Scattered light imaging and the structure of disks

Carsten Dominik
University of Amsterdam
Tomas Stolker, Christian Ginski, Jos de Boer, Gabriela Muro Arena, Antonio Garufi,
Myriam Benisty, Hans-Martin Schmid, Michiel Min, Rens Waters, Paola Pinilla, Francois Menard
and the SPHERE disk team

credit: Christian Ginski

Natta et al 2001
Reconsideration of HAe disk properties
194

A. Natta et al.: HAe SEDs

Fig. 6. Disk model predictions for AB Aur. Dashed lines are
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FIG. 1.ÈSketch of the geometry of the model
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Sphere at VLT

Most important
techniques

• Angular differential imaging
• Make use of the rotation of sky
versus telescope to subtract
Figure 3: A sketch illustrating field rotation, from the viewpoint of an observe
the telescope errors
standing next to the telescope, looking South. The black square with star
stands for the sky field that the telescope is tracking across the sky, wherea
the black "spiders" show the orientation
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eofd the telescope pupil. (Image: C
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larger separations
The angle between a celestial pole, the target, and zenith is called the
parallactic angle. It changes monotonously during a night, though the rate o
varies. The field rotation is fastest when the target passes the highes
• Polarimetric differential imaging change
d meridian. The rate of field
point of its trajectory, i.e. when it transits
the
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unpdepends on the declination of the target
rotation around transit furthermore
It is greatest for targets transiting close to zenith, i.e. whose declination i
• Isolate the polarised light
close to the geographic latitude of the telescope.
scattered by dust
4. The ADI technique
differential imaging exploits the fact that the field and the pupil rotate
• Most sensitive close to the star Angular
with respect to each other during the observation to distinguish the star's halo
from real on‐sky sources.
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In conventional astronomical observations, the field orientation is kep
constant on the camera. This allows the different exposures in a series to be
added together conveniently. In ADI observations, the orientation 6of the pupi
is kept constant instead. Since the major sources of quasi‐static speckle

Polarimetric differential imaging (PDI)
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Fig. 4. Phase function for scattering at = 0.55 µm. The left panel shows the
with 25% porosity. The other approximate methods show very similar phase f
aggregates at λ = 0.55 µm
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degree of polarization

strong. It 0.5
is expected that for particles more flu↵y than the one
we used, this e↵ect is much stronger still, as has been shown by
Min et al.0.4
(2006) for aggregates of di↵erent fractal dimension.
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3.2.1. Phase function
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tering at a wavelength of = 0.55 µm.
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Phase
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I. Measuring the morphology of the ring
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Fig. 11. Schematics of the ring, defining the angles ✓ and used in
Milli etbyal. in prep.
Eq. (2). We plotted as an illustration 3 points along the ring, defined
the PA ✓i and corresponding to a scattering angle i
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Structures cause by phase functions
A&A 588, A8 (2016)
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T. Stolker et al.: Scattered light mapping of protoplanetary disks

Fig. 1. Schematic of the scattered light mapping method. A power law
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radial ⌧ = 1 surface, h⌧=1 (rmid ), at a midplane radius, rmid , is given by
scattered light images in the R0 , H, and Ks bands. Each phase function
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To first order, the radial distance from each pixel to the star
can be obtained by correcting only for the inclination of the disk,
which would correspond to the true distance in the case when the
disk would be geometrically flat. For a more precise analysis,
N
the flaring shape of the radial ⌧ = 1 surface has to be considered, which can have a significant e↵ect
on the radial distance.
E
More specifically, the observer’s view on the near and far side

distribution of the dust grains in the disk surface and enhances
faint structures at large disk radii.
The r2 -scaled image is usually obtained by calculating the
N
N
deprojected distance
from each pixel to the star in a geometrically flat disk for a given inclination and position angle, while
E extent of the disk is neglected (e.g., Avenhaus
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Disk
flaring
HD 34282: IRDIS Polarimetric Imaging
HD 34282, de Boer+ 2017

GAIA distance: 325 pc
Age: 6.4 Myr

De Boer et al., in prep.

Multi-ringed disks in
scattered light: bowl-shaped
HD 97048, Ginski+ 2016

HD 97048
C. Ginski et al.: Direct detection of scattered light gaps in the transitional disk around HD 97048 with VLT/SPHERE

•
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ig. 2. SPHERE/IRDIS DPI (left) and ADI (right) images of HD 97048. The recovered disk structure is indicated. In the r2 -scaled DPI image we
ee signal at the (forward scattering) positions of the two outermost rings recovered in the ADI image. In addition, we see some signal on the far
de of the disk that likely originates from the backscattering side of these outermost rings.

o better compare the NACO data to our new SPHERE observa-
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HD 97048
C. Ginski et al.: Direct detection of scattered light gaps in the transitional disk around HD 97048 with VLT/SPHERE
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ig. 2. SPHERE/IRDIS DPI (left) and(a)
ADI (right) images of HD 97048. The recovered disk structure is(b)
indicated. In the r2 -scaled DPI image we
ee signal at the (forward scattering) positions of the two outermost rings recovered in the ADI image. In addition, we see some signal on the far
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DPI
(left) andfrom
ADIthe
(right)
images with
ourofbest
fitting
ellipsesrings.
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(a)

(b)

ig. 2. SPHERE/IRDIS DPI (left) and ADI (right) images of HD 97048. The recovered disk structure is indicated. In the r2 -scaled DPI image we
ee signal at the (forward scattering) positions of the two outermost rings recovered in the ADI image. In addition, we see some signal on the far
ide of the disk that likely originates from the backscattering side of these outermost rings.

To better compare the NACO data to our new SPHERE observaons, we re-reduced the archival data as described in Sect. 2.3.
While we clearly recover the same cross-shaped inner region of
he disk that was also found by Quanz et al. (2012), we now also
marginally detect Ring 2 in H band (especially the northern ansa,
ee Fig. 1). Furthermore we unmistakably detect Ring 2 in the
Ks -band image. It is still unclear what produced the strong horzontal signal in the inner part of the disk in the NACO data.
However, it is not seen in the much higher quality SPHERE data,
o it is presumably a PSF or instrumental polarization artefact.
We used the NACO data to compare the recovered surface
rightness in H band with our measurement in J band to deermine if there are any apparent colour e↵ects present in the
isk. We used H band alone since in Ks band most frames are
utside of the linear response regime of the detector close to
he stellar position and can thus not be calibrated photometrially. Figure 3 shows the surface brightness profile along the
major axis of the disk in the northern (PA = 3 , see Sect. 3.2)
nd southern (PA = 183 ) directions obtained from the unscaled
Q J-band image. The profile is obtained by selecting all pixls that are azimuthally less than 10 away from the major axis.
These pixels are binned radially in 40 mas and 60 mas wide bins
or SPHERE and NACO, respectively, between 0.05 arcsec and
arcsec. The error bars show 1 uncertainties of the surface
rightness in the unscaled U image. More specifically, we dened annuli at the same radial distance and with the same radial
width as the Q surface brightness bins and determined the stanard deviation of the U pixels within each annulus. The profiles
n Fig. 3 show the surface brightness contrast of the polarized
cattered light from the disk with the stellar magnitude (assumng 6.67 ± 0.05 mag in H band and 7.27 ± 0.02 mag in J band,
Cutri et al. 2003), which allows us to compare our photometrially calibrated disk brightness in J and H bands.
We find that the surface brightness in H band corresponds
well with our own J-band measurement, i.e. we do not find a
trong colour dependency of the scattered light surface brightess. This could be an indication that the scattered light signal is

HD97048
(a)

(b)

Fig. 4. SPHERE/IRDIS DPI (left) and ADI (right) images with our best fitting ellipses superimposed. Fitted rings are shown as blue dashed lines,
while fitted gaps are shown as white solid lines. The green disk in the centre of the system indicates the size of the utilized coronagraphic mask.

Fig. 3. Calibrated surface brightness profile along the major axis of
the disk for our polarimetric SPHERE J-band data, as well as archival
NACO H-band data. No significant colour e↵ects are visible between
the two bands outside of Gap 1. The dotted horizontal lines give the sky
background limit of our SPHERE data as measured in the Q image.

dominated by particles larger than the wavelength, and for which
thus no colour dependency would be expected. However, the
disk structures are only detected at very low signal-to-noise in
the NACO image, thus further SPHERE observations in the visible and near-infrared wavelength range will be needed to confirm
this finding.
3.2. Fitting of disk features and scattering height
determination

To quantify the geometry of the disk we fitted ellipses to the rings
and gaps detected with high signal-to-noise in our SPHERE DPI
and ADI data. Ellipses o↵set from the stellar position should
describe the features sufficiently, assuming that we are looking
at an axisymmetric, inclined, flared disk.
A112, page 5 of 11

Fig. 5. Cross section of the disk model suggested by our observations. The location and the height of the depicted rings is to scale, while the width
of individual features is not. We use Ring 3 as an example to show the geometrical relation between the height and centre o↵set of individual rings
assuming an axisymmetric disk. We note that the gaps in the disk are shown empty in this schematic view for simplicity, while in reality the gaps
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ig. 2. SPHERE/IRDIS DPI (left) and ADI (right) images of HD 97048. The recovered disk structure is indicated. In the r2 -scaled DPI image we
ee signal at the (forward scattering) positions of the two outermost rings recovered in the ADI image. In addition, we see some signal on the far
ide of the disk that likely originates from the backscattering side of these outermost rings.

To better compare the NACO data to our new SPHERE observaons, we re-reduced the archival data as described in Sect. 2.3.
While we clearly recover the same cross-shaped inner region of
he disk that was also found by Quanz et al. (2012), we now also
marginally detect Ring 2 in H band (especially the northern ansa,
ee Fig. 1). Furthermore we unmistakably detect Ring 2 in the
Ks -band image. It is still unclear what produced the strong horzontal signal in the inner part of the disk in the NACO data.
However, it is not seen in the much higher quality SPHERE data,
o it is presumably a PSF or instrumental polarization artefact.
We used the NACO data to compare the recovered surface
rightness in H band with our measurement in J band to deermine if there are any apparent colour e↵ects present in the
isk. We used H band alone since in Ks band most frames are
utside of the linear response regime of the detector close to
he stellar position and can thus not be calibrated photometrially. Figure 3 shows the surface brightness profile along the
major axis of the disk in the northern (PA = 3 , see Sect. 3.2)
nd southern (PA = 183 ) directions obtained from the unscaled
Q J-band image. The profile is obtained by selecting all pixls that are azimuthally less than 10 away from the major axis.
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arcsec. The error bars show 1 uncertainties of the surface
rightness in the unscaled U image. More specifically, we dened annuli at the same radial distance and with the same radial
width as the Q surface brightness bins and determined the stanard deviation of the U pixels within each annulus. The profiles
n Fig. 3 show the surface brightness contrast of the polarized
cattered light from the disk with the stellar magnitude (assumng 6.67 ± 0.05 mag in H band and 7.27 ± 0.02 mag in J band,
Cutri et al. 2003), which allows us to compare our photometrially calibrated disk brightness in J and H bands.
We find that the surface brightness in H band corresponds
well with our own J-band measurement, i.e. we do not find a
trong colour dependency of the scattered light surface brightess. This could be an indication that the scattered light signal is

HD97048

(a)

Fig. 4. SPHERE/IRDIS DPI (left) and ADI (right) images with our best fitting ellipses superimposed. Fitted rings are shown as blue dashed lines,
while fitted gaps are shown as white solid lines. The green disk in the centre of the system indicates the size of the utilized coronagraphic mask.
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Fig. 5. Cross section of the disk model suggested by our observations. The location and the height of the depicted rings is to scale, while the width
of individual features is not. We use Ring 3 as an example to show the geometrical relation between the height and centre o↵set of individual rings
assuming an axisymmetric disk. We note that the gaps in the disk are shown empty in this schematic view for simplicity, while in reality the gaps
are likely not devoid of material. This figure was adapted from de Boer et al. (2016).

(e.g. Mishchenko et al. 2000). Therefore, a measurement of the
(polarization) phase function of the scattered light image will
allow us to put constraints on the grain properties in the disk
surface of HD 97048. We follow the method from Stolker et al.
(2016), which maps the scattered light image onto a power law
shaped disk surface. In this way, we can calculate the disk radius

and scattering angle in each pixel which is required to determine
the scattering phase function and to construct r2 -scaled images
that correct both for the inclination and thickness of the disk.
In Sect. 3.2 we used ellipse fitting to determine at several disk
radii the height of the disk surface where in radial direction the
optical depth is unity. The power law that was fitted to those data
A112, page 7 of 11

Fig. 3. Calibrated surface brightness profile along the major axis of
the disk for our polarimetric SPHERE J-band data, as well as archival
NACO H-band data. No significant colour e↵ects are visible between
the two bands outside of Gap 1. The dotted horizontal lines give the sky
background limit of our SPHERE data as measured in the Q image.

dominated by particles larger than the wavelength, and for which
thus no colour dependency would be expected. However, the
disk structures are only detected at very low signal-to-noise in
the NACO image, thus further SPHERE observations in the visible and near-infrared wavelength range will be needed to confirm
this finding.
3.2. Fitting of disk features and scattering height
determination

To quantify the geometry of the disk we fitted ellipses to the rings
and gaps detected with high signal-to-noise in our SPHERE DPI
and ADI data. Ellipses o↵set from the stellar position should
describe the features sufficiently, assuming that we are looking
at an axisymmetric, inclined, flared disk.
A112, page 5 of 11

Fig. 6. Height of the scattering surface above the disk midplane as cal-

HD 163296 with ALMA and SPHERE

ALMA (Isella+ 2016)
Muro Arena et al 2018

SPHERE
Height:
12.7 AU at 77 AU
aspect=0.16

Model vs
ALMA image

deling of the combined ALMA and SPHERE datasets of HD 163296

Fig. 4. Left panel: radial profiles of the ALMA image (bla
Height:
a 2-dimensional Gaussian kernel with
dimensions of 0.22 a
the flux density in elliptical12.7
annuliAU
of varying
at 77radii
AUand n
profile. The error bars for the ALMA profile were obtain
in each annuli. Right panel: side-by-side comparison of
Gaussian blurring.

Making the outer
ring disappear
default model

amin=5µm
Fig. 5. Side-by-side comparison of the Q
scattered light images for both H band (left)
and J band (right) for our observations (top),
model M0 (second row), model M1 (third
row), and model M2 (bottom). Model M0
consists of the model characterized by the
parameters in Table 1. Model M1 consists of
a UID inclined by 3 with respect to the outer
disk, characterized by an inclination i = 45
and position angle PA = 136 , along with a
small grain depletion characterized by a minimum grain size amin = 3 µm in zone 2c. Model
M2 consists of inclined UID and RID components inclined by 1.3 with respect to the rest
of the disk. This inclination is characterized
by i = 45 and PA = 133.2 . Increased settling

α=10-5

depleting zones 1 and 2a of the model by a factor 10 , 10 , 10 , and
complete depletion, respectively.
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SPHERE/ZIMPOL I_PRIM filter: sub-arcsec disk structures
A&A proofs: manuscript no. paper

the system is not seen face-on. Deriving the geometric parameters of the inner disk, needs to properly take these aspect into
account.
In section 2 of this letter, we derive analytical formulas for
the location of the shadow lanes cast by a highly misaligned inner disk onto the surface of a geometrically thick outer disk. In
section 3 we demonstrate how the equations can be applied to the
shadows seen in HD 100453 and compare the derived geometry
with values obtained for the innermost hot disk regions through
near-IR interferometry. In particular we show that, in contrast to
claims by Long et al. (2017), the geometric parameters derived
for HD 100453 in Benisty et al. (2017), are correct.

2. Analytic equations for shadow locations
We define the coordinate system where we put the positive
x axis towards the North, the positive y axis towards the East,
and the positive z axis towards the observer. The normal vector
of the inner disk, n̂1 , and outer disk, n̂2 have to be rotated according
to theirspiral
respectivearms
inclination and position angles, ✓1,2
- Two
and 1,2 . We rotate the vectors along the x-axis for inclination
with- theTwo
rotationshadows
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0 77
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and after that for the position angle along the z-axis with the
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Fig. 1. Cartoon representation of the shadows cast on the outer disk of
a transitional disk by a misaligned inner disk. For the purpose of clarity
the inner disk is blown up significantly to be able to better visualise the
geometry. Indicated are the ellipses of the inner and outer disks showing
Benisty+
2017
their position angles.
Also indicated
by the blue Min+
line is the2017
connecting

rophysical Journal, 868:85 (14pp), 2018 December 1
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Figure 4. Left panels: radial mapping from 0 25–0 7 of all the panels shown in Figure 1. The color scale is linear and the maximum value taken in each case is 80%

Take-home messages
•

•

Care needs to be taken when interpreting scattered light
images of disks because of illumination. WYSINWYG
•

The (polarized) phase function creates structures that have no relation to the structure of the
disk

•

Ring structures are real in that the surface get steeper or sicks out of a shadows region.
The same is true for spirals.

•

Gaps can be gaps or surface height dips.

•

Radial structures spanning large parts of the disk are generally caused by shadows.

What is real?
•

Rings can be used to measure the shape of the surface, with significant implications for
mixing and settling.

•

Locally bright features, once phase function effects have been removed represent structure
in the disk (increased scale height)

•

Shadows allow to peak into the inner disk and are sometimes time-variable.

•

Scattered light is very complementary to ALMA thermal emission.
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SPHERE vs ALMA
4

SPHERE disks team.
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