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Outline

• Scattered and polarized light

• Rings, cavities, spirals, shadows 

• Millimeter counterparts 

• The case of PDS 70
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?

Look for disk features that trace structural changes probing disk evolution 
and for signposts of planets.

Motivations

Williams & Cieza 2011
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Scattered light imaging

•Traces surface layers only.  
•Stellar irradiation goes as r-2

•Depends on the disk structure (e.g 
flaring, scale height). 

•Scattered light is partly polarized.

Grady et al. 1999
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Scattering & polarization efficiency 

Mulders et al. 2013

Min et al. 2015

… depends on grain size, composition, porosity…

HD100546

The angular distribution 
of scattered light by a 
dust grain … 
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Projection effects

Stolker et al. 2016b. Also Mulders et al. 2013, Garufi et al. 2016

T. Stolker et al.: Scattered light mapping of protoplanetary disks

Geometrically flat disk: r2-scaled Qᵩ Flaring disk: r2-scaled Qᵩ Flaring disk: r2-scaled total intensity
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Fig. 2. Left: VLT/SPHERE coronagraphic R
0-band Q� image of HD 100546 (Garufi et al. 2016). The image is r

2-scaled with only a correction
for the inclination of the disk. Center: The same Q� image with a correction for both the inclination and height of the flaring disk surface. Right:
Reconstructed r

2-scaled total intensity image which is obtained by applying a correction for the degree of polarization on the Q� image. All images
show a 2.000 ⇥ 2.000 field of view on the same linear color scale with equal minimum and maximum value. Orange corresponds to positive values,
blue to negative values, and black is the zero-point. The 155 mas diameter coronagraph has been masked out. The contours of the left and center
image show the radial distance from the central star to the point of scattering in the disk surface which is used for the r

2-scaling. The contours of
the right image show the local scattering angles that are used to calculate the phase function and estimate the total intensity.

projects to the image plane as (see Fig. 1)

xim = rmid sin �,
yim = h⌧=1(r) sin i � rmid cos � cos i.

(3)

The image is then rotated in order to align the major axis position
angle, PA, with the observation:

xim,rot = xim cos⇥ � yim sin⇥,
yim,rot = xim sin⇥ + yim cos⇥,

(4)

where ⇥ = PA � 90� is the image rotation angle and
(xim,rot, yim,rot) are the new image plane coordinates. Since the
projection of the coordinates in the disk surface results in an un-
evenly spaced sampling of the image plane, we use linear in-
terpolation to resample the image plane onto an evenly spaced
(10 mas) grid of points in xim,rot and yim,rot direction, which cor-
respond to right ascension and declination respectively.

Now that we know how the disk surface projects onto the
detector plane and vice versa, we can map physical quantities
to the observed scattered light image. For example, the distance
from the star to the point of scattering in the disk surface where
⌧ = 1 in radial direction is given by

r =
q

r
2
mid + h⌧=1(rmid)2, (5)

and the scattering angle,  , by which stellar photons scatter to-
wards the image plane is defined as
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!
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For an observed scattered light image, we use the right ascen-
sion and declination pixel coordinates to interpolate the model
image plane. This provides an estimate of the scattering radius
and scattering angle in each pixel which can be used to calculate
r

2-scaled images and dust phase functions.

3. A new view on the HD 100546 disk surface

As application for the scattered light mapping method, we will
use archival polarimetric imaging observations of the proto-
planetary disk around HD 100546. The data includes SPHERE
(Beuzit et al. 2008) PDI observations with the Very Large Tele-
scope (VLT) in R

0-band (�c = 0.63 µm) that were obtained in
2015 with the optical sub-instrument ZIMPOL (Thalmann et al.
2008) and presented by Garufi et al. (2016). Furthermore, it in-
cludes VLT/NACO (Lenzen et al. 2003) H-band (�c = 1.66 µm)
and Ks-band (�c = 2.18 µm) PDI observations from Avenhaus
et al. (2014) that were obtained in 2013.

HD 100546 is a Herbig Be star at a distance of 97±4 pc (van
Leeuwen 2007) which is surrounded by a protoplanetary disk
(Pantin et al. 2000). The disk inclination and major axis position
angle have been measured in several studies, for example, i =
41.�94 ± 0.�03 and PA = 145.�14 ± 0.�04 (Pineda et al. 2014), i =
44� ± 3� and PA = 146� ± 4� (Walsh et al. 2014), i = 42� ± 5�
and PA = 145� ± 5� (Ardila et al. 2007). The near side of the
disk is most likely along the southwest minor axis (PA = 235�)
and the far side along the northeast minor axis (PA = 55�). This
is inferred from the preceding and receding CO lines (Pineda
et al. 2014) and from assuming that the observed spiral arms are
trailing (Ardila et al. 2007; Boccaletti et al. 2013; Avenhaus et al.
2014). The 15 au cavity edge in the SPHERE R

0-band scattered
light image shows no indication of an o↵set with respect to the
central star (Garufi et al. 2016).

3.1. Stellar irradiation corrected images

PDI observations measure the linear polarization components of
the Stokes vector, Q and U, which are often converted into their
azimuthal counterparts, Q� and U�. Q� contains all polarized
flux in the single scattering limit with only positive pixel val-
ues in case of a noise free disk detection with positively polar-
izing dust grains. Scattered light images are often scaled with
the square of the distance from each pixel to the star in order to
correct for the dilution of stellar radiation field. This provides a
better representation of the spatial distribution of the dust grains
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Fig. 2. Left: VLT/SPHERE coronagraphic R
0-band Q� image of HD 100546 (Garufi et al. 2016). The image is r

2-scaled with only a correction
for the inclination of the disk. Center: The same Q� image with a correction for both the inclination and height of the flaring disk surface. Right:
Reconstructed r

2-scaled total intensity image which is obtained by applying a correction for the degree of polarization on the Q� image. All images
show a 2.000 ⇥ 2.000 field of view on the same linear color scale with equal minimum and maximum value. Orange corresponds to positive values,
blue to negative values, and black is the zero-point. The 155 mas diameter coronagraph has been masked out. The contours of the left and center
image show the radial distance from the central star to the point of scattering in the disk surface which is used for the r

2-scaling. The contours of
the right image show the local scattering angles that are used to calculate the phase function and estimate the total intensity.
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angle, PA, with the observation:
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where ⇥ = PA � 90� is the image rotation angle and
(xim,rot, yim,rot) are the new image plane coordinates. Since the
projection of the coordinates in the disk surface results in an un-
evenly spaced sampling of the image plane, we use linear in-
terpolation to resample the image plane onto an evenly spaced
(10 mas) grid of points in xim,rot and yim,rot direction, which cor-
respond to right ascension and declination respectively.

Now that we know how the disk surface projects onto the
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to the observed scattered light image. For example, the distance
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For an observed scattered light image, we use the right ascen-
sion and declination pixel coordinates to interpolate the model
image plane. This provides an estimate of the scattering radius
and scattering angle in each pixel which can be used to calculate
r

2-scaled images and dust phase functions.

3. A new view on the HD 100546 disk surface

As application for the scattered light mapping method, we will
use archival polarimetric imaging observations of the proto-
planetary disk around HD 100546. The data includes SPHERE
(Beuzit et al. 2008) PDI observations with the Very Large Tele-
scope (VLT) in R

0-band (�c = 0.63 µm) that were obtained in
2015 with the optical sub-instrument ZIMPOL (Thalmann et al.
2008) and presented by Garufi et al. (2016). Furthermore, it in-
cludes VLT/NACO (Lenzen et al. 2003) H-band (�c = 1.66 µm)
and Ks-band (�c = 2.18 µm) PDI observations from Avenhaus
et al. (2014) that were obtained in 2013.

HD 100546 is a Herbig Be star at a distance of 97±4 pc (van
Leeuwen 2007) which is surrounded by a protoplanetary disk
(Pantin et al. 2000). The disk inclination and major axis position
angle have been measured in several studies, for example, i =
41.�94 ± 0.�03 and PA = 145.�14 ± 0.�04 (Pineda et al. 2014), i =
44� ± 3� and PA = 146� ± 4� (Walsh et al. 2014), i = 42� ± 5�
and PA = 145� ± 5� (Ardila et al. 2007). The near side of the
disk is most likely along the southwest minor axis (PA = 235�)
and the far side along the northeast minor axis (PA = 55�). This
is inferred from the preceding and receding CO lines (Pineda
et al. 2014) and from assuming that the observed spiral arms are
trailing (Ardila et al. 2007; Boccaletti et al. 2013; Avenhaus et al.
2014). The 15 au cavity edge in the SPHERE R

0-band scattered
light image shows no indication of an o↵set with respect to the
central star (Garufi et al. 2016).

3.1. Stellar irradiation corrected images

PDI observations measure the linear polarization components of
the Stokes vector, Q and U, which are often converted into their
azimuthal counterparts, Q� and U�. Q� contains all polarized
flux in the single scattering limit with only positive pixel val-
ues in case of a noise free disk detection with positively polar-
izing dust grains. Scattered light images are often scaled with
the square of the distance from each pixel to the star in order to
correct for the dilution of stellar radiation field. This provides a
better representation of the spatial distribution of the dust grains
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Geometric 𝛕=1 model

HD100546
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Large scale asymmetries

Weinberger et al. 1999, 2002; Grady et al. 2001, 2004; Roberge et al. 2005; Cox et al. 2013; Debes et al. 2016, 2017

• Complex outer disk regions, large scale nebulosity in bright Herbig AeBe stars.

• Decreasing radial surface brightness.

• First asymmetries and evidence for gaps and cavities.

AB Aur HD163296

HSTGrady et al. 1999 Debes et al. 2013

HD100546

Grady et al. 2005

TW Hya
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Also Fukagawa et al. 2006; Hashimoto et al. 2011; Quanz et al. 2011,2012; Muto et al. 2012; Kusakabe et al 2012; 
Folette et al. 2013; Avenhaus et al. 2014; Garufi et al. 2014, and many more. 

The Astrophysical Journal Letters, 729:L17 (6pp), 2011 March 10 Hashimoto et al.

10
   

   
   

   
   

   
   

   
   

50
   

   
  1

00
   

   
 1

10
   

12
0

-0
.5

   
   

   
   

0 
   

   
   

  0
.5

   
   

   
   

 1

 0.5            0           -0.5           -1

1
    0.5

 0 
    -0.5

 100      50        0       -50    -100    -150 100      50        0       -50    -100    -150    150   100      50        0       -50     -100 

(mJy/arcsec )210                                                                                                                         100

 0.5            0           -0.5           -1

Ring gap

P1

P2P3

R.A. offset (arcsecond)

D
ec

. o
ff

se
t (

ar
cs

ec
on

d)

A

B

C

D
E

F

G

Outer ring

Inner ring

N

E

AU

A
U

θ (degree)
0              100            200            3000              100            200            300

intensity
Polarized

intensity
Total

A

BC

D

2
Su

rf
ac

e 
br

ig
ht

ne
ss

 (m
Jy

/a
rc

se
c 

 )

100              50                                          10

FG

E

P1P2P3

Surface brightness (m
Jy/arcsec  ) 2

Figure 2. Magnified view of the inner PI images of AB Aur and their averaged azimuthal profiles. Top: magnified PI image with a coronagraphic occulting mask of
0.′′3 diameter (left) and the features of the PI image (right). Central position (0, 0) is the stellar position. The outer and inner rings are denoted by the dashed ellipsoids.
The solid ellipsoid indicates the wide ring gap. The dashed circles (A to G) represent small dips in the two rings. The filled diamond, circle, and square represent
the geometric center of the inner ring, ring gap, and outer ring, respectively. The field of view in both images is 2.′′0 × 2.′′0. The solid circle in the left bottom inset
represents the spatial resolution of 0.′′06. Bottom left: averaged azimuthal profiles of the outer ring for the PI (black) and reference PSF-subtracted I (red) images. The
profile is averaged every 5◦ in position angle (corresponding to resolution) in the outer ring. Bottom right: same with the bottom left image, but for the inner ring with
every 15◦ in position angle (corresponding to resolution) in the inner ring.
(A color version of this figure is available in the online journal.)

Our observations are consistent with Perrin et al. (2009).
When we assume that a companion is 100% polarized in
the PI image, which is the faintest case as Oppenheimer
et al. (2008 ), the upper limits of its mass at 5σ (the absolute
magnitude of 11.7 at the H band) of the photon noise in Dip
A are 5 and 6 MJ for an age of 3 and 5 Myr, respectively
(Baraffe et al. 2003). These derived upper limits of the
masses are consistent with that of 1 MJ inferred by the
numerical simulations (Jang-Condell & Kuchner 2010). On
the other hand, our upper limits for point sources in the dips
seen in the inner ring are 7 and 9 MJ for these ages due to
higher photon noise.

The structures of AB Aur’s inner (22–120 AU) disk surface
described above indicate that the disk is in an active and probably

early phase of global evolution, and possibly one or more unseen
planets are being formed in the disk.

One possible explanation for the non-axisymmetric structures
is GI of the disk (e.g., Durisen et al. 2007). If Toomre’s
Q-parameter (defined as Q = csκ/πG!, where cs, κ , and !
are the sound speed, epicycle frequency, and surface density,
respectively) is of the order of unity, GI occurs and a mode
with a small number of arms is excited, that is, a pattern of the
surface density arises that may resemble what we have observed.
However, this GI possibility may be rejected for AB Aur
(at present) because optically thin submillimeter observations
indicate that Toomre’s Q-parameter is of the order of 10 (Piétu
et al. 2005). It may be noted that the disk mass estimate from
submillimeter emission has large uncertainties arising from the
uncertainties in the optical properties of the dust particles.

4

First PDI surveys

Observations of Herbig AeBe stars with Naco/VLT 
and HiCIAO/Subaru at high resolution show more 
complex features on the brightest disks. 

Garufi et al 2013 Grady et al 2013

AB Aur

SAO206462 MWC758

 Hashimoto et al. 2011

Canovas et al 2013

HD142527

Folette et al. 2015

IRS48
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Disks observed with XAO

~100 objects covering a 
large spectral range. 

 An incomplete histogram!



Multiple rings

van Boekel et al 2016

Ginski et al. 2016Debes et al. 2017

Debes et al. 2013, Akiyama et al. 2015, Rapson et al. 2015a,b.

PSF fwhm
@ 15 au

TW Hya
Gap @ 6 au, 20 au, 80 au



Multiple inclined rings

Ginski et al. 2016

• An inner disk (up to ~56 au) and 
two rings (196 au; 278 au). 


• Apparent offset provides the 
shape of the scattering surface

Ginski et al. 2016
de Boer et al 2016

RXJ1615
HD97048

Avenhaus et al. 2018



Multiple inclined rings

Ginski et al. 2016

• An inner disk (up to ~56 au) and 
two rings (196 au; 278 au). 


• Apparent offset provides the 
shape of the scattering surface

Ginski et al. 2016
de Boer et al 2016

RXJ1615
HD97048

Avenhaus et al. 2018
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Stolker et al 2016 Benisty et al 2015

Follette et al. 2017 Benisty et al. 2017

• All are Herbig stars 
transition disks


• Show 2 or more arms

• Some also have shadows

Spiral arms
SAO206462

HD100546 HD100453 CQ Tau

Benisty et al. in prep

MWC758
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Also Fukugawa et al. 2011, Muto et al. 2012, Grady et al. 2009, Grady et al. 2013, Garufi et al. 2013, 
Rodigas et al. 2014, Wagner et al. 2015, Akiyama et al. 2016, Long et al. 2017, Wagner et al. 2018

• GI : maybe??

• Planets inwards of the spirals imply non 
realistic disk temperatures

• A massive planet outwards of the spiral 
provide a larger pitch angle for the spirals 
and a reasonable H/r 

• Could/should be detectable by direct 
imaging surveys ?

• A 5 MJup planet outside & a 1.5 MJup 
planet inside the spirals (Baruteau et al. 2019)

10 MJ @ 160 au

Dong et al. 2015, 2016a,b

Origin of spiral arms



Spirals in circumbinary disks 

Avenhaus et al. 2014

HD142527

Monnier et al. 2018

HD34700A

!15

GG Tau

Keppler et al. in prep



Spirals in circumbinary disks 

Avenhaus et al. 2014

HD142527

Monnier et al. 2018

HD34700A

• 0.2-0.4 M⦿  companion at ~ 12 au    
[Biller et al. 2012, Christiaens et al. 2018]

• ~40-50 au semi major axis, e~0.6-0.7, 
almost polar inclination [Price et al. 2018]

Lacour et al. 2016 Price at al. 2018
!15

GG Tau

Keppler et al. in prep



Marino et al. 2015, Long et al. 2017, Wagner et al. 2018

HD100453

• Use a misalignment of 72˚ 

• Shape of the shadows depends on both 
inner/outer disk morphology 

i~48˚, PA~80˚
NE = near side

i~38˚, PA~142˚
SW = near side

RT Model

Shadows: inner/outer disk misalignment 

Benisty et al. 2017
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Broad shadows

• Broad shadows can result from small 
misalignments  (Nealon et al. 2019)

• Shadow observed over > 180 deg, requires a 
combination of two misaligned regions 

Muro-Arena et al. in prep



!17

Broad shadows

• Broad shadows can result from small 
misalignments  (Nealon et al. 2019)

• Shadow observed over > 180 deg, requires a 
combination of two misaligned regions 

Muro-Arena et al. in prep
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Stolker et al. 2017b

Variable shadows

• Strongly dynamic inner regions

• Significantly misaligned and optically thick 
dust in the innermost regions

Also Schneider et al. 2014, Wolff et al. 2016

SAO206462

 Debes et al. 2017, Nealon et al. 2019 

An inclined inner disk < 1 au 
precessing with a period of ~16 yrs

TW Hya

 Pinilla et al. 2018
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Stolker et al. 2017b

Variable shadows

• Strongly dynamic inner regions

• Significantly misaligned and optically thick 
dust in the innermost regions

Also Schneider et al. 2014, Wolff et al. 2016

SAO206462

 Debes et al. 2017, Nealon et al. 2019 

An inclined inner disk < 1 au 
precessing with a period of ~16 yrs

TW Hya

 Pinilla et al. 2018
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Stolker et al. 2017b

Variable shadows

• Strongly dynamic inner regions

• Significantly misaligned and optically thick 
dust in the innermost regions

Also Schneider et al. 2014, Wolff et al. 2016

SAO206462

 Debes et al. 2017, Nealon et al. 2019 

An inclined inner disk < 1 au 
precessing with a period of ~16 yrs

TW Hya

 Pinilla et al. 2018



6.4” = 380 au

van Boekel et al. 2016, 
Andrews et al. 2016

Rings/Gaps counterparts in the mm

• Comparison of scattered light & mm data can 
constrain dust dynamics (small / large grains)

•  Spatial extent, gap locations, widths and 
depths differ.  

•  TW Hya: mm gaps carved by super-Earths, 
the scattered gap by a Saturn mass planet.

Mentiplay et al. 2019

SPHERE



6.4” = 380 au

van Boekel et al. 2016, 
Andrews et al. 2016

Rings/Gaps counterparts in the mm

• Comparison of scattered light & mm data can 
constrain dust dynamics (small / large grains)

•  Spatial extent, gap locations, widths and 
depths differ.  

•  TW Hya: mm gaps carved by super-Earths, 
the scattered gap by a Saturn mass planet.

Mentiplay et al. 2019

SPHEREALMA



6.4” = 380 au

van Boekel et al. 2016, 
Andrews et al. 2016

Rings/Gaps counterparts in the mm

• Comparison of scattered light & mm data can 
constrain dust dynamics (small / large grains)

•  Spatial extent, gap locations, widths and 
depths differ.  

•  TW Hya: mm gaps carved by super-Earths, 
the scattered gap by a Saturn mass planet.

Mentiplay et al. 2019

SPHEREALMA
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Cavities counterparts & planet masses

Pinilla et al. 2018

also Garufi et al. 2013, Hornbeck et al. 2018, Boehler et al. 2018 

• Small grains inside the mm cavity 

• Evidence for dust trapping (> 4 MJup)

J1604

• 22 TD observed with SPHERE and 
ALMA. For 15/22 objects, the difference 
in radii is consistent with a planetary 
mass object. 

Villenave et al. 2018



Also van der Marel et al. 2016, Kraus et al. 2017, Boehler et al. 2017, Cazzoletti et al. 2018, van der Plas et al. 2018 

Spiral counterparts in the mm
• Weak spirals in mm 

• Different radial locations result from 
projection effects. 

• Pitch angles trace the vertical 
temperature profile (Juhasz & Rosotti 2018, 
Rosotti et al. subm)

Benisty et al. in prep

Dong et al. 2018



Also van der Marel et al. 2016, Kraus et al. 2017, Boehler et al. 2017, Cazzoletti et al. 2018, van der Plas et al. 2018 
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Also van der Marel et al. 2016, Kraus et al. 2017, Boehler et al. 2017, Cazzoletti et al. 2018, van der Plas et al. 2018 

Spiral counterparts in the mm
• Weak spirals in mm 

• Different radial locations result from 
projection effects. 

• Pitch angles trace the vertical 
temperature profile (Juhasz & Rosotti 2018, 
Rosotti et al. subm)

Benisty et al. in prep

Dong et al. 2018



• A handful show evidence for 
shadow counterparts in mm  
(Casassus et al. 2018, 2019, Mayama et al. 
2019)

• Transition disks show fascinating 
substructures possibly indicating 
the presence of multiple planets 
(Perez et al. 2019)

Also van der Marel et al. 2016, Kraus et al. 2017, Boehler et al. 2017, Cazzoletti et al. 2018, van der Plas et al. 2018 

Spiral counterparts in the mm
• Weak spirals in mm 

• Different radial locations result from 
projection effects. 

• Pitch angles trace the vertical 
temperature profile (Juhasz & Rosotti 2018, 
Rosotti et al. subm)

Benisty et al. in prep

Dong et al. 2018
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VLT/SPHERE 
2015-05-03

VLT/SPHERE 
2015-05-31

VLT/SPHERE 
 2016-05-14

VLT/NACO  
 2016-06-01

Gemini/NICI 
 2012-03-31

H-band  
(1.6 microns)

K-band  
(2.1 microns)

L’  
(3.8 microns)

H-band  
(1.6 microns)

L’  
(3.8 microns)

Keppler et al. 2018; Müller et al. 2018; Christiaens et al. 2019b

Discovery of PDS70b

Point source ~ 22 au at PA~155 deg. 
with very red colours : young planet with dusty/cloudy 
atmosphere or a circumplanetary disk. 

T~1000-1600 K, R~1.4-3.7 RJup, Mass 2-17 MJup. 

0.5 0.0 -0.5
∆RA (arcsec)

-0.5

0.0

0.5

∆
D

E
C

 (
a
rc

se
c)

20 au



A multiple planetary system

Muller et al. 2018 Wagner et al. 2018 Haffert et al. 2019

Keppler et al. 2019



Bae et al. in prep 

Simulations with two planets in resonance allow to 
reproduce most features (gap width, dust radii, …)

Christiaens et al. 2019a

A multiple planetary system

Keppler et al. 2019



!25

Isella et al. 2019

Assuming vertically 
isothermal CPD, 
considering viscous 
heating & external 
irradiation.

Continuum emission 
associated with PDS70 c: 
2-4e-3 ME

Sub-mm detections
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All disks seem to show features when observed with high-enough resolution. 

1. Rings are frequent and can be used to derive the shape of the surface layers.

2. Spirals are found around old (> 8 Myr), intermediate-mass stars with transition 
disks, or in circumbinary disks. 

3. Shadows indicate small (~few deg) and large (~70 deg) misalignments between 
disk regions. Targets with strong misalignments also have high NIR excess.

4. The combination scattered light & mm data can help constrain the (possible) 
planet population in disks and vertical temperature structure. 

5. PDS70 is an excellent case to study disk + multiple planet interactions. 

Conclusions
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Brightness (AO) limited sample!!

Conclusions
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Our next step 


