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Small vs large dust grains in 
transitional disks (maybe...) 

from VLT/NACO and ALMA

A&A 560, A105 (2013)

Fig. 1. Reflection nebulosity around SAO 206462. First two rows, from left to right: P⊥ image, P‖ image, and P⊥ image with blue and pink stripes
indicating the position of the major and minor axis, respectively. The first row is H band, the second is Ks band. Third row, from left to right:
comparison between the P⊥ image in Ks band and continuum emission from sub-mm observations by Brown et al. (2009), polar mapping of H
and Ks band with angles measured with respect to north. Images are upscaled by a factor 3 to minimize smoothing effects throughout the sub-pixel
data shifting and are scaled with r2 to compensate for stellar light dilution. The color scale is linear and arbitrary. The red central region indicates
the area on the detector with non-linear pixels. Continuum contours are drawn at 3σ intervals starting from 3σ.

calibration. No significant difference in the brightness profile is
found between H and Ks band (apart from the polarized flux be-
ing a factor 2.5−3 higher in the former than that in the latter).

We average the radial profiles over all angular directions
neglecting any geometrical effect due to the disk inclination.
Since the disk is known to be almost face-on (11◦, Andrews
et al. 2011), we assume that this approach does not introduce
large systematic errors. The azimuthally-averaged profile of both
bands is fitted by a power-law with β = −2.9± 0.1. However, we
find that a spatially separate fit with a broken power-law pro-
vides a better match. A slope of −1.9±0.1 is found for the range

0.2′′−0.4′′ (∼28−56 AU) and a slope of −5.7±0.1 (H band) and
−6.3 ± 0.1 (Ks band) for the range 0.4′′−0.8′′ (∼56−114 AU)
(see Fig. 3).

The two spirals are starting from axisymmetric locations on
the rim. The contrast of the spiral with the surrounding disk
varies from 1.5 to 3.0. S1 appears as the most prominent arm.
It covers an angle of ∼240◦ and shows an enhancement to the
SW (almost twice as luminous in surface brightness as the con-
tiguous part of the arm). S2 covers a smaller angle (∼160◦) but
also shows a “knot” (to the SE, factor 1.5 brighter in surface
brightness than the contiguous part of the arm).
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Fig. 1.— NACO/PDI data of HD142527 in the H and K
s

band. All images in linear stretch. Because P? and Pk can be negative by
construction, we show positive values in and negative values in blue. Plots a) and b) show the final, reduced H and K

s

band images. North
is up and east is to the left. Areas where no data is available due to saturation e↵ects or the polarimetric mask are marked in grey. The
red cross marks the position of the star. A radial mapping of the H band data is shown in c). Note that the data is plotted from 0 to
450� in order to show the hole in the disk at ⇠0�/360�. In d), we mark the features seen in the disk. Spiral arms in the disk are marked
S1 through S6. Two holes in the disk can be seen in the north (H1) and in the southeast (H2) at position angles of ⇠0� and ⇠160�. The
two small dots near S6 are e↵ects from the H band filter and not seen in the K

s

image. There seems to be a kink in the disk in western
direction at the starting point of the S3 spiral arm (seen in both filters). Images c) and d) have been scaled by r2, i.e. the distance to
the central star squared, to compensate for the drop-o↵ in illumination from the star for this nearly face-on disk and to better bring out
structures in the disk, while no scaling has been applied for a) and b).

cant holes (lack of polarized flux) are seen in the disk.
As can be seen in Figure 1 c), these holes seem to ex-
tend outwards, almost as if they were casting shadows.
Interestingly, there is one spiral arm (S3) which passes
through the northern hole and re-appears on the other
side of the hole. These holes have been hinted at before
(Casassus et al. 2012; Canovas et al. 2013), but not been
seen at this resolution.
In figure 2, we trace the surface brightness of the disk

in the North, East, South and West direction. The disk
shows a similar brightness in the eastern and western di-
rection in polarized scattered light, in contrast to unpo-
larized scattered light, where the western side is brighter
(Fukagawa et al. 2006). The disk reaches its peak bright-
ness of ⇠11.7 mag

arcsec2 in H band and ⇠10.8 mag
arcsec2 in K

s

band in the northwest, at a position angle of ⇠330�.
Compared to the 2MASS H � K

s

color of the star, the
scattering is slightly red (by ⇠0.16 magnitudes). Fur-
ther out, the surface brightness drops rapidly. Fitting
power-laws to the outer parts of the disc (outside 1.200)

leads to the following results for the power-law exponent
in H / K

s

band: North: �8.6± 1.2 / �6.2± 0.7; South:
�7.0 ± 0.6 / �6.1 ± 0.3; East: �6.8 ± 0.2 / �6.6 ± 0.4;
West: �4.5 ± 0.2 / �4.5 ± 0.2. It is worth noting that
starting from 1.200 usually ignores the inner spiral arms.
It also ignores the northern hole, which strongly a↵ects
the surface brightness in the northern direction between
0.800 and 1.200. The surface brightness profiles are some-
what steeper in the H band compared to the K

s

band,
especially in the northern and southern direction. How-
ever, this result has to be taken with care as the number
of points usable for the fit in the northern and southern
direction is limited by the polarimetric mask.
To measure the fractional polarization of the disk, we

need a direct measure of the total scattered light. In
the case of HD142527, the scattering from the disk is so
strong that it can be seen directly in the intensity images
we obtained, without a coronagraph or PSF subtraction -
even in the individual frames. Because of this, we extract
the information about the (non-polarized) scattered light
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P?, capturing the structure of the disk,
Pk, which is expected to be zero and dominated by noise, Pk scaled by a factor of five to better show the noise signature, and P , which
is identical to P? in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e↵ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e↵ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.6200 (⇠ 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

jor axis of the disk runs in southeast-northwest direction,
and the brightest parts of the disk are roughly along this
axis. The northeastern part of the disk appears brighter
compared to the southwestern part. For the first time,
we identify a dark lane between ⇠0.200 and ⇠0.600 on this
forward-scattering side in all H and Ks filter observa-
tions including the cube mode observations. The scat-
tered light picks up (in this representation scaled with
r2) outside of ⇠0.600.

This dark lane together with the northeastern side of
the disk appearing significantly brighter suggest that the
grains in the disk are preferentially backscattering in

polarization (scattering albedo multiplied with polariza-
tion fraction, which is what our data measure). Fur-
thermore, the polarization e�ciency in scattering usu-
ally peaks around 90� (e.g., Perrin et al. 2009), which
explains the two bright lobes in the southeast and north-
west: The semi-major axis of the disk runs along this
direction, and the scattering angle at these positions is
close to 90� depending on the exact flaring angle.

The structures seen in the disk, along with the posi-
tion of the two planet candidates (Quanz et al. 2013a;
Brittain et al. 2013), are marked in Figure 3 on the left.
With respect to the semi-minor axis, the dark lane in

Antonio Garufi
(PhD student @ ETH Zürich)

S. Quanz, H. Avenhaus, H.M. Schmid, M. Meyer, C. Dominik,
F. Meru, E. Buenzli, P. Pinilla, and S. Wolf

Garufi et al.: HD163296 in polarized light

measured at half wave position angles of 0�/-45� and -22.5�/-
67.5� respectively (see e.g. Schmid et al. 2006). In systems with
tangential polarization only, P? is by construction equal to P =p

Q2 + U2 but does not generate a biased noise due to the square
calculation. On the other hand, Pk should not contain signal and
it is, thus, used to estimate the error. In particular, errors were
calculated from the variance of both P? and Pk images. Finally,
the intensity I images of the source were obtained by summing
up the contributions from ordinary and extraordinary beams of
each image and then stacking them together.

3. PDI images

In this section we present the PDI images resulted from the
data reduction described above. The first part is dedicated to
HD163296, while the second to HD141569A and HD150193A.

3.1. HD163296

The H and KS band PDI images of HD163296 are shown in
the first two rows of Fig. 1. All polarized light images are con-
taminated by the presence of the adaptive optics (AO) features,
that are clearly definable from the intensity images of the right
column. All these features must then be considered as spuri-
ous. However, the P? images show an extended ring structure
at ⇠ 0.600 from the star with no counterpart in the I images. This
structure is by far more evident in the KS band but it can be re-
vealed in the H band image as well.

Radial profile. The ring feature can be traced to the NW, SE,
and (in the KS band only) SW. Its pattern is interrupted by the
South and West AO spots. The radial width of this feature is
always larger than the angular resolution of these observations
(> 0.0900). This suggests that the structure is radially resolved.
The brightest regions of the ring are lying along the disk ma-
jor axis (PA=137�, as from sub-mm images by de Gregorio-
Monsalvo et al. 2013). Therefore, we perform a 3 pixel-wide
cut along this direction both in H and KS band (see top panel of
Fig. 2). Emission above the 3�-level is detected in KS band from
0.500 to 0.9500 and from 0.400 to 1.000 (East and West side respec-
tively). In H band, the emission is revealed from 0.600 to 1.000
along both sides. The surface brightness varies from 0.5 to 0.03
mJy in KS band and from 0.15 to 0.01 mJy in H band. The inner
edge of the ring structure does not appear sharp. In fact, the po-
larized light distribution increases smoothly from the noise level
to the peak luminosity in ⇠ 0.200.

Azimuthal profile. Along the SW minor axis, we detect emis-
sion in KS band only (from 0.400 to 0.500). Given the the radial
profile along the major axis and assuming a disk circular shape,
this ellipticity translates into an inclination i = 43�+9�

�14� . This value
is consistent with what was inferred by de Gregorio-Monsalvo
et al. (2013) with sub-mm imaging (i = 45�). To investigate
the azimuthal distribution of the structure, we consider concen-
tric ellipses as from the projection of circular annuli on a 45�
plane. We find a better fit of the ring maxima by introducing a
marginal o↵set along the North-South (0.0500) and the East-West
(0.0300) directions. Finally, we integrate over concentric ellipses
from 0.600 to 0.700. The profile thus obtained (see bottom panel of
Fig. 2) reveals that the emission in KS band is maximized around
the major axis (⇠ 137� and ⇠ 317�). The average ratio between
the brightness along major and minor SW axis is ⇠ 2. The major
axis is also where the only contribution in H band is detected.
However, the sensitivity anywhere else is higher than along the

Fig. 1. Polarized light P? images (left column) and intensity I images
(right column) of HD163296, HD150193, and HD141569A. North is
up, East is left. The white central area denotes the saturated pixels, not
included in the analysis. All images are scaled by r2 to compensate for
stellar dilution. All P? images are shown with the same linear scale,
whereas the scale of the I images is arbitrary to highlight each PSF.
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Motivations

Forming
planets

(e.g. Quanz et al. 2013, Reggiani 
et al. 2014, Biller et al. 2014...)

Forming
planets’

environment

Need to look at the disk stage when
planet formation is favored

TRANSITIONAL DISKS
(and their peculiar features, possibly signposts of planets)

Observe planet formation in the act...
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Transitional disks

Gas
NIR-mm imaging,

NIR-mm spectroscopy...

Small grains
Opt-NIR scattered light,

NIR-MIR interferometry...

Large grains
(Sub-)mm imaging

Fig. 1. Dust continuum map at 336 GHz (890 µm) for the disk of HD 142527. The color-scale shows
the brightness temperature in a logarithmic scale. The black contours denote Tb = 5, 10, 15 and 20 K
while the white one does the 5σ level. The size of the synthesized beam is shown at the left corner of
the image with a white ellipse of 0.′′39 × 0.′′34 (= 55 AU × 48 AU) with the major-axis PA of 57◦.

of 213 mJy beam−1 at the projected distance of 1.′′0 (140 AU) from the star, and at a PA of 30◦.
When probed along the annular emission ridge, both ends of the horseshoe appear to be connected
at the brightness minimum of 7 mJy beam−1 at 1.′′3 (180 AU) and PA = 220◦. The contrast in flux
density thus reaches to 30 between the northern peak and the SW minimum. The peak flux density
is expressed by a brightness temperature (Tb) of 24 K without the Rayleigh-Jeans approximation.
This Tb is much higher than those beyond 100 AU in other disks. Unless the emitting grains are
significantly warmer than 24 K, the region should be optically thick to the submillimeter radiation
due to the high column density.
3.1.2. Inner Disk and Radial Gap

At the position of the star, emission was detected with a significance of 16σ at the peak (fig-
ure 1). The χ2-fitting of an elliptic Gaussian function resulted in a FWHMof (0.′′33±0.′′02)×(0.′′29±

0.′′02) with a PA of 99◦ ± 3◦ for the major axis. It was thus spatially unresolved given the beam
size of 0.′′39× 0.′′34. The integrated flux density over the Gaussian was 2.3±0.2 mJy, substantially
higher than the photospheric level of 0.02 mJy. This suggests that the emission comes from the inner
disk whose presence has been predicted from the near-infrared excess, and the mid-infrared imaging
(V11; Fujiwara et al. 2006) where the inner disk was marginally resolved with an inferred size of
∼30–50 AU in radius. The gaseous emission from the inner disk was also imaged and kinematically
resolved (Casassus et al. 2013; Öberg et al. 2011; Pontoppidan et al. 2011). The mass of the inner
disk can be crudely estimated, assuming that the majority of the mass resides in the outer, optically
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Fig. 1.— NACO/PDI data of HD142527 in the H and K
s

band. All images in linear stretch. Because P? and Pk can be negative by
construction, we show positive values in and negative values in blue. Plots a) and b) show the final, reduced H and K

s

band images. North
is up and east is to the left. Areas where no data is available due to saturation e↵ects or the polarimetric mask are marked in grey. The
red cross marks the position of the star. A radial mapping of the H band data is shown in c). Note that the data is plotted from 0 to
450� in order to show the hole in the disk at ⇠0�/360�. In d), we mark the features seen in the disk. Spiral arms in the disk are marked
S1 through S6. Two holes in the disk can be seen in the north (H1) and in the southeast (H2) at position angles of ⇠0� and ⇠160�. The
two small dots near S6 are e↵ects from the H band filter and not seen in the K

s

image. There seems to be a kink in the disk in western
direction at the starting point of the S3 spiral arm (seen in both filters). Images c) and d) have been scaled by r2, i.e. the distance to
the central star squared, to compensate for the drop-o↵ in illumination from the star for this nearly face-on disk and to better bring out
structures in the disk, while no scaling has been applied for a) and b).

cant holes (lack of polarized flux) are seen in the disk.
As can be seen in Figure 1 c), these holes seem to ex-
tend outwards, almost as if they were casting shadows.
Interestingly, there is one spiral arm (S3) which passes
through the northern hole and re-appears on the other
side of the hole. These holes have been hinted at before
(Casassus et al. 2012; Canovas et al. 2013), but not been
seen at this resolution.
In figure 2, we trace the surface brightness of the disk

in the North, East, South and West direction. The disk
shows a similar brightness in the eastern and western di-
rection in polarized scattered light, in contrast to unpo-
larized scattered light, where the western side is brighter
(Fukagawa et al. 2006). The disk reaches its peak bright-
ness of ⇠11.7 mag

arcsec2 in H band and ⇠10.8 mag
arcsec2 in K

s

band in the northwest, at a position angle of ⇠330�.
Compared to the 2MASS H � K

s

color of the star, the
scattering is slightly red (by ⇠0.16 magnitudes). Fur-
ther out, the surface brightness drops rapidly. Fitting
power-laws to the outer parts of the disc (outside 1.200)

leads to the following results for the power-law exponent
in H / K

s

band: North: �8.6± 1.2 / �6.2± 0.7; South:
�7.0 ± 0.6 / �6.1 ± 0.3; East: �6.8 ± 0.2 / �6.6 ± 0.4;
West: �4.5 ± 0.2 / �4.5 ± 0.2. It is worth noting that
starting from 1.200 usually ignores the inner spiral arms.
It also ignores the northern hole, which strongly a↵ects
the surface brightness in the northern direction between
0.800 and 1.200. The surface brightness profiles are some-
what steeper in the H band compared to the K

s

band,
especially in the northern and southern direction. How-
ever, this result has to be taken with care as the number
of points usable for the fit in the northern and southern
direction is limited by the polarimetric mask.
To measure the fractional polarization of the disk, we

need a direct measure of the total scattered light. In
the case of HD142527, the scattering from the disk is so
strong that it can be seen directly in the intensity images
we obtained, without a coronagraph or PSF subtraction -
even in the individual frames. Because of this, we extract
the information about the (non-polarized) scattered light

Figure S7 HCO+(4-3) maps. Axis labels for images are in arcsec; North is up,
East is to the left. The origin of coordinates is centred on the star. The beam size
is 0.51⇥ 0.33 arcsec�2 (as in Fig. 1) a: Intensity map, highlighting that the peak is
found near the center. Contour levels are as in Fig. 1c. b: LSR velocity of the peak
emission. c: Peak intensity map, showing a whole ring. The modulation along the
ring that leads to a segmented appearance is due to the 5-channel average, as
indicated by the exact overlap with the channel boundaries. Countours indicate
LSR velocity, with colour codes that match b). d: RGB intensity image, with the
Keplerian velocities ( 1  v/km s�1  5.9) in green, and the high velocity flows
in red (11.5 > v/km s�1

> 5.9) and blue (1 > v/km s�1
> �4). e: Peak intensity

taken on a CLEAN reconstruction of the original data, without channel averaging,
and with subsequent smoothing by 0.2 arcsec. As a consequence of the fine
sampling, the central filamentary flows are not as obvious as in the 5-channel

16

HD142527
890 μm continuum (ALMA)

Fukagawa et al. (2013)

HD142527
HCO⁺ (4-3) (ALMA)
Casassus et al. (2013)

HD142527
1.6 μm scattered light (VLT/NACO)

Avenhaus et al. (2014)

Peculiar spatial distributions generated by planet action, grain growth, 
photoevaporation, gravitational instability... 

 These processes differentiate the dynamics of components

≄ ≄
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Ground telescopes + AO  :  θ≃0.1″ 
And with Polarimetric Differential Imaging  :  IWA ≃ 0.1″

⇒ imaging the planet formation region!
But...

Polarized light distribution is not necessarily
representative of the dust distribution

Near-IR scattered light

Probing the
disk surface only

(disk geometry counts)

Dust scatters and
polarizes anisotropically
(grain properties count)
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How PDI works

       Image credit: H. Avenhaus
Selected PDI ref.: Apai et al. 2004, Quanz et al. 2011, Avenhaus et al. 2014 
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SAO 206462 (with VLT/NACO)

Garufi et al. 2013

1. Double spiral structure 
(also Muto et al. 2012)

2. Bright unresolved rim
3. Cavity inside 28 AU
However...
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SAO 206462 (with VLT/NACO)

Garufi et al. 2013
(Brown et al. 2009)

Filtration of small grains (Rice et al. 2006, Dong et al. 2012) is not enough...
In a giant planet scenario: 

r cavity (large dust) > r cavity (gas, small dust)
(Pinilla et al. 2012)

See Pinilla’s talk

1. Double spiral structure 
(also Muto et al. 2012)

2. Bright unresolved rim
3. Cavity inside 28 AU
However...
Sub-mm cavity size = 39 AU 
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SAO 206462 (and the potential planet)
Cavity sizes for small and large grains depend on

planet mass and location.
(Pinilla et al. 2012, de Juan Ovelar et al. 2013) 

⬍
Planet properties: 5 MJ < M < 15 MJ  at  17 AU < r < 20 AU 

Planet hunters will tell...

Garufi, Quanz, Pinilla et al. 2013
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SAO 206462 (with ALMA)

Unresolved ALMA spirals? ⇒ PDI spirals are real dust concentration?

Gravitational instability or stellar fly-by? Not realistic (Garufi et al. 2013). 
A perturbing giant planet? (Muto et al. 2012)

See de Boer’s poster

690 GHz continuum: 
low-contrast asymmetries 
ascribed to a vortex
(Pérez et al. 2014). 

← The brightness peak 
lies on the same side as 
the polarimetric peak  
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HD163296 (with VLT/NACO)

Garufi et al.: HD163296 in polarized light

measured at half wave position angles of 0�/-45� and -22.5�/-
67.5� respectively (see e.g. Schmid et al. 2006). In systems with
tangential polarization only, P? is by construction equal to P =p

Q2 + U2 but does not generate a biased noise due to the square
calculation. On the other hand, Pk should not contain signal and
it is, thus, used to estimate the error. In particular, errors were
calculated from the variance of both P? and Pk images. Finally,
the intensity I images of the source were obtained by summing
up the contributions from ordinary and extraordinary beams of
each image and then stacking them together.

3. PDI images

In this section we present the PDI images resulted from the
data reduction described above. The first part is dedicated to
HD163296, while the second to HD141569A and HD150193A.

3.1. HD163296

The H and KS band PDI images of HD163296 are shown in
the first two rows of Fig. 1. All polarized light images are con-
taminated by the presence of the adaptive optics (AO) features,
that are clearly definable from the intensity images of the right
column. All these features must then be considered as spuri-
ous. However, the P? images show an extended ring structure
at ⇠ 0.600 from the star with no counterpart in the I images. This
structure is by far more evident in the KS band but it can be re-
vealed in the H band image as well.

Radial profile. The ring feature can be traced to the NW, SE,
and (in the KS band only) SW. Its pattern is interrupted by the
South and West AO spots. The radial width of this feature is
always larger than the angular resolution of these observations
(> 0.0900). This suggests that the structure is radially resolved.
The brightest regions of the ring are lying along the disk ma-
jor axis (PA=137�, as from sub-mm images by de Gregorio-
Monsalvo et al. 2013). Therefore, we perform a 3 pixel-wide
cut along this direction both in H and KS band (see top panel of
Fig. 2). Emission above the 3�-level is detected in KS band from
0.500 to 0.9500 and from 0.400 to 1.000 (East and West side respec-
tively). In H band, the emission is revealed from 0.600 to 1.000
along both sides. The surface brightness varies from 0.5 to 0.03
mJy in KS band and from 0.15 to 0.01 mJy in H band. The inner
edge of the ring structure does not appear sharp. In fact, the po-
larized light distribution increases smoothly from the noise level
to the peak luminosity in ⇠ 0.200.

Azimuthal profile. Along the SW minor axis, we detect emis-
sion in KS band only (from 0.400 to 0.500). Given the the radial
profile along the major axis and assuming a disk circular shape,
this ellipticity translates into an inclination i = 43�+9�

�14� . This value
is consistent with what was inferred by de Gregorio-Monsalvo
et al. (2013) with sub-mm imaging (i = 45�). To investigate
the azimuthal distribution of the structure, we consider concen-
tric ellipses as from the projection of circular annuli on a 45�
plane. We find a better fit of the ring maxima by introducing a
marginal o↵set along the North-South (0.0500) and the East-West
(0.0300) directions. Finally, we integrate over concentric ellipses
from 0.600 to 0.700. The profile thus obtained (see bottom panel of
Fig. 2) reveals that the emission in KS band is maximized around
the major axis (⇠ 137� and ⇠ 317�). The average ratio between
the brightness along major and minor SW axis is ⇠ 2. The major
axis is also where the only contribution in H band is detected.
However, the sensitivity anywhere else is higher than along the

Fig. 1. Polarized light P? images (left column) and intensity I images
(right column) of HD163296, HD150193, and HD141569A. North is
up, East is left. The white central area denotes the saturated pixels, not
included in the analysis. All images are scaled by r2 to compensate for
stellar dilution. All P? images are shown with the same linear scale,
whereas the scale of the I images is arbitrary to highlight each PSF.
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measured at half wave position angles of 0�/-45� and -22.5�/-
67.5� respectively (see e.g. Schmid et al. 2006). In systems with
tangential polarization only, P? is by construction equal to P =p

Q2 + U2 but does not generate a biased noise due to the square
calculation. On the other hand, Pk should not contain signal and
it is, thus, used to estimate the error. In particular, errors were
calculated from the variance of both P? and Pk images. Finally,
the intensity I images of the source were obtained by summing
up the contributions from ordinary and extraordinary beams of
each image and then stacking them together.

3. PDI images

In this section we present the PDI images resulted from the
data reduction described above. The first part is dedicated to
HD163296, while the second to HD141569A and HD150193A.

3.1. HD163296

The H and KS band PDI images of HD163296 are shown in
the first two rows of Fig. 1. All polarized light images are con-
taminated by the presence of the adaptive optics (AO) features,
that are clearly definable from the intensity images of the right
column. All these features must then be considered as spuri-
ous. However, the P? images show an extended ring structure
at ⇠ 0.600 from the star with no counterpart in the I images. This
structure is by far more evident in the KS band but it can be re-
vealed in the H band image as well.

Radial profile. The ring feature can be traced to the NW, SE,
and (in the KS band only) SW. Its pattern is interrupted by the
South and West AO spots. The radial width of this feature is
always larger than the angular resolution of these observations
(> 0.0900). This suggests that the structure is radially resolved.
The brightest regions of the ring are lying along the disk ma-
jor axis (PA=137�, as from sub-mm images by de Gregorio-
Monsalvo et al. 2013). Therefore, we perform a 3 pixel-wide
cut along this direction both in H and KS band (see top panel of
Fig. 2). Emission above the 3�-level is detected in KS band from
0.500 to 0.9500 and from 0.400 to 1.000 (East and West side respec-
tively). In H band, the emission is revealed from 0.600 to 1.000
along both sides. The surface brightness varies from 0.5 to 0.03
mJy in KS band and from 0.15 to 0.01 mJy in H band. The inner
edge of the ring structure does not appear sharp. In fact, the po-
larized light distribution increases smoothly from the noise level
to the peak luminosity in ⇠ 0.200.

Azimuthal profile. Along the SW minor axis, we detect emis-
sion in KS band only (from 0.400 to 0.500). Given the the radial
profile along the major axis and assuming a disk circular shape,
this ellipticity translates into an inclination i = 43�+9�

�14� . This value
is consistent with what was inferred by de Gregorio-Monsalvo
et al. (2013) with sub-mm imaging (i = 45�). To investigate
the azimuthal distribution of the structure, we consider concen-
tric ellipses as from the projection of circular annuli on a 45�
plane. We find a better fit of the ring maxima by introducing a
marginal o↵set along the North-South (0.0500) and the East-West
(0.0300) directions. Finally, we integrate over concentric ellipses
from 0.600 to 0.700. The profile thus obtained (see bottom panel of
Fig. 2) reveals that the emission in KS band is maximized around
the major axis (⇠ 137� and ⇠ 317�). The average ratio between
the brightness along major and minor SW axis is ⇠ 2. The major
axis is also where the only contribution in H band is detected.
However, the sensitivity anywhere else is higher than along the

Fig. 1. Polarized light P? images (left column) and intensity I images
(right column) of HD163296, HD150193, and HD141569A. North is
up, East is left. The white central area denotes the saturated pixels, not
included in the analysis. All images are scaled by r2 to compensate for
stellar dilution. All P? images are shown with the same linear scale,
whereas the scale of the I images is arbitrary to highlight each PSF.
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Fig. 6. HD 163296 spectral energy distribution. Data from literature are
shown with empty squares (Mannings 1994; Natta et al. 2004; de Winter
et al. 2001) and dots (ISO-SW). Our new measurements (see Table 1)
are shown with full squares. The observed fluxes at 3.6 cm and 6.1 cm
have been used to calculate the free-free contribution (dashed line) to
the observed flux assuming a free-free spectral index of 0.6. Free-free
subtracted fluxes are shown at 7 mm while at shorter wavelength the
free-free contribution is negligible. The solid line shows the predic-
tion of our disk model as discussed in Sect. 5.2. The resulting spectral
index αmm between 0.87 and 7 mm (Fλ ∝ λ−αmm ) is 3.0 ± 0.1.

3.3. Free-free contribution and spectral index

The continuum spatially integrated fluxes of HD 163296 and the
corresponding spectral energy distribution are given in Table 1
and shown in Fig. 6, respectively. In addition to our measure-
ments (full squares), observations at 0.7, 1.3, 3.6 and 6.1 mm
are from Natta et al. (2004, and references therein) while obser-
vations at 0.75, 0.8, 0.85, 1.1 and 1.3 mm are from Mannings
(1994).

Assuming that the observed flux at 3.6 and 6.1 cm is dom-
inated by free-free emission from a wind (with a spectral in-
dex of 0.6), the free-free contribution at 7 mm corresponds to
1.2 mJy (27% of the observed flux), while it is negligible at
shorter wavelengths.

After the subtraction of the free-free component, the mil-
limeter spectral index αmm (Fλ ∝ λ−αmm ) calculated between
1 mm and 7 mm is 3.0 ± 0.1, slightly higher than the value
αmm = 2.6 ± 0.2 obtained by Natta et al. (2004) using VLA
and OVRO fluxes only.

3.4. Disk mass

Assuming that the dust emission is optically thin at millimeter
wavelengths and that the dust is isothermal, the measured flux
can be used to estimate the product of the disk total mass M
times the dust opacity kν, through the relation:

M · kν =
Fνd2

Bν(T )
, (2)

where d is the source distance and T is the temperature of the
emitting dust. At millimeter wavelengths, the dust opacity can
by parametrized by a power law

k = 0.01 · (λ/1.3 mm)−β cm2 g−1, (3)

where the normalization at λ = 1.3 mm assumes a dust/gas mass
ratio of 0.01 (Beckwith et al. 1990, 1991). Taking a characteris-
tic temperature for the dust in the outer disk of an early A star

of 30 K (Natta et al. 2000), we derive a total gas+dust mass of
0.12 M# for the circumstellar material in HD 163296. This rough
mass determination, which does not take into account the pres-
ence of optically thick emission from the inner part of the disk
or of temperature gradients, will be discussed in more detail in
Sect. 5.2.

With these simplifying assumptions, the slope of the dust
opacity is β = α − 2 ∼ 1, where α is the spectral index obtained
in the previous section.

4. Disk models

The disk parameters derived in Sect. 3 under a number of very
crude assumptions can only provide order-of-magnitude esti-
mates. A more quantitative analysis requires comparison of the
observations to more sophisticated model predictions. We chose
to perform the comparison using the observed visibilities (rather
than reconstructed images), following an approach similar to the
one discussed by Dutrey et al. (2006).

This method requires to decide “a priori” which family of
models is likely to describe the observed object. In view of the
results described in Sect. 3, we model the millimeter emission of
HD 163296 (continuum and CO lines) as coming from a circum-
stellar disk. We assume that the disk is heated by the stellar ra-
diation only, and that any viscous contribution can be neglected.
This is very likely a good approximation, given the relatively
low accretion rate measured in HD 163296 (∼10−7 M#/yr;
Garcia Lopez et al. 2006).

The disk structure and emission is computed using the
2-layer approximation of Chiang & Goldreich (1997), as de-
veloped by Dullemond et al. (2001). Similar models have been
used in Testi et al. (2003) and Natta et al. (2004), to analyze the
(sub)millimeter emission of a number of Herbig Ae stars. We
refer to these papers for a more detailed description.

The inner disk is characterized by the presence of a puffed-up
inner rim located at the dust evaporation radius (Isella & Natta
2005). The combined rim+disk flux is calculated taking into ac-
count the shadow that the rim casts over the outer disk.

The disk geometry can be fully flared, as in hydrostatic equi-
librium disks where gas and dust are well mixed. If dust growth
and settling are important, the flaring angle decreases: the re-
sulting radial temperature profile is flatter, affecting the SED in
the mid and far infrared (D’Alessio et al. 2006, and references
therein). As shown in Fig. 6, the SED of HD 163296 is well
reproduced by a fully flared disk model. The fit of the SED be-
comes very poor if the flaring angle is reduced by more than
a factor of two, which corresponds to a small variation of the
temperature radial profile.

Once the stellar properties are known, the disk structure is
completely characterized by the following parameters: the disk
mass (Md), the disk outer radius (Rout), the dependence of the
surface density on radius (Σ ∝ r−p) and the properties of dust on
the disk surface and midplane. In addition, the observed emis-
sion depends on the orientation of the disk with respect to the
observer, which is characterized by the inclination ι of the disk
with respect to the line of sight (ι = 0 for face-on disks), and the
position angle PA.

4.1. Continuum emission

The continuum emission at millimeter and sub-millimeter wave-
lengths is computed by ray integration as in Dullemond et al.
(2001). We describe the midplane dust opacity at long wave-
lengths as a power law of index β, with β a free parameter, as in
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2. Observations description

Observations were performed on 2012 June 9, 11, 22, and July
6 at Band 7 as part of the ALMA science verification pro-
gram 2011.0.000010.SV. The array was in a configuration with
projected baselines length between ∼16 to ∼400 m, sensitive
to maximum angular scales of ∼7′′ and providing a synthe-
sized beam of 0.52′′ × 0.38′′ at PA ∼ 82◦. The field of view
was ∼18′′. A total of five data sets were collected, using be-
tween 16 and 19 antennas of 12 m diameter and accounting
for 3.9 h of total integration time including overheads and cal-
ibration (2.3 h on HD 163296). Weather conditions were good
and stable, with an average precipitable water vapor of 0.8 mm.
The system temperature varied from 100 to 300 K.

The correlator was set up to four spectral windows in
dual polarization mode, centered at 345.796 GHz (CO(3–
2)), 346.998 GHz (H13CO(4–3)), 356.734 GHz (HCO+(4–3)),
and 360.170 GHz (DCO+(5–4)). The effective bandwidths used
were 468.75, 937.50, 468.75, and 117.19 MHz, respectively, at
velocity resolutions of ∼0.21, 0.42, 0.21, and 0.05 km s−1 after
Hanning smoothing. In this work we present results from the
observations in the CO(3–2) emission line and the continuum
at ∼850 µm.

The ALMA calibration includes simultaneous observations
of the 183 GHz water line with water vapor radiometers that
measure the water column in the antenna beam, later used to
reduce the atmospheric phase noise. Amplitude calibration was
done using Neptune, and quasars J1924−292 and J1733−130
were used to calibrate the bandpass and the complex gain fluc-
tuations, respectively. Data reduction was performed using the
version 3.4 of the Common Astronomy Software Applications
package (CASA). We applied self-calibration using the contin-
uum and we used the task CLEAN to image the self-calibrated
visibilities. The continuum image was produced by combin-
ing all of the line-free channels. Briggs weighting was used in
both continuum and line images. The achieved rms was 0.5 mJy
beam−1 for the continuum and 14 mJy beam−1 for each CO chan-
nel map.

3. Results and modeling

3.1. Continuum emission at 850 µm

Continuum emission at 850 µm is detected centered at
the position R.A.(J2000) = 17h56m21.s285, Dec(J2000) =
−21◦57′22′′368. The dusty disk is well resolved with no sug-
gestion of gaps or holes at radius > 25 AU. The major axis has
a projected diameter of 3.9′′ (measured at the 3σ level), which
corresponds to an outer dust disk radius of Rout& 240 AU at the
adopted distance of 122 pc (van den Ancker et al. 1998). This
value is ∼20% larger than the one reported by Isella et al. (2007)
and can be explained by the higher sensitivity and resolution of
the ALMA data, unveiling the fainter outer edge of the dusty
disk (see Fig. 1). The inclination angle is i = 45◦, derived from
the shape of the isophote contours, and it is in agreement with
Isella et al. (2007). The major axis position angle is 137◦. The
flux density integrated over the whole disk structure above 3σ is
S 850 µm = 1.82 ± 0.09 Jy, similar to the values reported by Isella
et al. (2007) and Qi et al. (2011) using Submillimeter Array
(SMA) observations at similar wavelengths.

The continuum surface brightness profile was calculated by
azimuthally averaging the emission from concentric elliptical
annuli from the central star. It can be fitted by a two-component
power law, with a characteristic radius (RC, outside of which the

Fig. 1. Colors represent the CO(3–2) integrated emission over all veloc-
ity channels (first-order moment, 5σ cut). Contours show the contin-
uum emission at 850 µm with levels representing 5, 10, 20, 40, 80, 160,
and 320 times the rms of the continuum map (0.5 mJy beam−1).

brightness profile drops toward zero) equal to 125 ± 5 AU from
the central star, changing from a power-law slope of 1.03 ± 0.04
to a very steep decline of 4.7 ± 0.2 (see Fig. 2). A minimized
χ2 fitting was used to determine the best value of the power-law
slopes.

3.2. CO(3−2) spectral line emission

The CO data show a disk in Keplerian rotation (see Fig. 1).
Considering contours above 3σ, the outer radius extends to
Rout & 575 AU, in agreement with Isella et al. (2007). The
integrated intensity averaged over the whole emission area
is 100.30 ± 0.13 Jy km s−1, in agreement with the measure-
ment reported by Qi et al. (2011). The inclination and the PA
of the gaseous disk (measured at the 3σ contour level) are 38◦
and 138◦, respectively. We note that the inclination value is dif-
ferent from the one using the continuum because of optical thick-
ness and flaring combined with high-spatial resolution effects
(see next section). For our analysis we adopt the values cal-
culated from the continuum that are less affected by the flared
structure of the disk.

The same fitting as done for the continuum in Sect. 3.1 was
applied to the line data. In this case the surface brightness profile
of the CO(3–2) can also be approximated by a power law with a
break in the surface brightness at 125 ± 5 AU (similar to that of
the continuum). At radii 125–240 AU, the CO surface brightness
drops with a power law of 1.0 ± 0.1 and beyond 240 AU, the
CO drops rapidly with a power law of 2.5 ± 0.1 (considerably
less steeply than the continuum; see Fig. 2).

3.3. Modeling

To extend beyond the simple power-law fitting, the three-
dimensional Monte Carlo radiative transfer code MCFOST was
used to model the data presented in this work (see Pinte et al.
2006, 2009 for a more detailed description). The initial disk
model we use is based on Tilling et al. (2012), in particular
their favored model number 3 (see Table 6 in that paper). The
same photospheric parameters were used, namely Teff = 9250 K,
M∗ = 2.47 M(, L∗ = 37.7 L(, and a slight UV excess,
LUV/L∗ = 0.097. The model contains an exponentially tapered-
edge and provided an adequate fit to the broadband spectral
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P?, capturing the structure of the disk,
Pk, which is expected to be zero and dominated by noise, Pk scaled by a factor of five to better show the noise signature, and P , which
is identical to P? in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e↵ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e↵ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.6200 (⇠ 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

jor axis of the disk runs in southeast-northwest direction,
and the brightest parts of the disk are roughly along this
axis. The northeastern part of the disk appears brighter
compared to the southwestern part. For the first time,
we identify a dark lane between ⇠0.200 and ⇠0.600 on this
forward-scattering side in all H and Ks filter observa-
tions including the cube mode observations. The scat-
tered light picks up (in this representation scaled with
r2) outside of ⇠0.600.

This dark lane together with the northeastern side of
the disk appearing significantly brighter suggest that the
grains in the disk are preferentially backscattering in

polarization (scattering albedo multiplied with polariza-
tion fraction, which is what our data measure). Fur-
thermore, the polarization e�ciency in scattering usu-
ally peaks around 90� (e.g., Perrin et al. 2009), which
explains the two bright lobes in the southeast and north-
west: The semi-major axis of the disk runs along this
direction, and the scattering angle at these positions is
close to 90� depending on the exact flaring angle.

The structures seen in the disk, along with the posi-
tion of the two planet candidates (Quanz et al. 2013a;
Brittain et al. 2013), are marked in Figure 3 on the left.
With respect to the semi-minor axis, the dark lane in
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Fig. 1. Reflection nebulosity around SAO 206462. First two rows, from left to right: P⊥ image, P‖ image, and P⊥ image with blue and pink stripes
indicating the position of the major and minor axis, respectively. The first row is H band, the second is Ks band. Third row, from left to right:
comparison between the P⊥ image in Ks band and continuum emission from sub-mm observations by Brown et al. (2009), polar mapping of H
and Ks band with angles measured with respect to north. Images are upscaled by a factor 3 to minimize smoothing effects throughout the sub-pixel
data shifting and are scaled with r2 to compensate for stellar light dilution. The color scale is linear and arbitrary. The red central region indicates
the area on the detector with non-linear pixels. Continuum contours are drawn at 3σ intervals starting from 3σ.

calibration. No significant difference in the brightness profile is
found between H and Ks band (apart from the polarized flux be-
ing a factor 2.5−3 higher in the former than that in the latter).

We average the radial profiles over all angular directions
neglecting any geometrical effect due to the disk inclination.
Since the disk is known to be almost face-on (11◦, Andrews
et al. 2011), we assume that this approach does not introduce
large systematic errors. The azimuthally-averaged profile of both
bands is fitted by a power-law with β = −2.9± 0.1. However, we
find that a spatially separate fit with a broken power-law pro-
vides a better match. A slope of −1.9±0.1 is found for the range

0.2′′−0.4′′ (∼28−56 AU) and a slope of −5.7±0.1 (H band) and
−6.3 ± 0.1 (Ks band) for the range 0.4′′−0.8′′ (∼56−114 AU)
(see Fig. 3).

The two spirals are starting from axisymmetric locations on
the rim. The contrast of the spiral with the surrounding disk
varies from 1.5 to 3.0. S1 appears as the most prominent arm.
It covers an angle of ∼240◦ and shows an enhancement to the
SW (almost twice as luminous in surface brightness as the con-
tiguous part of the arm). S2 covers a smaller angle (∼160◦) but
also shows a “knot” (to the SE, factor 1.5 brighter in surface
brightness than the contiguous part of the arm).
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Fig. 1.— NACO/PDI observations of HD169142 in the H band. a) Final Qr image scaled with r2 to compensate for the decrease in
stellar flux (image shown in a linear stretch). The position of the central star is indicated by the red cross. Saturated pixels in the central
regions have been masked out. Our data reveal a bright inner ring, a large gap and a smooth outer disk in polarized light. A brightness
dip in the ring and a residual AO feature are indicated by arrows. b) Ur with the same scaling and stretch as for the Qr image. c) Intensity
image also scaled with r2. Features from the AO system and the telescope spiders are clearly seen. d) Polar coordinate mapping of Qr.
The innermost, masked out region is less than 0.1′′ in diameter. The red line traces the peak brightness of the inner ring.

the squares of the Q and U components (Schmid et al.
2006). Under the same assumption, and assuming the
correction for instrumental effects was done properly, Ur
only contains noise and can be used to estimate the error
in Qr via

∆Qr =
√

σ2
Ur
/
√
nres . (6)

Here, ∆Qr refers to the 1σ uncertainty in Qr, σ2
Ur

is the
variance in the final Ur image and nres the number of
resolution elements in the region of interest.
The calibration of the surface brightness level in the

final Qr image was done using the non-saturated images
in the NB1.64 filter following the description in Quanz
et al. (2011). We estimate that the absolute flux calibra-
tion is good to ∼30%.

3. RESULTS AND ANALYSIS

Figure 1 shows the final Qr and Ur images, an intensity
image, and a polar coordinate mapping of the Qr image.

While the Qr image shows extended polarized flux that
we interpret as the disk around HD169142, the Ur im-
age does not reveal any significant signal as expected for
scattering of dust particles without any preferred align-
ment.
Figure 1 a) reveals a protoplanetary disk with a com-

plex radial morphology. Very close to the star, but out-
side the innermost, saturated pixels, the detected polar-
ized flux is low and it increases going outwards to reach
a ring-like maximum at ∼0.17′′ (∼25 AU). Outside of
the narrow ring the surface brightness decreases and an
annular gap stretches from ∼0.28–0.48′′ (∼40 – 70 AU)
with a local minimum at ∼0.38′′ (∼55 AU). Outside of
∼0.52′′ (∼75 AU) the disk surface brightness drops off
smoothly.
The bright inner ring does not appear fully circular

(Figure 1 panels a and d) and the radius of the peak
brightness varies between ∼0.16′′ and ∼0.19′′ with a
mean value of ∼0.17′′. A dip in the brightness of the
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Fig. 1.— NACO/PDI data of HD142527 in the H and K
s

band. All images in linear stretch. Because P? and Pk can be negative by
construction, we show positive values in and negative values in blue. Plots a) and b) show the final, reduced H and K

s

band images. North
is up and east is to the left. Areas where no data is available due to saturation e↵ects or the polarimetric mask are marked in grey. The
red cross marks the position of the star. A radial mapping of the H band data is shown in c). Note that the data is plotted from 0 to
450� in order to show the hole in the disk at ⇠0�/360�. In d), we mark the features seen in the disk. Spiral arms in the disk are marked
S1 through S6. Two holes in the disk can be seen in the north (H1) and in the southeast (H2) at position angles of ⇠0� and ⇠160�. The
two small dots near S6 are e↵ects from the H band filter and not seen in the K

s

image. There seems to be a kink in the disk in western
direction at the starting point of the S3 spiral arm (seen in both filters). Images c) and d) have been scaled by r2, i.e. the distance to
the central star squared, to compensate for the drop-o↵ in illumination from the star for this nearly face-on disk and to better bring out
structures in the disk, while no scaling has been applied for a) and b).

cant holes (lack of polarized flux) are seen in the disk.
As can be seen in Figure 1 c), these holes seem to ex-
tend outwards, almost as if they were casting shadows.
Interestingly, there is one spiral arm (S3) which passes
through the northern hole and re-appears on the other
side of the hole. These holes have been hinted at before
(Casassus et al. 2012; Canovas et al. 2013), but not been
seen at this resolution.
In figure 2, we trace the surface brightness of the disk

in the North, East, South and West direction. The disk
shows a similar brightness in the eastern and western di-
rection in polarized scattered light, in contrast to unpo-
larized scattered light, where the western side is brighter
(Fukagawa et al. 2006). The disk reaches its peak bright-
ness of ⇠11.7 mag

arcsec2 in H band and ⇠10.8 mag
arcsec2 in K

s

band in the northwest, at a position angle of ⇠330�.
Compared to the 2MASS H � K

s

color of the star, the
scattering is slightly red (by ⇠0.16 magnitudes). Fur-
ther out, the surface brightness drops rapidly. Fitting
power-laws to the outer parts of the disc (outside 1.200)

leads to the following results for the power-law exponent
in H / K

s

band: North: �8.6± 1.2 / �6.2± 0.7; South:
�7.0 ± 0.6 / �6.1 ± 0.3; East: �6.8 ± 0.2 / �6.6 ± 0.4;
West: �4.5 ± 0.2 / �4.5 ± 0.2. It is worth noting that
starting from 1.200 usually ignores the inner spiral arms.
It also ignores the northern hole, which strongly a↵ects
the surface brightness in the northern direction between
0.800 and 1.200. The surface brightness profiles are some-
what steeper in the H band compared to the K

s

band,
especially in the northern and southern direction. How-
ever, this result has to be taken with care as the number
of points usable for the fit in the northern and southern
direction is limited by the polarimetric mask.
To measure the fractional polarization of the disk, we

need a direct measure of the total scattered light. In
the case of HD142527, the scattering from the disk is so
strong that it can be seen directly in the intensity images
we obtained, without a coronagraph or PSF subtraction -
even in the individual frames. Because of this, we extract
the information about the (non-polarized) scattered light

S. P. Quanz et al.: NACO/PDI observations of the HD 97048 circumstellar disk

Table 2. Summary of observations and observing conditions.

Object Filter DIT × NDITa Dither Airmass Obs. date 〈EC〉c[%] 〈τ0〉d [ms]
positionsb mean/min/max mean/min/max

HD 97048 H 0.35 s × 85 10(12) 1.76–1.68 2006-Apr.-08 42.3/14.9/56.7 5.9/3.7/9.4
Ks 0.35 s × 85 8(8) 1.68–1.66 2006-Apr.-08 50.2/41.3/55.9 5.5/2.7/8.1

NB1.64 3.0 s × 20 16(16) 1.66–1.74 2006-Apr.-08 53.9/46.2/60.4 7.3/3.0/9.8

Notes. a Detector integration time (DIT) × number of integrations (NDIT), i.e., total integration time per dither position and per retarder plate
position; b Number of dither positions used in final analysis and in parenthesis total number of observed dither position. The difference was
disregarded because of poor AO correction. At each dither position NDIT exposures were taken at each of the four different retarder plate positions
(0.0◦, –22.5◦, –45.0◦, –67.5◦); c Average, minimum and maximum value of the coherent energy of the PSF. Calculated by the Real Time Computer
of the AO system; d Average, minimum and maximum value of the coherence time of the atmosphere. Calculated by the Real Time Computer of
the AO system.

Fig. 1. Final Stokes Q (left) and Stokes U (right) images of HD 97048
in the H filter. The innermost saturated pixels have been masked out and
the images have been convolved with a Gaussian kernel with a FWHM
of 4 pixels (i.e., the FWHM of the PSF). The expected “butterfly” pat-
tern is clearly detected. The units are given in counts per pixel. North is
up, east to the left.

compared to the corresponding position in the northeast quad-
rant. In the Ks-filter image there seems to be a filamentary-like,
elongated structure in the northern part of the disk stretching
from ∼0.5–1.0′′. However, given that we do not see the same
feature in the H-filter image and that the total integration time in
the Ks image was shorter and hence the signal-to-noise lower, it
is unclear whether this feature is real.

To estimate the disk inclination we fitted ellipses to isophots
in the images shown in Fig. 2. While this approach is widely
used in the literature, it does not take into account potential disk
flaring and the scattering (and polarizing) properties of the dust
grains. Therefore, one has to keep in mind that fitting disk re-
gions of the same brightness does not necessarily mean that one
fits the same physical regions. However, this approach gives a
first indication about the apparent disk orientation. In the H-band
image we fitted one ellipse to regions where the surface bright-
ness is between 13–14 mag/arcsec2 and one where it is between
14–15 mag/arcsec2. For the brighter regions the apparent incli-
nation is 34◦ ± 5◦ from face-on and the position angle of the
major axis is 78◦ ± 10◦ (east of north). For the outer ellipse the
inclination is slightly higher with 47◦ ± 2◦ while the position
angle is almost unchanged with 82◦ ± 3◦. The apparent discrep-
ancy in the disk inclination for the two disk regions might be
caused by a combination of a flared disk geometry (see Sects. 4.2
and 4.3) and the forward/backward scattering and polarization
properties of the dust grains. A disk model, which is beyond
the scope of the current paper, might help to shed light on this

Fig. 2. Images showing the total polarized flux in the H filter (left) and
Ks filter (right). The innermost saturated pixels were masked out and the
images were convolved with a Gaussian kernel with a FWHM of 4 pix-
els (i.e., the FWHM of the PSF). While the H image is flux-calibrated,
showing the flux in units of surface brightness, the unit of the Ks image
is counts per pixel. North is up, east to the left.

question. Because the Ks-band image is not flux-calibrated, it is
not possible to derive a disk inclination that is related to a certain
apparent surface brightness level. However, a fit to disk regions
that roughly correspond to the same spatial regions as the inner
ellipse in the H-band yields an inclination and position angle
that are identical to those derived for the H-band image within
the error bars.

Knowing the inclination, one can determine the radial bright-
ness profile of the disk along the major axis. Figure 3 shows
the average radial brightness profile computed in a three-pixel
wide box along both semi-major axes. For the orientation of
the box we used the average position angle derived from the el-
lipse fitting exercise described above, i.e., 80◦. The errors are the
root-mean-square of the standard deviation within each box for a
given separation and the flux variation observed along both semi-
major axes. We then fitted a power-law of the form S (r) = arx

to these brightness profiles in both filters between 0.1′′–1.0′′
(i.e., ∼16 and ∼160 AU projected separation). In the H filter the
power-law exponent is −1.78 ± 0.02, for the Ks filter the expo-
nent is −2.34 ± 0.04. The fitting functions approximate the data
reasonably well. Because the surface brightness decreases more
steeply in the Ks band, the disk color [H − Ks] in polarized flux
becomes bluer at larger separations, possibly indicating changes
in the dust grain properties. Between 0.6′′–0.8′′, however, the fits
seem to slightly overestimate the measured profile in both filter.
We will discuss this apparent “dip” in more detail in Sect. 4.1.
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Selected flaring angle ref.: Meeus et al. 2001, Maaskant et al. 2013, Khalafinejad et al. 2014
MIR color: Acke et al. 2010. PDI fluxes: Quanz et al. 2011, 2012, 2013, Avenhaus et al. 2014, Garufi et al. 2013, 2014
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HD163296 (and the CO snow-line with ALMA)A. Garufi et al.: Shadows and cavities in protoplanetary disks
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Fig. 3. Top: DCO+ map from the disk of HD 163296 (Mathews et al.
2013) superimposed on our PDI KS-band image. The white contours
indicate the emission at 3σ and 4σ level (σ = 18 mJy beam−1 km s−1).
The DCO+ emission is depleted inside ∼0.5′′, while it reaches its maxi-
mum roughly at the location of the dusty ring. Bottom: DCO+ intensity
along the major axis vs. contrast of the PDI images calculated from
Eq. (4).

more quantitative approach would require an ad-hoc radiative
transfer model that is beyond the scope of this paper.

An alternative explanation invokes the role of ice in the disk
structure. Dust grains are expected to have a much higher albedo
when coated with icy molecules on their surface (e.g., Inoue
et al. 2008). Molecules of a certain species are predicted to
freeze out below temperatures typically found in the disk mid-
plane (i.e., beyond the so-called snow line). HD 163296 is one
of the few objects for which the location of the CO snow line
has been inferred (Qi et al. 2011). More specifically, the location
where the CO begins to freeze out can be traced with the inner
edge of the expected ring emission of DCO+ (Mathews et al.
2013). In Fig. 3, we show a comparison of the DCO+ emis-
sion map from HD 163296 (ALMA Science verification data,
Mathews et al. 2013) with our PDI image. We use the disk-to-
star contrast at a certain radius r defined as

φpol =
Fpol

F∗/4πr2 , (4)

with F∗ being the stellar flux in KS band and Fpol the polarized
flux measured along the major axis of our images. Note that
φpol indicates the polarized fraction of the scattered-light con-
trast. This is, in turn, a combination of both the dust properties
and the disk geometry and can therefore substantially differ from
the intrinsic dust albedo (particularly if the scattering function is

highly anisotropic, Mulders et al. 2013). As we see from Fig. 3,
we obtain a factor ∆φpol ! 6 difference between 0.65′′ (the loca-
tion of the peak intensity) and 0.3′′ (representative radius inside
the non-detection region). Interestingly, the transition from the
noise level to the peak intensity of DCO+ roughly occurs over
the same interval. This may suggest that in this region mantles
of CO on the grain surface are becoming thicker and can there-
fore increase the dust albedo by the ∆φpol ! 6 necessary for the
emission from our dataset to rise over the sensitivity.

Although it is tantalizing, the ice explanation presents a num-
ber of caveats. The first, instrumental, is related to the low angu-
lar resolution of the ALMA data (0.65′′ × 0.44′′) that prevents
us from drawing strong conclusions from the possible spatial co-
incidence of the two datasets. The second is geometrical; since
our data trace the disk surface, whereas the DCO+ emission is
thought to originate from a deeper region in the disk mid-plane,
one may expect the location of the CO snow line to be not coin-
cident and, in particular, to be located farther out when traced by
PDI images. A final point is that ice mantles on the grain surface
may decrease the polarizing efficiency of grains because of the
multiple scattering therein. Therefore, the effects on the albedo
and on the polarization are competing and, for this theory to ex-
plain our data, the former must be the dominant.

Even though we have a propensity for the self-shadowing
scenario, we cannot firmly establish the origin of the polarized-
light deficit in the disk inner region. We argue that in the case of
disk scale height enhancement or dust properties change, deeper
polarized-light images may still be able to detect emission and
its distribution will be unchanged. Conversely, in the dust deficit
scenario no significant emission from the inner regions is ex-
pected anyway. Then, variable self-shadowing might be con-
firmed by revealing that the location of the inner edge of the
emission is time dependent. Finally, higher resolution images of
the DCO+ emission are necessary to constrain the first location
of the CO freeze-out.

5. Discussion: non-detections

The disks around HD 141569A and HD 150193A both show
prominent and extended structures out to hundreds of AU
in scattered light (see below for references). Therefore, their
non-detection in polarized light in the inner ∼100 AU provides
important information about their structure. In this section, we
discuss whether these non-detections are still consistent with
previous observations, and speculate on their disk geometry.

5.1. HD 141569A

A disk inner edge of a few hundreds of AU was inferred around
HD 141569A by Sylvester & Skinner (1996) by means of SED
fitting. Even though this technique is known to be highly degen-
erate, the deficit of near- to -mid-IR flux shown by the source
is effectively suggestive of a large dust gap. Furthermore, HST
scattered-light images at 1.1 µm (Weinberger et al. 1999) and
1.6 µm (Augereau et al. 1999) revealed a dramatic decrease of
flux inside 160 and 250 AU, respectively, probably indicating a
region depleted of material. In the top panel of Fig. 4 we plot the
best fit for the scattered-light profile in H band along the south-
ern major axis from Augereau et al. (1999) and compare it with
the 3σ sensitivity of our PDI images. If the scattered-light pro-
file observed with HST does not dramatically increase inward
of 1.5′′, our PDI non-detection is still consistent with it (regard-
less of the polarization fraction). In the plot we also show the
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DCO⁺ (5-4): annulus emission
used as proxy for the 
CO snow-line (Mathews et al. 2013) 

← The two inner edges are   
     approximately coincident

⬇
CO mantles onto the dust 

grain surface boost albedo?
Any connections 

CO snow-line / disk thickness?
See Panic’s talk
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Three messages

THANK Y   U

✔ PDI allows disk imaging with an incomparable 
combination of resolution and inner working angle.

But ALMA is having its say...
✔ The compared spatial distribution of different

disk components can suggest the presence of planets.
And even their properties...

 ✔ The geometry of the disk surface plays a first-order 
role in imprinting the scattered light distribution.

So data complementary to PDI are welcome... 
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Fig. 1.— VLA images of the 7 mm dust thermal emission in several array configurations.
Panels (a) and (b) show, respectively, the CnB and B configuration images. Panel (c) shows
the image obtained by combining the CnB, B, and A configuration visibilities with a uvrange
<1500 k� (rms=18 µJy beam�1; beam=0.2300 ⇥ 0.1600, PA=5�). Panel (d) shows an overlay
of the image shown in panel (c) (contours) and the VLT/NACO H-band (1.6 µm) polarized
light image from Quanz et al. (2013) (color-scale). Saturated pixels in the central region of
the H-band image have been masked out. In all panels, contour levels are �3, 3, 5, 7, 9, and
11 times the rms. Synthesized beams are plotted in the lower-right corners. The apparent
decrease of the 7 mm emission in the north and south edges of the source is most probably
a consequence of the elongated beam. The larger cross marks the position of the HD 169142
star and the smaller one that of the protoplanet candidate.
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Fig. 2.— Same as Figure 1, but for the H and Ks cube-mode and the L0 filter observations.

Fig. 3.— Disk features seen in HD100546. The 2013 Ks filter
data is overlaid with the main features detected in the disk.
The dark lane in the southwest seems to fold around the stel-
lar position. The spiral arm is marked in cyan, the positions
of the two planet candidates from Quanz et al. (2013a) and
Brittain et al. (2013) are marked in green.

the southwest is relatively symmetric and seems to fold
around the star. In the H filter images, there seems to be
a bridge of stronger scattering exactly in the direction of
the semi-minor axis. This e↵ect is weaker in the Ks filter
images. The dark lane is not seen in the surface bright-
ness plots (Figure 4) partly because of this and partly
because these are not scaled with r2.

While it is in principle possible that such a dark lane
is produced by shadowing e↵ects within the disk, i.e., a
shadow cast from the inner rim, we deem this unlikely
for two reasons. First, it is di�cult to imagine that such
a shadow appears on only one side of the disk and almost
perfectly aligned with the semi-minor axis. Furthermore,
the disk rotated by ⇠75� at the position of the inner rim
(c.f. Section 3.3) during our seven years baseline between
the 2006 and 2013 observations, yet the dark lane stays
at the same position.

Similar dark lanes have been seen for instance in non-
polarimetric HST observations of IM Lupi (Pinte et al.
2008) and GM Aurigae (Schneider et al. 2003). These
authors explain the dark lane with a strongly inclined
and flared disk, which causes a shadow on the forward-
scattering side. Further out, where the disk becomes
optically thin enough, the brightness increases again be-
cause scattering from the lower surface of the disk can
be seen. It is questionable that this explanation works
in the case of HD100546. First, the inclination and flar-
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