a first quantitative handle on the scattered
light of the disks, we compare the brightness of their
reflected, polarized light. Despite their different struc-
tures, inclinations, host star magnitudes and distances,
we calibrate all our data with respect to the host star
brightness. This way, we can compare how much of the
incident starlight the disks reflect in total, keeping in
mind that this figure is affected by the inclination of the
disk. By comparing the J and H bands, we can get a
rough estimate of the scattering color of the dust grains.
Given the fact that we correct for the self-cancellation
effect (as described above), we expect this figure not to
be systematically affected by the difference in quality of
the PSF between the J and H band. This figure also
does not need to be corrected for distance, as both the
stellar and the disk flux, as observed from Earth, scale
the same with distance. We do have to keep in mind

12 Avenhaus et al.
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Figure 4. Measurement of the h/r parameter of the rings
we fit, plotted against the distance from the star. There is
a clear trend towards higher h/r with larger distance. In
fact, a single fit to all measurements yields α=1.207 and
h/r (100 au) = 0.1588 (grey dashed line). This fit is meant
mostly to guide the eye, but works reasonably well for all
disks except V4046 Sgr which, if considered separately, has
a significantly higher flaring parameter.

ring. What is also clear is that our naive visual fitting of
the rings does not produce the correct radii of the ring,
but rather fits the position of the outer edge.

4.3. Vertical disk structures

When looking at more than one ring, the behavior of
h/r with radius can be described as a power law:

h

r
=

h0

r0
·

(

r

r0

)(α−1)

Where h0 describes the h/r value at a radius r0, and
α is the flaring index. α has to be higher than 1 in order
to see the outer rings, because otherwise they would lie
in the shadow of the inner rings. This also means that
h/r should be increasing with radius. We show all h/r
we measure in Figure 4, where it can be seen that h/r
clearly does increase with radius.
Theoretical studies can derive flaring indices based

on assumptions about the disk physics and geometry.
For example, the Chiang & Goldreich (1997) model, by
assuming a surface density profile σ(r) ∝ r−1.5, gives
a temperature profile which translates into a maxi-
mum flaring index of α = 9

7 ≈ 1.29. For a thin disk
model, with very small mass compared to the central
star, the flaring is expected to be α = 9

8 = 1.125 by
Kenyon & Hartmann (1987). The same authors derive
the maximum flaring angle to be α = 5

4 = 1.25.
In practice, we measure a flaring index of 1.605± 0.132

in the case of V4046 Sgr, 1.116± 0.095 in the case of

RXJ 1615, and 1.271± 0.197 for IM Lup. These val-
ues (and errors) are acquired by fitting a power law to
the h/r measurements of the rings and are only possible
for disks where more than one ring can be measured.
V4046 Sgr seems to be the clear outlier here, with a
significantly higher flaring index, inconsistent with the
aforementioned theoretical values. This is surprising
given the fact that it is the oldest disk in our sample (and
disks tend to settle with age). The flaring of this disk
could potentially be affected by the fact that V4046 Sgr
is a K-dwarf spectroscopic equal-mass binary. V4046 Sgr
is also special in the sense that the rings we fit here are
by far the closest to the star and that it has a wide-
separation binary companion (Kastner et al. 2011).
If we use all data to fit the flaring behavior of

our disks, we arrive at α = 1.207 ± 0.025 and
h/r (100 au)= 0.1588± 0.0048 (see Figure 4). While
this is in reasonable agreement with theoretical studies
(Kenyon & Hartmann 1987; Chiang & Goldreich 1997),
it is difficult to interpret given the fact that all our
systems are different and have no physical connection,
and thus also no reason to show the same flaring, unless
there is some intrinsic physical process that drives all
disks towards a similar flaring behavior. We also have
to remember that we can only measure the flaring of the
last scattering surface using scattered-light data, and do
not measure the flaring of the gas scale-height directly.

4.4. Disk rims and mid-plane shadows

For three of our disks (IM Lup, RXJ 1615, and
MY Lup), the outer edge of the disk and thus the lower
disk surface can be seen. To illustrate this, we de-project
the H-band images of these outer rims for position an-
gles from -60◦ to +60◦ around the disk minor axis. The
resulting de-projections can be seen in Figure 5. These
de-projections use the data after correction for system-
atic self-cancellation and re-convolution with a Gaussian
kernel (see Appendix). We use a 100mas FWHM ker-
nel here in order to achieve slightly better smoothing for
these faint features.
The de-projection shows that the two disk sides are

parallel in all cases. However, it is not possible to es-
timate how dark the mid-planes actually are. Without
the discussed correction, the PSF convolution smears
light from the disk upper and lower sides into the vis-
ible mid-plane gap. With correction, we can see that
the mid-plane runs into negative values for RXJ 1615
(in fact, it partially does so for MY Lup as well). This
is a sign of an over-correction due to the application of
a PSF that is worse than the average PSF encountered
during the observations (this will be discussed in Aven-
haus et al., in prep.).
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Table 4. Ring fits

Ring Radius (arcsec) Radius (au) Inclination Pos. Angle Flaring (h/r)

V4046 Sgr ring 1 0.212± 0.001 15.48± 0.06 30.53◦ ± 0.62◦ 74.40◦ ± 1.04◦ 0.093± 0.006

V4046 Sgr ring 2 0.373± 0.001 27.24± 0.10 32.18◦ ± 0.51◦ 74.66◦ ± 0.72◦ 0.130± 0.004

RXJ 1615 ring 1 0.279± 0.002 51.66± 0.30 43.90◦ ± 1.12◦ 150.61◦ ± 0.94◦ 0.148± 0.018

RXJ 1615 ring 2 1.040± 0.003 192.45± 0.63 47.16◦ ± 0.87◦ 145.04◦ ± 0.48◦ 0.168± 0.012

RXJ 1615 ring 3 1.455± 0.013 269.24± 2.33 46.78◦ ± 1.50◦ 143.82◦ ± 1.74◦ 0.183± 0.020

PDS 66 ring 1 0.861± 0.004 85.19± 0.34 30.26◦ ± 0.88◦ 189.19◦ ± 1.33◦ 0.139± 0.012

MY Lup ring 1 (∗) 0.77± 0.03 115.50± 4.50 77◦ ± 1.5◦ 239◦ ± 1.5◦ 0.21± 0.03

IM Lup ring 1 (∗) 0.58± 0.02 93.50± 3.22 53◦ ± 5◦ 325◦ ± 3◦ 0.18± 0.03

IM Lup ring 2 (∗) 0.96± 0.03 154.75± 4.84 55◦ ± 5◦ 325◦ ± 3◦ 0.18± 0.04

IM Lup ring 3 (∗) 1.52± 0.03 245.02± 4.84 55◦ ± 5◦ 325◦ ± 3◦ 0.23± 0.04

IM Lup ring 4 (∗) 2.10± 0.08 338.52± 12.90 56◦ ± 2◦ 325◦ ± 2◦ 0.25± 0.05

Results from fitting the rings present in our data. It is assumed that the rings are circular and displaced
in vertical direction from the disk mid-plane. Note that this means thatThe h/r parameter describes the
height of the ring over the disk mid-plane, divided by the radius of the ring. This does not correspond
directly to the gas scale-height of the disk, which we can not measure with our data, but the height of
the last scattering surface. Note that the rings of IM Lup and MY Lup (marked with ∗) are not fit using
our procedure, but by eye. The radii in au are calculated using the distances to the stars and do not take
into account the uncertainties in these distances, but only the statistical errors from the MCMC.

1"

V4046 Sgr

1"

RXJ 1615

1"

PDS 66

1"

MY Lup

1"

IM Lup

V4046 deprojected RXJ 1615 deprojected PDS 66 deprojected MY Lup deprojected IM Lup deprojected

Figure 3. Upper row: The disks of V4046 Sgr, RXJ 1615, and PDS 66 overlaid with their ring fits. For MY Lup and IM Lup,
rings were overlaid by eye, because the automatic fitting procedure failed. Tracking points are yellow, ring fits are red and
rings overlaid by eye are light blue. The rear edge of the disk (mirrored from the outermost ring) is shown in dark blue
where applicable (MY Lup, IM Lup, RXJ 1615). Lower row: De-projected images of the disks, overlaid with their rings. We
use flaring exponents of α=1.605 (V4046 Sgr), α=1.116 (RXJ 1615) and α=1.271 (IM Lup) for de-projection (see Section
4.3). For MY Lup and PDS 66, where only one ring can be tracked, we use α=1.2. In the de-projected image of MY Lup,
we additionally mark the approximate position of the second ring further in at r= 0.31′′/ 46 au. For the de-projections, the
semi-major axis is along the vertical, the semi-minor axis along the horizontal direction and the near side of the disk is always
on the right. For the non-de-projected images, North is up and East is to the left.

Clear sub-structures (but no spiral) in most disks.!
General agreement in the scale height (~16 au at r=100 au).

Avenhaus, Quanz, Garufi et al. 2018



From DARTTS to DARTTS II
IM Lup DoAr25

The second release of DARTTS datasets cover a larger interval of mm fluxes.

Avenhaus et al. 2018 Garufi et al. in prep.



DARTTS II
PDI observations of 21 TTSs.!

8 additional mm-bright + 13 mm-faint sources.!
10 Upper Sco, 5 Ophiuchus, 4 Lupus, 2 Chamaeleon.!

!

10 clear detections vs 11 (probable) non-detections.!

Work in progress



DARTTS II
Some disk sub-structures are visible, but yet no clear spirals…!

!

Many disks appear in strong interaction with the medium!
(these are - contrary to the past - young sources in SFRs) !

Work in progress



DARTTS II
8/11 non-detections have an outer stellar companion.!

Truncated disks smaller than the coronagraph (~10 au)?!
!

However, the projected distance of companions is !
on average 100 au (30 - 270 au)…

Work in progress



DARTTS II
The lowest-mass disk (ever) detected in PDI is Mdust ~ 4 M⊕!

!

In e.g. Lupus, ~45% of disks is below this threshold. !
But future observations (e.g., DESTINYS) will be planned accordingly…

Work in progress



Open questions

What planetary systems are born from a 10 au-large disk?!
!

How early are disk cavities and!
other sub-structures formed?!

!

Do spirals in the NIR (old) and in the millimeter (young) 
have different origin?


