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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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Figure 1. Polarized intensity in H-band and deconvolved 336 GHz radio continuum from DoAr 44. x� and y� axis show o↵set from
the stellar position in the direction of R.A. and Dec., in arcsec. a: H-band Q� image, with a resolution close to the di↵raction limit of
49.5 mas. b: 336 GHz continuum image of DoAr 44, deconvolved using our uvmem algorithm for an e↵ective angular shown by the beam
ellipse (0.1700 ⇥ 0.1300, or about 1/3 the natural-weights clean beam). c: the 336 GHz image in black contours and overlaid on Q� (H). The
336 GHz contours are linearly spaced at fractions of [0.5, 0.6, 0.7, 0.8, 0.9] times the peak intensity. We also show green contours for
Q� (H) at [0.05,0.1,0.2,0.5] times the peak. The circular markers indicate the position of the decrements along projected circles that best
approximate the ring: in green for Q� , and in grey for the 336 GHz continuum. The stellar position is marked by a yellow symbol. The
semi-transparent orange disk indicates the 0.100 radius, meant to illustrate the total radial extent of the coronagraph.

error, or because of an intrinsic property of the system. We
therefore optimized the origin so that the shape of the ring
is the closest match to a perfect circle (“ring centroid” here-
after), i.e. we minimized the intensity-weighted dispersion in
⇢(✓). We searched for the cavity centers in each dataset with
a uniform grid in polar coordinates centered on the nominal
stellar position, with a radius of 50 mas. Given a trial origin,
we measured the radial location of the intensity maxima by
extracting the peak along a constant azimuth ✓, thus provid-
ing profiles for the ring radius ⇢(✓) and peak intensity Ip(✓).
We then recorded the root-mean-square dispersion in ⇢(✓),
using Ip(✓) as a weight function, and produced the map for
�(⇢(✓)) shown in Fig. 3 (for the case of the radio data). The
optimal origin corresponds to the minimum in �(⇢(✓)).

Provided with an optimal origin, me measure the aver-
age ring radius h⇢(✓)i, again using Ip(✓) as a weight function.
The profiles I�(✓) were extracted along the circles h⇢i, and
the position of the decrements were recorded with the posi-
tion of the minima in I�(✓).

The positions of the decrements are indicated by thin
lines in Fig. 2c (and in Fig. 7a). The polar coordinates were
then converted back to the sky plane, as indicated with cir-
cular markers in Fig. 1, and as listed in Table 1. Fig. 2 also
compares the polar maps extracted both around the stellar
centroid and around the ring centroids. We see that even
such tiny o↵sets can change the location of the decrements
by up to ⇠2 deg.

2.3.2 Optimal ring centroids and radii

In the IRDIS images, the Q�(H) ring has a radius h⇢iH =
0.13100, and its centroid o↵set by �⇢c=3.8 mas from the

Table 1. Position and contrast for the intensity decrement in
Q� (H) and in 336 GHz continuum, resulting from the procedure
described in Sec. 2.3.

Dip 1 (at 1 h) Dip 2 (at 6.5 h)
Q� (H) 336 GHz Q� (H) 336 GHz

f as 11±2% 82±6% 13±2% 71±6%
✓s b 331.2 329.4 169.2 165.6
✓gs

c 336.3 328.4 169.2 165.1
rds 0.123 0.286 0.123 0.299

a minimum intensity over peak along the ring
b PA of the shadow minimum, in degrees East of North, as viewed
on the sky
c PA of a Gaussian centroid for the each shadow, as viewed on
the sky, fit within ±5 deg of ✓s
d stellocentric separation, on the sky and in arcsec, of the formal
shadow location, defined as the intersection between direction ✓s
from the ring centroid, with the best fit circular ring (projected
on the sky)

star in the direction ✓c = 62 deg, East of North2. This o↵set
is smaller than the upper limit uncertainty in the stellar
centering (which is itself better than 12 mas), so that the
Q�(H) ring is essentially a circle centered on the star within
the instrumental limitations.

Interestingly, trials on the radiative transfer (RT) pre-
dictions (Sec. 3) result in similar o↵sets in Q�(H), even
though in this case the cavity is a perfect circle and the stel-
lar position is known exactly. The RT o↵set changes with rel-
ative inclination ⇠ between the inner and outer disks. Exam-
ples range from (�⇢c, ✓c) = (7.5 mas, 56.25 deg) at ⇠ = 20 deg,

2 so, if the star is at the position given in the HSOY catalogue,
or J2000 RA 16:31:33.4635 DEC -24:27:37.2215, then the Q� (H)
centroid is at J2000 RA 16:31:33.4637 DEC -24:27:37.2198

MNRAS 000, 1–11 (2017)

Benisty et al.: A warp in the inner disk around the T Tauri star HD 143006

Fig. 5. Scattered light predictions at 1.2 µm of the hydrodynamic model (bottom middle and bottom right panels) with a misalignment angle
between the inner and outer disk of ⇠30�, compared to the observations (bottom left panel). The locations of the two stars are indicated with white
circles. All images are scaled by r2. The upper panels show a schematic of the 3D structure, with a color coding (green, purple) that indicates the
regions of the disk above and below the plane perpendicular to the line of sight. Model A corresponds to the blue solution of Fig. 4, model B to
the red.

for grain sizes between a = 0.1 microns and a = 1 mm. We
use 108 photon packages to calculate the dust temperature in a
thermal Monte Carlo simulation as well as to calculate scattered
light images in the J band (1.2 µm). Once the synthetic images
are computed, we convolve the scattered light predictions with a
FLUX image from the dataset, to reduce their resolution to that
of the observations.

The model predictions are shown in Fig. 5. The inner disk
is inclined and casts a shadow onto the outer disk at two points
(similarly to the cases of HD 142527 and HD 100453), but as the
inclination is only moderate, the shadow also darkens half of the
outer disk. Because we do not know which side of the disk is
closer to us, we provide two solutions in Fig. 5 (model A and
B). The upper panels show a sketch of the 3D structure of the
disk, with a color coding that indicates which part of the disk is
above or below the plane perpendicular to our line of sight. Our
model reproduces most of the features observed in the scattered
light observations: a clear east/west brightness asymmetry, two
narrow shadows, and two bright arcs tracing Ring #2. We note
that the circumbinary disk clearly appears in the synthetic im-
age, while it is not detected in the observations up 60 mas (i.e.,
⇠10 au). This supports the presence of a small, misaligned cir-
cumprimary disk rather than a circumbinary disk. This is dis-
cussed further in Sect. 5. We note that the model, and the conse-
quent shadowing due to a misaligned inner disk, cannot repro-
duce the bright region observed along PA⇠110-170�, in particu-
lar along Ring #2, nor the outermost gap (Gap #1).

5. Discussion

Warps have been inferred in many protoplanetary disks, with
various observational tracers. Shadows in scattered light appear
as steady low brightness regions (Stolker et al. 2016a; Benisty
et al. 2017; Casassus et al. 2018), for which a moderate to large
misalignment between the inner and outer disk up to ⇠70� was
suggested from radiative transfer modeling. In one of them,
HD 142527, a stellar companion on an eccentric orbit is thought
to be responsible for the misalignment (Price et al. 2018). In
other objects, such as SAO 206462 and RXJ1604.3-2130A, the
shadows appear very variable in amplitude, width, and location
(Stolker et al. 2016b, Pinilla et al. submitted). For example, in
RXJ1604.3-2130A, an object known to be an aperiodic dipper
(Ansdell et al. 2016), we find that the timescale for the varia-
tions is shorter than a day, indicating a very complex and dy-
namic inner disk (Pinilla et al. submitted). In AA Tau, a strong,
inclined magnetic field induces a warp at the disk inner edge that
periodically rotates with the stellar period (Bouvier et al. 2007).
However, recent observations by Loomis et al. (2017) indicate
that the inner disk is also perturbed, with an additional warp
and evidence for a radial inflow, possibly due to gap-crossing
streamers. Another case of a perturbed inner disk with a warp is
V354 Mon, which presents a low gas-to-dust ratio in the inner
disk, and dimming events that could be due to small dust par-
ticles that results from the fragmentation of larger particles that
drift from the outer disk (Schneider et al. 2018). In all these ob-
jects, the presence of a companion in the stellar or sub-stellar
mass regime, at a separation of a couple of tens of au, could
explain some characteristics of the observations.
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High-resolution disk imaging

These are the best images of a protoplanetary disk…
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High-resolution disk imaging
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High-resolution disk imaging

Inner working angle

Ground-based!
optical/NIR

ALMA!
millimeter

2020

A
ng

ul
ar

 re
so

lu
tio

n

15 au

150 au

J

150 au15 au



High-resolution disk imaging

The inner disk is not (yet) mapped!
by direct imaging.!

!

Yet, we are developing some indirect 
methods to do it…!



High-contrast NIR imaging
Most objects are bright at these wavelengths.!
It is not a matter of sensitivity but of contrast:!

star/disk, envelope/disk, star/planet, disk/planet…!



High-contrast NIR imaging
Most objects are bright at these wavelengths.!
It is not a matter of sensitivity but of contrast:!

star/disk, envelope/disk, star/planet, disk/planet…!

We developed differential techniques.!
Angular-!

Polarimetric-!
Reference star-!

Spectral-!



Polarimetric Differential Imaging

The distribution of disk scattered light depends on:!
disk geometry, dust properties, illumination pattern!
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Stellar light is unpolarized. Scattered light is polarized.!



The variety of disk sub-structures seen

Early stellar type

Late stellar type

HD100546 
(Garufi et al. 2016) 

T Tau stars ⇾

⇽ Herbig Ae/Be stars ⇾ ⇽ F stars ⇾

HD142527 
(Avenhaus et al. 2017) 

RX J1615-3255 
(de Boer et al. 2016) 

LkCa15 
(Thalmann et al. 2016) 

TW Hya 
(van Boekel et al. 2017) 

MWC 758 
(Benisty et al. 2015) 

HD97048 
(Ginski et al. 2016) 

HD100453 
(Benisty et al. 2017) 

 

HD135344B 
(Stolker et al. 2016) 

T Cha 
(Pohl et al. 2017) 

50 au

20 au 20 au20 au 20 au

20 au20 au

50 au

20 au 50 au

SEEDS from Subaru/HiCiao, Hashimoto et al., www.nao.ac.jp; DARTTS-S from VLT/SPHERE, Avenhaus et al. 
2018, Garufi et al. 2020, DISK GTO from VLT/SPHERE, Garufi et al. 2017b +references therein

DoAr 25 V1094 Sco WW Cha

J1615-1921 HT Lup J1609-1908

SR4 Sz45 IK Lup J1614-1906 DoAr21

DoAr16 SR9 J1606-1908 VV Sco HK Lup

J1611-1757 J1610-1904 J1614-2305 J1606-1928 J1603-2031

100 au

http://www.nao.ac.jp


The variety of disk sub-structures seen

Early stellar type

Late stellar type

HD100546 
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HD142527 
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MWC 758 
(Benisty et al. 2015) 

HD97048 
(Ginski et al. 2016) 

HD100453 
(Benisty et al. 2017) 

 

HD135344B 
(Stolker et al. 2016) 

T Cha 
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50 au
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Keppler et al. 2018, Avenhaus et al. 2017, Yang et al. 2017

First obvious findings are!
large inner cavities (10s au).!

!

Seen for small, large dust grains!
and gas but not always with the!

same size. Differential dust filtration!
has been invoked.

A&A proofs: manuscript no. draft

Table 2. Observing log of data used within this study.

Date ProgID Instrument Mode(a) Filter R(b) Coronagraph �✓(c) DIT(d) [s] �t(e)[min] ✏["]( f )

2012-03-31 GS-2012A-C-3 NICI(g) ADI L’ – – 99.4� 0.76 118 –
2015-05-03 095.C-0298(A) IRDIS ADI H2H3 – ALC_YJH_S 52.0� 64.0 70 0.7
2015-05-03 095.C-0298(A) IFS ADI YJ 54 ALC_YJH_S 52.0� 64.0 70 0.7
2015-05-31 095.C-0298(B) IRDIS ADI H2H3 – ALC_YJH_S 40.8� 64.0 70 1.1
2015-05-31 095.C-0298(B) IFS ADI YJ 54 ALC_YJH_S 40.8� 64.0 70 1.1
2015-07-09 095.C-0404(A) ZIMPOL PDI VBB – – – 40.0 114 1.1
2016-03-25 096.C-0333(A) IRDIS PDI J – ALC_YJ_S – 64.0 94 1.9
2016-05-14 097.C-1001(A) IRDIS ADI K1K2 30 – 16.9� 0.837 22 1.0
2016-05-14 097.C-1001(A) IFS ADI YJH – – 16.9� 4.0 23 1.0
2016-06-01 097.C-0206(A) NaCo ADI L’ – – 83.7� 0.2 155 0.5
2017-07-31 099.C-0891(A) IRDIS PDI J – – – 2.0 36 0.7

Notes.

(a)Observing mode: Angular Di↵erential Imaging (ADI) or Polarimetric Di↵erential Imaging (PDI); (b)Spectral resolution; (c)total field
rotation, after frame selection; (d)detector integration time; (e)total time on target (including overheads); ( f )mean MASS/DIMM seeing; (g)archival
data, published in Hashimoto et al. (2012).

Fig. 1. SPHERE PDI observations. The first row shows the Q� images, the second row the U� images. The left and middle columns correspond
to the IRDIS J-band observations, taken with coronagraph (March 25, 2016), and without coronagraph (July 31, 2017), after correcting for the
instrumental polarisation and subtraction of the central source polarisation. The right column presents the ZIMPOL observations (July 9, 2015).
The colour scale was chosen arbitrarily but is the same for each pair of Q� and U�. We note that negative values are saturated to enable a better
visual contrast. North is up and east is to the left.

2.2. ZIMPOL polarimetric observations (VBB band)

PDS 70 was observed during the night of July 9, 2015, with
the SPHERE/ZIMPOL instrument (Thalmann et al. 2008). These
non-coronagraphic observations were performed in the SlowPo-
larimetry readout mode (P2), using the Very Broad Band (VBB,
590-881 nm) filter, which covers the wavelength range from the
R- to the I-band. Especially in the second half of the sequence,
the conditions were poor (seeing above 100), resulting in a PSF
FWHM of ⇠159 mas. Since the detailed Mueller matrix model

for the correction of the instrumental polarisation by van Hol-
stein et al. (in prep.) only applies to the IRDIS data, our cor-
rection for instrumental polarisation e↵ects was performed by
equalising the ordinary and extraordinary beams for each frame,
as described by Avenhaus et al. (2014b). We interpolated two
pixel columns in the image that were a↵ected by readout prob-
lems.
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The variety of disk sub-structures seen
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Hashimoto et al. 2011, Muto et al. 2012, Benisty et al. 2015, 2017

Spiral arms are relatively!
frequent (~10%) around!

Herbig stars.!
!

Their origin is highly debated.!



The variety of disk sub-structures seen
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DoAr 25 V1094 Sco WW Cha

J1615-1921 HT Lup J1609-1908

SR4 Sz45 IK Lup J1614-1906 DoAr21

DoAr16 SR9 J1606-1908 VV Sco HK Lup

J1611-1757 J1610-1904 J1614-2305 J1606-1928 J1603-2031

100 au

Rings and annular gaps are more frequent!
(~30%) and found around any type of stars.!

!

Disk sculpting by unseen planets is the favored 
explanation but it is uncertain whether this is 

consistent with planetary statistics.!



The variety of disk sub-structures seen

Canovas et al. 2013, Stolker et al. 2016, Benisty et al. 2017, Pinilla et al. 2018 

Shadows are seen as azimuthally extended dark lanes.!
!

They are, in turn, very diverse.!
They are narrow or broad,!
pronounced or tenuous,!
constant or variable… !

Benisty et al 2015

Benisty et al. 2017



Disks with shadows

References for images.

Text and text



Disks with shadows
Marino, Perez, Casassus 2014

Radiative transfer predicts 
the geometry of the disk 
region casting shadows.

Shadows in the HD 142527 disk 3

FIG. 2.— Impact of the inner disk orientation on the H-band light scattered off the outer disk. a: NACO-PDI H-band image from Avenhaus et al. (2014),
compared with the C18O(2-1) emission at systemic velocity from Perez et al. (2014). The C18O(2-1) emission, represented here as one white contour at 0.75
maximum, shows that the position angle (PA) of the outer disk is at -20 deg East of North, and perpendicular to the solid grey double-arrow, while the position
angle of the intensity nulls is indicated by the dashed double-arrow (�8 deg). b-f: Radiative transfer prediction for polarized intensity in H-band, for different
inner disk PAs (indicated in degrees on the plots), and for different relative inclinations ↵ between the inner and the outer disks, such that the net inclination of
the inner disk is (–20+↵) deg relative to the plane of the sky. The x� and y� axis indicate offset along RA and DEC, in arcsec.

even a PA of 0 (see Fig. 2e) displaces the southern shadow so
that it is inconsistent with the observations. In parallel, for low
and negative ↵, the inclination and orientation of the shadows
do not fit the shape of the nulls (see Fig. 2c&f). A qualitative
match with the observations is obtained with an inner disk
inclined at ↵ = 70 deg relative to the outer disk, and along a
PA of �8deg (Fig. 2b). We can rule out configurations with
PAs beyond 10 deg of �8 deg, so that the 1 � error bar is
about 5 deg. Likewise, the relative inclination is constrained
within 60 to 80 deg, so that the 1 � error is also ⇠5 deg.

An inner disk orientation along a PA of ⇠60� has been pro-
posed by Pontoppidan et al. (2011), based on long-slit spec-
troscopy of the CO 4.67 µm line, along with a purely Keple-
rian disk model. However, as illustrated in Fig. 2d, such an
orientation can be discarded from the H-band imaging. It is
possible that non-Keplerian kinematics may have biased the
orientation inferred from the ro-vibrational CO.

It is interesting that our models predict a peak H�band in-
tensity at the same position as in the observations, at ⇠1.5h
(North-North-West). However, the second peak in the PDI
image to the North-East does not coincide with our radiative
transfer predictions. This can be due to an effect of fine struc-
ture in the outer disk, or to deviations from a perfect ring, or
to the stellar offset from the center of the cavity. These details
are beyond the scope of our model.

The width of the shadows in the outer disk is dominated by

the scale height of the inner disk, as it covers a wider solid
angle of the star. A more detailed study could lead to a better
constraint on the aspect ratio and flaring of the inner disk.

4. DISCUSSION

Warped disks are found in varied astrophysical contexts.
Galactic warps may be due to a misalignement between a
galaxy’s angular momentum and its surrounding dark matter
halo (Binney 1992) or by tidal encounters with nearby galax-
ies (Hunter & Toomre 1969). Christiaens et al. (2014) propose
that the two-armed spirals in the outer disk of HD 142527
might be indicative of a recent close stellar encounter (see
also Quillen et al. 2005). Although a flyby could also explain
the tilt between the inner and outer disks, no partner for such
a stellar encounter has been identified.

In the prototypical T-Tauri disk TW Hya, (Rosenfeld et al.
2012) proposed a warp to understand the sinusoidal (m = 1)
azimuthal modulation seen in HST images, as well as features
of the CO gas kinematics of the inner most regions. They
found that a standard Keplerian disk model was unable to ac-
count for the CO line wings and spatially resolved emission
near the central star, and explored 3 possible interpretations
to account for the observed kinematics: 1) scaling up the tem-
perature by a factor of three inside the cavity; 2) allowing
super-Keplerian tangential velocities near the star, and 3) in-
voking a warped disk model in which the line-of-sight disk
inclination increases towards the star.

2 Marino, Perez & Casassus

The gap spans 120 au from 10.0 au. It is described by a
surface density proportional to r�1 and a scale height of 18
au at 100 au with a flaring exponent of 1.6. It is composed of
amorphous carbon and silicate grains with sizes between 1.0
to 10.0 µm. The total dust mass of this section is 1.0⇥10

�8

M�. The disk in this section connects the inner and outer re-
gions varying the inclination linearly from 70� to 0� between
10 and 15 au, where it matches the outer disk orientation. A
larger warp would have been obvious in the 12CO kinematics
inside the gap (Perez et al. 2014), with a concomitantly larger
region where the inclination crosses the plane of the sky.

Finally, the outer disk extends over 115 au to 300 au with a
rounded disk wall between 115 to 140 au. It is composed of
3.0⇥10

�6 M� of amorphous carbon grains with sizes rang-
ing from 1 to 10 µm and 1.0 ⇥10

�2 M� of silicate grains with
sizes ranging from 100 µm to 5 cm. The dust masses inferred
in our models are biased by the lack of grain porosity. The re-
sulting dust masses are also directly affected by uncertainties
on the internal densities.

We assume that the small grains that account for the bulk
of the near-IR opacity approximately follow the gas back-
ground, and we define an axisymmetric gas distribution with
a rounded disk wall (Mulders et al. 2013; Lubow & D’Angelo
2006) described by the following surface density:

¯
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where � = 6, w = 0.1 and rc = 148.0 au. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:

⌃g(r,�)= ¯

⌃g(r)
h
1 +A(r) sin

⇣
�+

⇡

2

⌘i
, (3)

A(r)=
c� 1

c+ 1

exp


� (r �Rs)

2

2H2

�
, (4)

with Rs = 148 au and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:

⇢g(r, z,�) =
⌃g(r,�)p

2⇡H
exp


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2H2
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, (5)

with H(r) = 20.0 (r/(130 au))

1.17. The exact value of this
flaring exponent is not well constrained.

This parametric model also includes the effect of dust trap-
ping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the
opacity in H-band is driven by particles well below the sizes
required for efficient aerodynamic coupling, and so the effects
of dust trapping in the outer disk are not relevant to this report.
The runs detailed in Sec. 3 confirm that the outer disk is opti-
cally thick at H-band and that the scattered light does not trace
the crescent shape seen in the submm.

2.1.1. Emergent intensities

We use RADMC3D1 for radiative transfer computations
(version 0.38, Dullemond et al. 2014). Scattering and polar-
ization for last scattering are treated with scattering matrices

1 http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/

FIG. 1.— Schematic view with arbitrary orientation of the parametric
model presented in Sec. 2. The central star is placed at the origin. The outer
disk lies in the x-y plane. The angle ↵ is the relative inclination between the
midplane of the outer disk and the plane of the inner disk. The dust mass
density distribution of the inner disk and outer disk sections are rendered in
false color. The gap is shown devoid of material for simplicity. The inner
disk is scaled up in size and density for better visualization.

for our different dust species, each one with a power law dis-
tribution in grain sizes with exponent �3.5. To compute the
full dust opacity and scattering matrices we made use of com-
plementary codes in RADMC3D and a code from Bohren &
Huffman (1983) for “Mie solutions” to scattering by homoge-
neous spheres. We used the optical constant tables for amor-
phous carbon grains from Li & Greenberg (1997), and for
silicate grains we used Henning & Mutschke (1997).

We implemented our model in RADMC3D using spheri-
cal coordinates, with regular spacing for the azimuthal angle,
and logarithmic spacing in radius and colatitude (polar coor-
dinate). Thus, the grid is naturally refined near the inner disk
and the midplane. The radial grid is additionally refined as it
approaches the inner wall of the outer disk (near 140 au) to
ensure a gradual transition from the optically thin gap to the
optically thick outer disk. We used 10

6 cells in total, half of
them covering the inner disk and gap, and the rest sampling
the outer disk. The number of points in the radial, azimuthal
and polar grid meshes is 100 each.

As proposed by Fujiwara et al. (2006), the Eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular-line extensions into the outer
disk (Christiaens et al. 2014). Hence we calculated the syn-
thetic H-band images by inclining the system at 24 deg with
respect to the plane of the sky2, along a position angle (PA) of
–20 deg.

3. RESULTS

In order to constrain the PA of the inner disk and ↵, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Fig. 2
we summarize the radiative transfer predictions of 5 different
configurations. PAs much different from �8 are ruled out, as

2 the outer disk defines the plane of the system
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The

2 Marino, Perez & Casassus

The gap spans 120 au from 10.0 au. It is described by a
surface density proportional to r�1 and a scale height of 18
au at 100 au with a flaring exponent of 1.6. It is composed of
amorphous carbon and silicate grains with sizes between 1.0
to 10.0 µm. The total dust mass of this section is 1.0⇥10

�8

M�. The disk in this section connects the inner and outer re-
gions varying the inclination linearly from 70� to 0� between
10 and 15 au, where it matches the outer disk orientation. A
larger warp would have been obvious in the 12CO kinematics
inside the gap (Perez et al. 2014), with a concomitantly larger
region where the inclination crosses the plane of the sky.

Finally, the outer disk extends over 115 au to 300 au with a
rounded disk wall between 115 to 140 au. It is composed of
3.0⇥10

�6 M� of amorphous carbon grains with sizes rang-
ing from 1 to 10 µm and 1.0 ⇥10

�2 M� of silicate grains with
sizes ranging from 100 µm to 5 cm. The dust masses inferred
in our models are biased by the lack of grain porosity. The re-
sulting dust masses are also directly affected by uncertainties
on the internal densities.

We assume that the small grains that account for the bulk
of the near-IR opacity approximately follow the gas back-
ground, and we define an axisymmetric gas distribution with
a rounded disk wall (Mulders et al. 2013; Lubow & D’Angelo
2006) described by the following surface density:

¯
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✓
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#
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✓
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, (2)

where � = 6, w = 0.1 and rc = 148.0 au. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:
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, (3)
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with Rs = 148 au and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:

⇢g(r, z,�) =
⌃g(r,�)p

2⇡H
exp


� z2

2H2

�
, (5)

with H(r) = 20.0 (r/(130 au))

1.17. The exact value of this
flaring exponent is not well constrained.

This parametric model also includes the effect of dust trap-
ping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the
opacity in H-band is driven by particles well below the sizes
required for efficient aerodynamic coupling, and so the effects
of dust trapping in the outer disk are not relevant to this report.
The runs detailed in Sec. 3 confirm that the outer disk is opti-
cally thick at H-band and that the scattered light does not trace
the crescent shape seen in the submm.

2.1.1. Emergent intensities

We use RADMC3D1 for radiative transfer computations
(version 0.38, Dullemond et al. 2014). Scattering and polar-
ization for last scattering are treated with scattering matrices

1 http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/

FIG. 1.— Schematic view with arbitrary orientation of the parametric
model presented in Sec. 2. The central star is placed at the origin. The outer
disk lies in the x-y plane. The angle ↵ is the relative inclination between the
midplane of the outer disk and the plane of the inner disk. The dust mass
density distribution of the inner disk and outer disk sections are rendered in
false color. The gap is shown devoid of material for simplicity. The inner
disk is scaled up in size and density for better visualization.

for our different dust species, each one with a power law dis-
tribution in grain sizes with exponent �3.5. To compute the
full dust opacity and scattering matrices we made use of com-
plementary codes in RADMC3D and a code from Bohren &
Huffman (1983) for “Mie solutions” to scattering by homoge-
neous spheres. We used the optical constant tables for amor-
phous carbon grains from Li & Greenberg (1997), and for
silicate grains we used Henning & Mutschke (1997).

We implemented our model in RADMC3D using spheri-
cal coordinates, with regular spacing for the azimuthal angle,
and logarithmic spacing in radius and colatitude (polar coor-
dinate). Thus, the grid is naturally refined near the inner disk
and the midplane. The radial grid is additionally refined as it
approaches the inner wall of the outer disk (near 140 au) to
ensure a gradual transition from the optically thin gap to the
optically thick outer disk. We used 10

6 cells in total, half of
them covering the inner disk and gap, and the rest sampling
the outer disk. The number of points in the radial, azimuthal
and polar grid meshes is 100 each.

As proposed by Fujiwara et al. (2006), the Eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular-line extensions into the outer
disk (Christiaens et al. 2014). Hence we calculated the syn-
thetic H-band images by inclining the system at 24 deg with
respect to the plane of the sky2, along a position angle (PA) of
–20 deg.

3. RESULTS

In order to constrain the PA of the inner disk and ↵, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Fig. 2
we summarize the radiative transfer predictions of 5 different
configurations. PAs much different from �8 are ruled out, as

2 the outer disk defines the plane of the system

Avenhaus et al. 2017



Disks with shadows

Narrow shadows are 
best produced with 
large misalignments 

(72° in HD100453) 
whereas wider 
shadows with 
smaller angle!

(30° for HD143006, see also 
Nealon et al. 2019).

Benisty et al. 2017, 2018

Benisty et al.: A warp in the inner disk around the T Tauri star HD 143006

Fig. 5. Scattered light predictions at 1.2 µm of the hydrodynamic model (bottom middle and bottom right panels) with a misalignment angle
between the inner and outer disk of ⇠30�, compared to the observations (bottom left panel). The locations of the two stars are indicated with white
circles. All images are scaled by r2. The upper panels show a schematic of the 3D structure, with a color coding (green, purple) that indicates the
regions of the disk above and below the plane perpendicular to the line of sight. Model A corresponds to the blue solution of Fig. 4, model B to
the red.

for grain sizes between a = 0.1 microns and a = 1 mm. We
use 108 photon packages to calculate the dust temperature in a
thermal Monte Carlo simulation as well as to calculate scattered
light images in the J band (1.2 µm). Once the synthetic images
are computed, we convolve the scattered light predictions with a
FLUX image from the dataset, to reduce their resolution to that
of the observations.

The model predictions are shown in Fig. 5. The inner disk
is inclined and casts a shadow onto the outer disk at two points
(similarly to the cases of HD 142527 and HD 100453), but as the
inclination is only moderate, the shadow also darkens half of the
outer disk. Because we do not know which side of the disk is
closer to us, we provide two solutions in Fig. 5 (model A and
B). The upper panels show a sketch of the 3D structure of the
disk, with a color coding that indicates which part of the disk is
above or below the plane perpendicular to our line of sight. Our
model reproduces most of the features observed in the scattered
light observations: a clear east/west brightness asymmetry, two
narrow shadows, and two bright arcs tracing Ring #2. We note
that the circumbinary disk clearly appears in the synthetic im-
age, while it is not detected in the observations up 60 mas (i.e.,
⇠10 au). This supports the presence of a small, misaligned cir-
cumprimary disk rather than a circumbinary disk. This is dis-
cussed further in Sect. 5. We note that the model, and the conse-
quent shadowing due to a misaligned inner disk, cannot repro-
duce the bright region observed along PA⇠110-170�, in particu-
lar along Ring #2, nor the outermost gap (Gap #1).

5. Discussion

Warps have been inferred in many protoplanetary disks, with
various observational tracers. Shadows in scattered light appear
as steady low brightness regions (Stolker et al. 2016a; Benisty
et al. 2017; Casassus et al. 2018), for which a moderate to large
misalignment between the inner and outer disk up to ⇠70� was
suggested from radiative transfer modeling. In one of them,
HD 142527, a stellar companion on an eccentric orbit is thought
to be responsible for the misalignment (Price et al. 2018). In
other objects, such as SAO 206462 and RXJ1604.3-2130A, the
shadows appear very variable in amplitude, width, and location
(Stolker et al. 2016b, Pinilla et al. submitted). For example, in
RXJ1604.3-2130A, an object known to be an aperiodic dipper
(Ansdell et al. 2016), we find that the timescale for the varia-
tions is shorter than a day, indicating a very complex and dy-
namic inner disk (Pinilla et al. submitted). In AA Tau, a strong,
inclined magnetic field induces a warp at the disk inner edge that
periodically rotates with the stellar period (Bouvier et al. 2007).
However, recent observations by Loomis et al. (2017) indicate
that the inner disk is also perturbed, with an additional warp
and evidence for a radial inflow, possibly due to gap-crossing
streamers. Another case of a perturbed inner disk with a warp is
V354 Mon, which presents a low gas-to-dust ratio in the inner
disk, and dimming events that could be due to small dust par-
ticles that results from the fragmentation of larger particles that
drift from the outer disk (Schneider et al. 2018). In all these ob-
jects, the presence of a companion in the stellar or sub-stellar
mass regime, at a separation of a couple of tens of au, could
explain some characteristics of the observations.
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4 Montesinos & Cuello

Figure 2. Snapshots taken after 20 kyrs of disc evolution, of the pressure (top) and surface density field (bottom) for models with
shadows rotating at different periods: Ts = 1 (static), 5, 10 and 20 kyr.

Table 1. Set of simulations after 20 kyrs of disc evolution with shadows, for different shadow’s rotating frequencies.

T
sh

(kyr) R
co

(au) A
in

B
in

n
in

�
in

(

�
) | A

out

B
out

n
out

�
out

(

�
)

1 n/a n/a n/a n/a n/a | 603 194 1.24 -15.52
5 292 285 -93 0.35 -23.22 | 307 88 0.57 -15.15
10 464 431 -136 0.47 -22.09 | 484 136 0.46 -16.16

Jupiter mass planet 464 389 -103 0.58 -14.39 | 498 157 0.72 -17.21
20 717 635 -220 0.66 -28.06 | 764 178 0.55 -19.95

Figure 3. Radiative transfer calculation at 1 µm for the simula-
tion of prograde shadows with T

s

= 10 kyr, shown in the third
column of Fig. 2. We assume a dust-to-gas ratio equal to 0.01.

However, in the prograde rotation case, a gas portion under
the shadow moving at the same shadow’s speed, will always
be in the shade. This co-rotating position, can be obtained

by equating the azimuthal velocity with the shadow speed
v
s

= (2⇡/T
s

) r. For a Keplerian disc, where v
k

=

p
GM/r,

we obtain: R
co

=

�
GM?(Ts

/2⇡)2
�
1/3. In Figure 4, we plot

R
co

as a function of the shadow’s period, and the azimuthal
velocity along with the shadow speed for the different peri-
ods T

s

. The intersection between both curves gives the co-
rotating location for each model (red dots). These points are
in excellent agreement with the location of the local pertur-
bations observed in the density fields shown in Figure 2 (see
also Table 1). We also found that the perturbation devel-
opment is independent of the stellar luminosity or the gas
density.

The process by which prograde shadows promote
planet-like spirals can be explained as follows: If we set a
reference frame at the co-rotating point R

co

then the shad-
ows are static. The disc rotates anti-clockwise in our models,
therefore, in this frame, at r < R

co

the azimuthal gas ve-
locity is positive, and negative for r > R

co

. The pressure
gradients produced at the interfaces between shadowed and
illuminated regions create a net force acting in the nega-
tive azimuthal direction (clockwise)6. Therefore, at r < R

co

(where v� > 0) particles lose angular momentum, forcing

6 cf. figure 3 from Montesinos et al. (2016).
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Disks with shadows (and spirals)
Montesinos et al. 2017

The analogy between the presence of 
shadow and spirals may be explained by the 

azimuthal pressure gradients on the disk.



Disks with shadows

Pinilla et al. 2018, Stolker et al. 2017

The shadow variability 
indicates that the inner 

regions are highly dynamic, 
possibly because of the 

interaction with 
companion(s).

9

Figure 4. Left panels: Radial mapping from 0.25-0.700of all the panels shown in Fig. 1. The color scale is linear and the
maximum value taken in each case is 80% of the maximum. Right panel: azimuthal profile calculated from the mean values
obtained between [0.35 � 0.50]00. The shaded areas correspond to the uncertainty of the data and come from the standard
deviation in the radial and azimuth divided by the square root of the number of pixels. The data is normalized to the value
at zero degrees in each case. The dashed lines correspond to the minimum value obtained from the image between 0 and 150
degrees, and 200 to 350 degrees. For the ZIMPOL data only one minimum is shown.

4

Figure 1. Scattered light observations of the transition disk around J1604 (they are not scaled by r2). The left upper panel
corresponds to H-band polarized intensity observations with HiCIAO reported by Mayama et al. (2012). The rest of the panels
correspond to the Stokes parameter Q� obtained with VLT/SPHERE. The center upper panel corresponds to observations with
ZIMPOL at R0-band. The right upper panel corresponds to observations with IRDIS at H-band, while the rest of the panels
are IRDIS observations at J-band. In all the panels, the color scale is linear and in arbitrary units, and the dates are reported
when the observations started. This figure is available online as an animation.

There is also a hint of the broad, southern shadow,
whereas the narrow southern shadow has disappeared.

4. Epoch 4, 2016 June 22—A broad shadow is present between
� � nPA 90 and � nPA 30 upon which finer shadow

variations are superimposed, including narrow shadow lanes
at the boundary with the non-shadowed region, similar to the
northern shadow features in the first epoch. The shadow lane
at � nPA 30 possibly coincides with the location of the
northeast shadow lane detected in first epoch.

5. Epoch 5, 2016 June 30—The cavity edge is shadowed
between � � nPA 45 and � nPA 40 , while shadowing of
the exterior spiral arm only occurs from � nPA 0 onwards.
The radial extent of the broad shadow increases with
increasing position angle, similar to the broad shadows in the
first and second epoch. The shadow covers the full radial
extent of the disk between � nPA 0 and � nPA 40 , similar
to the shadow feature at the same location in the second and
third epoch. The narrow shadow lanes from the fourth epoch
seem to have disappeared.

The brightness depth of the shadow lanes appears typically
larger than the broader shadows (e.g., epoch 1 in Figure 1),
indicating larger density enhancements in the inner disk.
Indeed, there is no evident radial dependence in the depth of
the shadow lanes, even though the height of the outer disk
increases with radius. The brightness depth of the broad
shadows is typically deepest at the cavity edge but weakens
toward larger radii (e.g., epoch 4 in Figure 2), presumably an
effect of the increasing outer disk height. The broad shadow in
north-northwest direction ( � n�PA 80 –30°) of all epochs
shows an azimuthal gradient which is possibly a result of the
asymmetric spiral arm perturbation of the disk surface.
The absence of strong azimuthal gradients, caused by a light travel

time effect, in the location of the narrow shadows provides a lower
limit on the radius from where the shadows are cast. For example, the
position angle of a shadowwill change by n10 between the inner disk
and 80au (500mas) if the responsible dust clump is located at
0.15au (see also Kama et al. 2016). Arguably, some of the shadow
lanes show very minor tilts in Figure 2, but the precision and angular
resolution of the observations challenge the identification of light
travel time effects. The best candidate is the shadow lane at

� nPA 169 in the 2015 epoch. Stolker et al. (2016) speculated that
its azimuthal tilt could be caused by orbital motion in the inner disk
from which an orbital radius of 0.06au (at 140 pc) was estimated.
For the other shadow lanes, we may conclude that the dust clumps
responsible are presumably located at distances 0.15au.
A quantification of the azimuthal brightness variations is shown

in Figure 3. The mean Qf flux is measured in position angle bins of
10°wide across a radial separation of 0 1–0 7 and divided by the
angular area of a pixel. The polarized surface brightness (in
counts s−1 arcsec−2) is normalized to the total StokesI flux (in
counts s−1), which is measured with a circular aperture on the
unsaturated, non-coronagraphic flux frames after a correction for
the integration time and response of the neutral density filter. The
optimal aperture size (1 5) was determined by measuring the
photometric flux with a large range of aperture sizes (up to 3 0),
from which it was established that the total encompassed flux
flattened for apertures larger than ∼1 5. The mean error bar is
calculated from the standard error on the individual contrast points.
The polarized surface brightness contrast in Figure 3 shows typical

values in the range of q �( – )2 6 10 3, except in the southwest
direction where the contrast goes up to q �8 10 3 at n�PA 240 .
The integrated disk brightness consists mainly of signal from the

Figure 2. Polar projections of the r2-scaled, unsharp-masked Qf images shown in
chronological order (top to bottom). North corresponds to � nPA 0 and positive
position angles are measured east from north. Localized and broad shadow features
are indicated with solid and dashed arrows, respectively.
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Figure 1. Multi-epoch polarized scattered light images of HD135344B in the J-band. The columns show from left to right the unscaled Qf images, unscaled Uf
images, r2-scaled Qf images, and an unsharp-masked version of the r2-scaled Qf images. The field of view of each image is 1 4×1 4 with north and east in the
upward and leftward direction, respectively. The surface brightness of the images has been normalized to the integrated Qf flux (see the main text for details). The
dynamical range of the color stretch is fixed in each column, except for the unsharp-masked images. The dynamical range of the Uf images is a factor 10 smaller than
the partner Qf images. Orange corresponds to positive values, blue to negative values, and black is the zero point. The extent of the coronagraph has been masked out.
The major axis position angle of the outer disk, � nPA 63 (purple line; van der Marel et al. 2015), and the inner disk, � n o nPA 57. 3 5 . 7 (yellow line; see
Section 3.4), are shown in the top row.
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Disks with shadows

Casassus et al. 2018

Shadows may have a millimeter (shallow) counterpart.

The shadowed ring of DoAr44 3

Figure 1. Polarized intensity in H-band and deconvolved 336 GHz radio continuum from DoAr 44. x� and y� axis show o↵set from
the stellar position in the direction of R.A. and Dec., in arcsec. a: H-band Q� image, with a resolution close to the di↵raction limit of
49.5 mas. b: 336 GHz continuum image of DoAr 44, deconvolved using our uvmem algorithm for an e↵ective angular shown by the beam
ellipse (0.1700 ⇥ 0.1300, or about 1/3 the natural-weights clean beam). c: the 336 GHz image in black contours and overlaid on Q� (H). The
336 GHz contours are linearly spaced at fractions of [0.5, 0.6, 0.7, 0.8, 0.9] times the peak intensity. We also show green contours for
Q� (H) at [0.05,0.1,0.2,0.5] times the peak. The circular markers indicate the position of the decrements along projected circles that best
approximate the ring: in green for Q� , and in grey for the 336 GHz continuum. The stellar position is marked by a yellow symbol. The
semi-transparent orange disk indicates the 0.100 radius, meant to illustrate the total radial extent of the coronagraph.

error, or because of an intrinsic property of the system. We
therefore optimized the origin so that the shape of the ring
is the closest match to a perfect circle (“ring centroid” here-
after), i.e. we minimized the intensity-weighted dispersion in
⇢(✓). We searched for the cavity centers in each dataset with
a uniform grid in polar coordinates centered on the nominal
stellar position, with a radius of 50 mas. Given a trial origin,
we measured the radial location of the intensity maxima by
extracting the peak along a constant azimuth ✓, thus provid-
ing profiles for the ring radius ⇢(✓) and peak intensity Ip(✓).
We then recorded the root-mean-square dispersion in ⇢(✓),
using Ip(✓) as a weight function, and produced the map for
�(⇢(✓)) shown in Fig. 3 (for the case of the radio data). The
optimal origin corresponds to the minimum in �(⇢(✓)).

Provided with an optimal origin, me measure the aver-
age ring radius h⇢(✓)i, again using Ip(✓) as a weight function.
The profiles I�(✓) were extracted along the circles h⇢i, and
the position of the decrements were recorded with the posi-
tion of the minima in I�(✓).

The positions of the decrements are indicated by thin
lines in Fig. 2c (and in Fig. 7a). The polar coordinates were
then converted back to the sky plane, as indicated with cir-
cular markers in Fig. 1, and as listed in Table 1. Fig. 2 also
compares the polar maps extracted both around the stellar
centroid and around the ring centroids. We see that even
such tiny o↵sets can change the location of the decrements
by up to ⇠2 deg.

2.3.2 Optimal ring centroids and radii

In the IRDIS images, the Q�(H) ring has a radius h⇢iH =
0.13100, and its centroid o↵set by �⇢c=3.8 mas from the

Table 1. Position and contrast for the intensity decrement in
Q� (H) and in 336 GHz continuum, resulting from the procedure
described in Sec. 2.3.

Dip 1 (at 1 h) Dip 2 (at 6.5 h)
Q� (H) 336 GHz Q� (H) 336 GHz

f as 11±2% 82±6% 13±2% 71±6%
✓s b 331.2 329.4 169.2 165.6
✓gs

c 336.3 328.4 169.2 165.1
rds 0.123 0.286 0.123 0.299

a minimum intensity over peak along the ring
b PA of the shadow minimum, in degrees East of North, as viewed
on the sky
c PA of a Gaussian centroid for the each shadow, as viewed on
the sky, fit within ±5 deg of ✓s
d stellocentric separation, on the sky and in arcsec, of the formal
shadow location, defined as the intersection between direction ✓s
from the ring centroid, with the best fit circular ring (projected
on the sky)

star in the direction ✓c = 62 deg, East of North2. This o↵set
is smaller than the upper limit uncertainty in the stellar
centering (which is itself better than 12 mas), so that the
Q�(H) ring is essentially a circle centered on the star within
the instrumental limitations.

Interestingly, trials on the radiative transfer (RT) pre-
dictions (Sec. 3) result in similar o↵sets in Q�(H), even
though in this case the cavity is a perfect circle and the stel-
lar position is known exactly. The RT o↵set changes with rel-
ative inclination ⇠ between the inner and outer disks. Exam-
ples range from (�⇢c, ✓c) = (7.5 mas, 56.25 deg) at ⇠ = 20 deg,

2 so, if the star is at the position given in the HSOY catalogue,
or J2000 RA 16:31:33.4635 DEC -24:27:37.2215, then the Q� (H)
centroid is at J2000 RA 16:31:33.4637 DEC -24:27:37.2198

MNRAS 000, 1–11 (2017)



Demography of shadows

Being sufficiently common, we can study how the 
presence of shadows relate with stellar/disk properties

?



Demography of shadows

Garufi et al. 2018
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Other indirect proxies of the inner disk

Keppler et al. 2018

We begin to characterize the central unresolved 
polarization from the inner disk.

M. Keppler et al.: Discovery of a planetary-mass companion around PDS 70

Fig. 4. IRDIS coronagraphic (left column) and non-coronagraphic (middle column) PDI images, corrected for the instrumental polarisation but
without subtracting the central source polarisation. The right column shows the model image as a comparison, including an inner disk with an
outer radius of 2 au. The first row corresponds to the Q� images, the second row to the U� images. North is up and east is to the left.

Fig. 5. SHINE IRDIS observations of May 31, 2015, showing the cADI (left), TLOCI (middle), and gradient reduction (right). North is up and
east is to the left.

nal would have cancelled out due to axial symmetry. Further, the
absence of shadows on the outer disk indicates that the inclina-
tion of the inner disk should be similar to that of the outer disk.
We note that even after subtracting the central source polarisa-
tion from the non-coronagraphic (as well as the coronagraphic)
data, a signal in Q� is detected inside about 17 au. The subtrac-
tion of the central source polarisation removes almost all signal
from an unresolved source, and the leftover signal could origi-
nate from a partially resolved inner disk (larger than the resolu-
tion element). We therefore suspect that the disk is slightly larger
than the resolution element, but not extending farther than 17 au,
because otherwise we would have detected larger residuals after
subtracting the central source polarisation.

We note that the polarisation of the central source is unlikely to
be caused by interstellar dust due to the low extinction measured
towards PDS 70 (AV=0.05 +0.05

�0.03 mag, Müller et al. 2018). We fur-
ther study the inner disk characteristics by comparison with our
radiative transfer models (Sect. 4).

3.3. The disk in IRDIS angular differential imaging

We considered the SHINE IRDIS ADI observations for the char-
acterisation of the disk. In comparison to the observations pre-
sented in the previous section, they trace the total intensity and
were taken at a longer wavelength (H-band). However, whereas
the ADI technique is optimised for detecting point sources (see

Article number, page 7 of 22



Other indirect proxies of the inner disk

Garufi et al. 2020

We begin to characterize the central unresolved 
polarization from the inner disk.
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The jet and envelope of RY Tau

Garufi et al. 2019

The jet is detected in optical and NIR lines.!
It shows sub-structures and wiggling.
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The disk in polarized light is unseen. 
The envelope dominates.



The jet and envelope of RY Tau

Garufi et al. 2019

0 2000 4000 6000 8000 10000 12000 14000 16000
Julian day (-2440000)

8

9

10

11V
is

ua
l m

ag
ni

tu
de

1970 1980 1990 2000 2010

8

9

10

11 V
is

ua
l m

ag
ni

tu
de

Epochs of jet knot ejection

Photospheric maxima

The jet bears record of the activity 
of the star and inner disk



The jet and envelope of RY Tau

Garufi et al. 2019

0.1 1 10
                            Distance (au)

1

10

100

M
as

s 
(M

 ) 
   

   
0.1 1 10

13 M

0.3

Outer
disk

Disk inner hole

J

J

0.3

The jet wiggle may indicate the 
presence of a planetary companion 

that induces a disk warp.



Conclusions

The NIR direct imaging cannot really 
characterize the inner disk yet.!

!

But we are getting there…

Thank you.


