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ABSTRACT

Context. Debris disks are observed around 10 to 20% of FGK main-sequence stars as infrared excess emission. They are important signposts for
the presence of colliding planetesimals and therefore provide important information about the evolution of planetary systems. Direct imaging of
such disks reveals their geometric structure and constrains their dust-particle properties.

Aims. We present observations of the known edge-on debris disk around HIP 79977 (HD 146897) taken with the ZIMPOL differential polarime-
ter of the SPHERE instrument. We measure the observed polarization signal and investigate the diagnostic potential of such data with model
simulations.

Methods. SPHERE-ZIMPOL polarimetric data of the 15 Myr-old F star HIP 79977 (Upper Sco, 123 pc) were taken in the Very Broad Band (VBB)
filter (1. = 735 nm, A4 = 290 nm) with a spatial resolution of about 25 mas. Imaging polarimetry efficiently suppresses the residual speckle noise
from the AO system and provides a differential signal with relatively small systematic measuring uncertainties. We measure the polarization flux
along and perpendicular to the disk spine of the highly inclined disk for projected separations between 0.2 (25 AU) and 1.6” (200 AU). We
perform model calculations for the polarized flux of an optically thin debris disk which are used to determine or constrain the disk parameters of
HIP 79977.

Results. We measure a polarized flux contrast ratio for the disk of (Fyop)aisk/Fx = (5.5 £ 0.9) X 10~ in the VBB filter. The surface brightness of
the polarized flux reaches a maximum of SB,,, = 16.2 magarcsec™ at a separation of 0.2”"—0.5" along the disk spine with a maximum surface
brightness contrast of 7.64 mag arcsec™2. The polarized flux has a minimum near the star <0.2” because no or only little polarization is produced
by forward or backward scattering in the disk section lying in front of or behind the star. The width of the disk perpendicular to the spine shows a
systematic increase in FWHM from 0.1” (12 AU) to 0.3”-0.5", when going from a separation of 0.2 to >1". This can be explained by a radial
blow-out of small grains. The data are modelled as a circular dust belt with a well defined disk inclination i = 85(+1.5)° and a radius between
ro = 60 and 90 AU. The radial density dependence is described by (r/ry)* with a steep (positive) power law index @ = 5 inside r, and a more
shallow (negative) index @ = —2.5 outside ry. The scattering asymmetry factor lies between g = 0.2 and 0.6 (forward scattering) adopting a
scattering-angle dependence for the fractional polarization such as that for Rayleigh scattering.

Conclusions. Polarimetric imaging with SPHERE-ZIMPOL of the edge-on debris disk around HIP 79977 provides accurate profiles for the
polarized flux. Our data are qualitatively very similar to the case of AU Mic and they confirm that edge-on debris disks have a polarization
minimum at a position near the star and a maximum near the projected separation of the main debris belt. The comparison of the polarized flux
contrast ratio (Fpop)aisk/ F» with the fractional infrared excess provides strong constraints on the scattering albedo of the dust.

Key words. planetary systems — stars: individual: HIP 79977 (HD 146897) — instrumentation: high angular resolution — scattering —
techniques: polarimetric

1. Introduction

Many main-sequence stars with circumstellar dust have been
identified based on the detection of infrared (IR) excess emis-
sion (Aumann et al. 1984; Oudmaijer et al. 1992). For nearby
systems with strong IR excess, like 8 Pic, Fomalhaut, HR 4796A
and others, it was shown with high contrast observations that
this dust is located in disks or rings (Smith & Terrile 1984;
Backman & Paresce 1993; Schneider et al. 1999; Kalas et al.
2005) around the central star. The dust is attributed to dust debris
from collisions of solid bodies in a planetesimal disk, similar to
the Kuiper belt in the solar system (see e.g., Wyatt 2008, for a
review). The lifetime of small dust particles, which are the main
component for the IR-excess emission, is very short because
they are blown out of the system by radiation pressure or stellar
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winds and therefore they must be replenished by ongoing colli-
sions in the system. Bright debris disks are particularly frequent
around young stars where they are the last phase of the evolu-
tion of planet-forming disks and for this reason young, bright
giant planets are often found in systems with debris disks (e.g.,
Kalas et al. 2008; Marois et al. 2008; Lagrange et al. 2010). For
older stars (>108 yr) the debris disks are rare and usually faint
with a few interesting exceptions which could be caused by a
strong transient collisional event. Debris-disk structure has the
potential to reveal the dynamics of planetary systems and pro-
vide very important information about their evolution.
Important aspects for an understanding of the parent bod-
ies responsible for the debris dust are the disk geometry and the
dust particle sizes, structures, and compositions. The determi-
nation of the geometry requires spatially resolved observations
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of the disk. This can be achieved with IR-observations of
the thermal emission of the dust (e.g., Stapelfeldt et al. 2004;
Su et al. 2005; Wahhaj et al. 2007), or with high-contrast ob-
servations of the scattered stellar light (e.g., Golimowski et al.
2006; Schneider et al. 2014). Particle properties are difficult to
derive observationally, because the measurements are indirect
and often ambiguous. Typical particle sizes may be inferred
from the spectral energy distribution in the IR and the sep-
aration of the dust from the star. For hot dust, the composi-
tion can sometimes be inferred from spectral features, mainly
the silicate bands around 10 and 18 um (e.g., Chen et al. 2006;
Duchéne et al. 2014; Mittal et al. 2015; Olofsson et al. 2009,
2012; Moér et al. 2009) and the color of the scattered light might
also indicate grain size, porosity or composition of the particle
(e.g., Debes et al. 2008, 2013).

Up to now, most high-resolution and high-contrast images of
debris disks in scattered light have been taken with the Hubble
Space Telescope (HST) or adaptive optics (AO) observation us-
ing large telescopes from the ground. HST is a powerful high-
contrast instrument because the point spread function (PSF) is
not affected by a turbulent atmosphere and therefore it pro-
vides well calibrated intensity images of extended disks. AO
observations from the ground provide a high spatial resolution
but they suffer from the variable PSF which depends strongly
on atmospheric conditions. To reveal faint debris disks, high-
contrast data-reduction techniques like angular differential imag-
ing (ADI) or reference PSF subtraction must be applied. This can
be particularly difficult for ground-based AO data.

In this work we present data of the debris disk HIP 79977
which was observed with differential polarimetric imaging us-
ing the new, extreme AO instrument SPHERE-ZIMPOL at the
VLT (Beuzit et al. 2008). Polarimetry is an alternative and very
sensitive differential measuring method for accurate measure-
ments of the polarized and therefore scattered light from cir-
cumstellar dust in the bright halo of unpolarized light from
the central star. The measured polarization signal contains ad-
ditional diagnostic information on the scattering dust, different
from the intensity signal. But the diagnostic potential of po-
larimetry has hardly been investigated for debris disks because
only a few systems have been observed with polarimetry up
until a few years ago (Gledhill et al. 1991; Tamura et al. 2006;
Graham et al. 2007; Hinkley et al. 2009). With the advent of new
extreme AO systems, such as SPHERE and Gemini Planet Im-
ager (GPI), with sensitive polarimetric modes (e.g., Perrin et al.
2015; Olofsson et al. 2016; Draper et al. 2016) this technique
will become much more attractive. Our data on HIP 79977 are
also used to demonstrate the capabilities of SPHERE-ZIMPOL
for debris disks with imaging and polarimetric imaging. There-
fore, we provide more extensive information on data reduction,
analysis, and modeling.

HIP 79977 is a young, 15 Myr old (Pecautetal. 2012),
F2/3V star of the Upper Scorpius association, located at a dis-
tance of 1231% pc (van Leeuwen 2007). The ~1.5 M, star is
not known to have stellar or planetary companions so far. The
infrared excess was detected by the IRAS satellite and was as-
sociated with a bright debris disk based on the 24 and 70 um
excesses measured with Spitzer Multiband Imaging Photome-
ter (MIPS; Chen et al. 2011). The authors supported their sug-
gestion with the high-resolution optical spectra obtained with
Magellan MIKE spectrograph which showed no signs of ac-
tive accretion onto the star. There is not much gas in the disk
because only a tentative detection of the CO gas was reported
by Lieman-Sifry et al. (2016), suggesting that the amount of
gas in the disk is small compared to the amount of dust. The
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fractional IR luminosity of Lig/L, = 5.21 X 1073 of this tar-
get is high but not exceptional. Among 46 young F-type stars of
the Scorpius-Centaurus OB Association with mass ~1.5 M and
age between 10 and 17 Myr which were identified as debris disk
systems, 11 show a fractional IR luminosity higher than 1073
(Jang-Condell et al. 2015).

The disk around HIP 79977 was imaged in scattered light
intensity, or Stokes /, in the H-band and also detected with po-
larimetry with the Subaru HiCIAO instrument (Thalmann et al.
2013). The observations revealed an edge-on disk extending
out to approximately 2” (250 AU), though its inner regions
(r < 0.4”) were hidden by residual speckles. These data show
that HIP 79977 is a good case for an edge-on debris disk fitting
well onto the detector field of view (3.6” x3.6"") of the SPHERE-
ZIMPOL instrument. Similar full disk observations are not pos-
sible with this instrument for the famous nearby examples 8 Pic
or AU Mic, because they are too extended.

The paper is organized as follows. In Sect. 2 we describe the
observations and present the data. Section 3 is dedicated to the
methods of the data reduction and Sect. 4 to the polarimetric data
analysis. Then, in Sect. 5, we give a description of our model for
the spatial distribution of the dust developed to reproduce the
morphology of the HIP 79977 debris disk and present the results
of the modeling. Finally, in Sect. 6, we compare results from
this work with the disk models obtained in previous studies of
HIP 79977 and discuss the diagnostic potential of polarimetric
measurements of debris disks.

2. Observations

The SPHERE Planet Finder instrument for high-contrast ob-
servations in the near-IR and visual spectral range consists
of an extreme adaptive optics (AO) system and three focal
plane instruments for differential imaging (Beuzit et al. 2008;
Kasper et al. 2012; Dohlen et al. 2006; Fusco et al. 2014). The
data described in this work were taken with the ZIMPOL (Zurich
Imaging Polarimeter) subsystem working in the spectral range
from 520 nm to 900 nm (Schmid et al. 2012; Bazzon et al. 2012;
Roelfsema et al. 2010). The SPHERE-ZIMPOL configuration
provides a spatial resolution of 20-30 mas and observing modes
for angular differential imaging and polarimetric differential
imaging. The pixel scale of ZIMPOL is 3.60 mas per pixel and
the field of view is 3.6” x 3.6”. ZIMPOL has two camera arms,
caml and cam2, and data are taken simultaneously in both arms,
each equipped with its own filter wheel.

A special feature of the ZIMPOL detectors is the row masks
covering every second row of the detector which is implemented
for high-precision imaging polarimetry using a polarimetric
modulation and on-chip demodulation technique (Schmid et al.
2012). A raw frame taken in imaging mode has only every
second row illuminated and the useful data has a format of
512 x 1024 pixels where one pixel represents 7.2 X 3.6 mas on
the sky. The same format results from polarimetric imaging for
the perpendicular /, and parallel /; polarization signals stored in
the “even” and “odd” rows respectively. The advantage of this
technique is that the images with opposite polarization /, and I,
are recorded using the same detector pixels. This significantly
reduces the differential aberation between I, and I; and flat-
fielding issues. In the data reduction the /, and I frames, each
512 x 1024 pixels, are extracted. In a later step in the reduction
the 512x 1024 pixel images are expanded into 1024 x 1024 pixel
images with a flux conserving interpolation so that one pixel in
the reduced image corresponds to 3.6 X 3.6 mas on sky.
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Table 1. Summary of observations.

Date/observation Instrument  Filter Filter Integration time [s] Observing conditions
identification mode arm 1 arm 2 DIT! Tot? Eff Airmass  Seeing [] 7 [ms]
2014-08-15/
OBS227_0003-0006 imaging VBB I_PRIM 60 2400 1740 1.00-1.01 0.9-1.7 1.7-2.8
2015-04-24/
OBS114_0122-0200 SP VBB VBB 16 5120 3872 1.03-1.27 1.1-2.2 0.9-1.8

Notes. (V' Detector integration time (DIT). ® Total integration time on source.  Total integration time of all frames used in the data reduction.

All SPHERE-ZIMPOL observations of HIP 79997 are sum-
marized in Table 1.

Imaging observations of HIP 79977 were carried out during
a SPHERE commissioning run in August 2014 using the VBB
or RI-band filter (1. = 735 nm, A2 = 290 nm) in cam1 and the
I-band filter (1. = 790 nm, A1 = 153 nm) in cam2. A sequence
of 40 frames with a total exposure time of 40 min was taken
in pupil tracking mode for angular differential imaging (ADI;
Marois et al. 2006). The atmospheric conditions were strongly
variable with a seeing between 0.9” and 1.7 and short coher-
ence times between 1.7 and 2.8 ms.

Polarimetric measurements were taken as part of the
SPHERE guaranteed time observations (GTO) on April 24,
2015 in field stabilized instrument mode (P2) and using the
slow polarimetry (SP) detector mode with modulation frequency
~27 Hz. The wide VBB filters were used in both arms of the
instrument. We observed the target with four different sky ori-
entations on the CCD detectors with position-angle offsets of
0°, 50°,100° and 135° with respect to sky North. We recorded
several polarimetric QU-cycles for each position angle. In one
cycle, the half-wave plate (HWP) is rotated by 0°, 45°, 22.5°
and 67.5° for measurements of the Stokes linear polarization
parameters Q, —Q, U, and —U, respectively. In total 320 frames
with an on-source integration time of about 85 min were taken.
The observing conditions for the polarimetric observations were
strongly variable with rather poor seeing conditions (varying
from 1.07” to 2.23") and passing clouds, so that the AO system
loop crashed repeatedly. Figure 1 shows the registered source
counts illustrating the variable atmospheric extinction.

The peak of the stellar PSF is saturated by at most a factor of
10 in the center (r < 3 pixels) for the imaging and also the cloud-
free polarimetric observations. Non-coronagraphic, moderately
saturated observations were chosen to optimize the dynamical
range of the data at small angular separation with not too much
sensitivity loss at large separation due to read-out noise.

3. Data reduction
3.1. Angular differential imaging

For the basic data reduction steps of images of total intensity
(Stokes I) taken in 2014, the SPHERE Data Reduction and
Handling (DRH) software (Pavlov et al. 2008) was used. This
includes the image preprocessing, dark frame subtraction and
flat-fielding. All 40 frames were visually inspected and 11 bad
frames containing strongly asymmetric PSFs and unexpected
features were rejected (see Table 1 for the total effective inte-
gration time after frame selection). These effects were caused
by phases when the control loop of the AO system failed or al-
most failed because of the “rough” atmospheric conditions. To
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Fig. 1. Total counts per second in the frames for the polarimetric ob-
servations of April 2015 illustrating the impact of clouds on the data.
Essentially only frames with count rates above 1x 10° (green line) were
used in the data reduction. The dashed lines mark the maximum counts
per frame 1.14 x 107 and the mean counts 8.6 X 10° for the frames con-
sidered in the data analysis.

reduce the impact of strong PSF variations, all selected frames
were rescaled by dividing them by the flux measured in an annu-
lus between ri, = 20 pixels and ry, = 150 pixels.

We used a LOCI algorithm (locally optimized combination
of images, Lafreniere et al. 2007) to remove the stellar light from
the images. LOCI divides each frame into segmented annuli;
for each segment, it then constructs a matching reference PSF
from a linear combination of similar segments taken from other
frames in the dataset. The two most important tuning param-
eters of the algorithm are Ns and Na. The former determines
the degree to which point sources in the data are protected from
self-subtraction: frames are excluded from the linear combina-
tion if their differential field rotation with respect to the working
frame is so small that a planet located in the working annulus
would move by less than Ny times the full width at half maxi-
mum (FWHM) between the two frames. The second parameter,
Ny, describes the size of the region in which the optimization is
performed in units of resolution elements.

When optimized for point-source detection, LOCI causes
dramatic self-subtraction and therefore signal loss in extended
structures such as circumstellar disks. However, the parameters
can be adapted to preserve more disk flux while still maintaining
some of the algorithm’s efficacy at speckle removal (“‘conserva-
tive LOCI”). Here, we adopt a small value of Ny = 0.5 and a
large value of Ny = 10000, which has proven effective in past
studies (e.g., Thalmann et al. 2010, 2011; Buenzli et al. 2010).
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Fig. 2. Composite image of debris disk around HIP 79977 with the VBB and /-band filters obtained with LOCI data reduction. The original data
were 3 X 3 binned to reduce the effect of the noise. The position of the star is marked by an asterisk in orange. The white dotted line shows the
position of the expected lines of nodes for an inclined disk ring. The color-scale is given in arbitrary units.

Scattered light from the debris disk is detected in the /-band
and VBB data along a line oriented in ESE-WNW direction
which is slightly offset (<0.1”) from the star towards SSW.
Emission is visible from 0.1” to beyond 1” from the star as
shown in Fig. 2. The LOCI reduction can be interpreted as an
edge-on disk with a high inclination i > 80°. At small separa-
tions from the star the southwest side of the disk is bright while
the northeast side is not detected. The main disk features ob-
served by us confirm the H-band observation of Thalmann et al.
(2013) but our data provide a higher spatial resolution and
S/N-detection.

3.2. Polarimetric differential imaging

The data have been reduced with the SPHERE-ZIMPOL soft-
ware developed at the ETH Zurich. The basic reduction steps
are essentially identical to the SPHERE DRH software.

The polarimetric data were also visually inspected and cor-
rectly recorded frames with count rates above 1 x 10° were se-
lected for the data reduction. The total integration time after re-
moving bad frames is 3872 s (see Table 1).

The ZIMPOL is designed as sensitive imaging polarime-
ter and it includes a series of differential techniques to reduce
systematic effects for the detection of faint polarimetric signals
(Bazzon et al. 2012; Thalmann et al. 2008). This includes the
combination of polarimetric modulation and a synchronous on-
chip demodulation where opposite polarization modes /, and J
are stored with charge shifting in the “odd” and “even” detec-
tor pixel rows on the CCD. Furthermore, every second frame
reverses the up and down shifting to account for charge shifting
differences, and every Q* = I, — Ij-frame is complemented with
a O~ = I — I, -frame to compensate the instrumental polariza-
tion. These steps are intrinsic parts of the observing strategy.

A basic data reduction is often sufficient to identify a bright
circumstellar disk. Sometimes, better results can be obtained if
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also the residual telescope polarization is taken into account.
This is a more difficult task, because pr and the orientation 6t of
this polarization depends on color, rotation mode P1 or P2, and
pointing direction and the correction law is not available yet.
A preliminary analysis of the calibration with zero-polarization
standard stars indicates a telescope instrumental polarization at
the level of py =~ 0.5%. A useful work-around provides a forced
normalization of the total counts of corresponding frames, for
example, I, = Iy or 0" = Q™ = 0. However, such procedures
can introduce spurious signals and must be applied with caution
because they treat the intrinsic polarization of the central star or
an interstellar polarization signal like a (instrumental) telescope
polarization signal.

Early ZIMPOL-SPHERE observations demonstrate that the
basic reduction steps combined with the forced normalization
trick yield high-quality polarimetric images of proto-planetary
disks (Garufi et al. 2016; Stolker et al. 2016). However, one
should be aware, that the contrast of even a bright debris disk
like HIP 79977 is about one order of magnitude lower than a
bright proto-planetary disk. For this reason additional systematic
effects need to be corrected.

Systematic noise from the instrument can also be reduced by
averaging data taken with different field orientations. We have
taken such data for HIP 79977 but the improvement is limited
because certain position angles were strongly affected by clouds.
Important for the quality of the final result is a careful centering
of individual images to a high precision. This works well with a
fit of a two-dimensional (2D) Gaussian function to the steep in-
tensity gradients of the stellar profile, despite the often saturated
central peak. The estimated centering accuracy is <0.3 pixels or
<1 mas.

Finally, we found that the combination of the final frames
from caml and cam2 is also very beneficial for the image
quality. Spurious polarization signals introduced by temporal
variations of the atmosphere and AO system are opposite in the
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13 16 19 22 25

Fig. 3. Polarimetric differential imaging data of HIP 79977 with the VBB filter (590-880 nm). The mean images show polarized flux Stokes Q
(lefty and U (right) after 3 X 3 binning. The position of the star is marked by an asterisk in orange. The image region located within a white
stellarcentric circle with a radius of ~0.12” is dominated by the strong speckles variations. The color-bar shows the counts per binned pixel.

two channels if the same filters are used in caml and cam2 so
that in a mean image some temporal effects are compensated.

After all these data reduction steps, significant signals of
polarized light from the debris disk are clearly visible in the
Stokes Q and U images (Fig. 3). The central star is marked with
an asterisk, and the white circle shows the immediate region
surrounding the star which is affected by saturation and strong
speckle noise.

The Q and U images both show a faint negative halo around
the central star. This could be explained by a residual polariza-
tion signal of —0.3% and —0.2% of the stellar PSF in the Q and
U images respectively which could be the result of the applied
“forced normalization” described above. This effect can be cor-
rected by:

Onew = Q +0.003 * I,
Upew = U +0.002 * I,

ey
@)

where [, and I, are mean stellar intensities measured in Q and
U cycles respectively.

Diffraction from the telescope spider could be an additional
effect contributing to the observed halo. The orientation of the
vertical telescope spider coincides during the polarimetric ob-
servations with the negative regimes above and below the disk
in Q and U images. Further characterization of the instrument is
needed to understand the origin of this signal.

Azimuthal polarization images: From the Stokes Q and U
maps we can compute the intensity of the polarized flux P =
0% + U2. However, P is affected for low signal-to-noise (S/N)
data by a systematic bias effect because of squaring of Q
and U parameters. Therefore we characterize the disk polar-
ization pattern with a locally defined azimuthal/radial Q- and
U-parameter definition with respect to the central light source
as discussed in Schmid et al. (2006). Single scattering off dust

particles in optically thin debris disks generates linearly polar-
ized light with the electric field vector azimuthally oriented with
respect to the star. Polarization in the azimuthal direction is de-
fined by the Stokes parameter Q,,:

0, = —(Qcos 2¢ + U sin 2¢), 3)

where ¢ is the polar angle between north and the point of interest
measured from the north over east. The Stokes parameter U,:

“

defines the polarization pattern in the directions +45° with re-
spect to the Q,, direction.

Figure 4 shows the final Q, and U,. The Q, image clearly
reveals the nearly edge-on disk structure down to a projected
separation of ~0.1”. Polarized light is detected across the entire
width of the image of ~3.6”". The peak of the surface brightness
appears here as a narrow stripe below the expected major axis of
an inclined circular ring (white dotted line) with a flux minimum
near the position of the star.

By contrast, the U, image contains no structural features
from the disk. Assuming azimuthal polarization of light gener-
ated in single scattering processes and no multiple scattering (see
Canovas et al. 2015), we do not expect to find any astrophysical
signal in the U, image. Therefore, this image can be used for an
estimation of the statistical pixel to pixel noise level and large-
scale systematic errors in our observations.

Very close to the star, marked by a white circle with a
r =~ 0.12” (Figs. 3 and 4), the data are unreliable because of
strongly variable wings of the PSF peak. Also visible are the
faint features at » > 0.12” above and below the disk which are
negative in the Q and U images, and appear as positive signal in
the Q, and U, images. These features are much fainter (factor
<0.1) than the disk signal and originate most likely from poorly
corrected instrumental effects because an intrinsic signal is ex-
pected to produce no U, signal.

U, =—-0sin2¢p + U cos2¢p
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Fig. 4. Polarimetric differential imaging data of HIP 79977 with the VBB filter (590-880 nm). The original data were 3 X 3 binned to reduce the
noise. The position of the star is marked by an asterisk in red. The upper panel shows Q, (left) and U, (right) images. Lower panel: isophotal
contours of polarized light overlying O, image. The contours were measured from the Q, image smoothed via a Gaussian kernel with o~ = 1.5 px.
Contour levels are given for 3 (blue line), 9 (light blue), 15 (orange) and 21 (red) counts per frame per binned pixel. The white dotted line shows the
position of the expected ring axis. The region inside the white stellarcentric circle with radius ~0.12” is dominated by strong speckles variations.

The color-bars show the counts per binned pixel.

4. Data analysis
4.1. Disk position angle

We measured the position angle of the disk in the Q,-image by
the determination of the orientation of the mirror line through
the central star perpendicular to the disk. The best position an-
gle was found by searching with an angle increment of 0.1° the
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orientation of the mirror line which produces the smallest resid-
uals if one side is subtracted from the other side.

The results from the polarimetric and imaging data sets
agree. After including ZIMPOL’s True North offset of —2° we
obtain the position angle of the disk axis to be f4;5x = 114.5°
0.6°. This value is in good agreement with PA = 114° reported by
Thalmann et al. (2013) for the scattered light images in H-band
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and with PA = 115° measured by Lieman-Sifry et al. (2016) in
the sub-mm range.

We define an x —y disk coordinate system where the star is at
the origin, +x is the coordinate along the major axis in roughly
WNW-direction (4isx + 180°), —x towards ESE (84isx ), and y per-
pendicular to this with the positive axis towards NNE (or 24.5°
EoN). The disk images in Figs. 2 and 4 and the plot coordinates
in Figs. 5 and 6 are given in this system.

Scattered light images of edge-on disks after classical ADI,
LOCTI or PCA-ADI reductions suffer from the disk flux over-
subtraction particularly in the regions close to the star. The de-
gree of flux loss depends on the shape of stellar PSF and, hence,
on the observational conditions. This also applies to the total in-
tensity image of the disk shown in Fig. 2. In contrast, the inten-
sity of the polarized light in the O, image is not strongly affected
by the data reduction and better suited for the analysis of the disk
structure. Therefore, in the following sections, we study, model
and discuss the distribution of the polarized surface brightness
based on the Q, image.

4.2. Polarized light brightness profiles vertical to the disk

Figure 5 shows the vertical brightness profiles at different sep-
arations x from the star which are obtained from the Q, im-
age by applying a wide binning of 30 pixels (108 mas) in
x-direction and a narrow binning of 3 pixels in y-direction. Ob-
viously, the disk structure is very similar or symmetric on the
east-southeast (ESE) and west-northwest (WNW) sides of the
disk, with strongly peaked vertical profiles at small separations
x <5 0.5 (560 AU) and weak and broad profiles at large separa-
tions x > 0.7” (287 AU). The innermost profiles at x = +0.16”
and also slightly at x = +0.27” are affected by the residual in-
strumental features restricted to small |x|-coordinates.

The vertical profiles can be fitted well by the Moffat function
(Trujillo et al. 2001)

_ 218
1+(.’4 yo)} ’
a

where ay is the flux peak located at a vertical distance y, from
the disk major axis. The parameter @ and exponent S are related
to the FWHM by

FWHMy; = Ay = 2a\25 — 1.

We used a non-linear least squares algorithm to find the best fit
parameters for the vertical Moffat profiles.

Figure 6 shows the x-dependence of the vertical profiles
along the major axis of the disk. The top panel (Fig. 6a) demon-
strates the nearly identical decrease of the profile’s peak as a
function of the projected separation +x for both sides of the
disk. The profiles with the highest peak flux ay lie between
x = +(0.20” and 0.45""). The results of our measurement of in-
terior r ~ 0.2"” cannot be considered as reliable because of the
residual speckle noise and detector saturation effects.

As shown in Fig. 6b, the disk width Ay is continuously in-
creasing with separation |x| from about Ay ~ 0.08" (~10 AU)
at x = 0.2” (~25 AU) to Ay = 0.3” (~37 AU) at x = 0.8”
(~100 AU). At |x| > 1” the disk width is not well defined but the
ESE side seems to be broader than the WNW side. The points
beyond x = 1.6” are not included in this estimate because of the
low S/N at large separation.

The blue line in Fig. 6¢ gives the vertically integrated polar-
ized flux P(x) per Ax-interval (width 108 mas) along the major

M@y = am

axis. The integration in y-direction is from y = —0.9” to +0.9”
for each x-bin. The blue dots are the same but the integrated flux
is derived from the fitted Moffat profiles. According to this, the
maximum brightness in polarized light of the edge-on disk in
HIP 79977 is at a separation of x = 0.6” (~74 AU). There is a
very small discrepancy between data and fit for x < 0.6” be-
cause the Moffat profile cannot fit correctly negative flux values
at small angular separations which originate from the systematic
effects described above.

The vertical offset yy(x) of the disk spine is shown in Fig. 6d.
The spine curve is roughly symmetric with respect to xo. The
smallest yo-offset is approximately —25 +5 mas (2.5 AU) around
x ~ 0.6” £ 0.1”. Closer to the star, x ~ =0.3”, the spine is
further away from the major axis with yg = —50 mas, and also
in the outskirts (Jx| = 1”") the yo-offset is even more than 50 mas.
In comparison, the offset yy(x) of the disk spine measured in the
imaging data (Fig. 2) is approximately —60 + 5 mas (7.5 AU)
at [x| < 0.3”. For larger separations, the yo-offset in intensity
is smaller and achieves a minimum ~—45 mas at |x| = 0.7” +
0.05".

4.3. Polarized flux, surface brightness and contrast

The polarimetric image in Fig. 4 and the deduced profiles in
Fig. 6 serve as basis for the quantitative determination of the
polarized flux and surface brightness of the disk which can both
be compared to the stellar brightness with “contrast” parameters.

We derive the total polarized flux of the debris disk by sum-
ming up all the bins from |x| = 0.3” to 1.8” along the major
axis in the integrated flux profile P(x) given in Fig. 6¢. This does
not include the innermost regions |x| < 0.2”. Only a small po-
larization signal is expected at small apparent separations for a
disk or ring with an inner radius r > 0.2”, because at small sep-
arations we observe scattering from the disk sections located in
front of and behind the star. This forward and backward scatter-
ing produces only little polarization. Thus, one can approximate
the innermost disk with a linear extrapolation of the measured
curve from P(x = 0.27”) to P(x = 0.0”) = 0 (red dotted line in
Fig. 6¢).

This neglects a possible contribution of polarized flux from
warm dust located very close (r < 0.2”) to the star. Studies on
the spectral energy distribution of HIP 79977 (e.g., Chen et al.
2011) indicate that there is no significant (>1%) signal to the
IR excess emission from warm dust at small separation. There-
fore, we assume that there is also no significant unresolved con-
tribution from an inner disk to the polarization signal.

The polarized flux in the VBB filter, covering an effective
aperture area of 3.6”" X 1.8” and including the interpolated points
inside interval |x| < 0.3”, amounts to 5800 counts per second and
per ZIMPOL arm. This value must be corrected for the variable
atmospheric transmission 7y, (Fig. 1) using a factor of fior =
1/Taym = 1.3 £0.1. This yields a corrected count rate of 7540 +
800 cts/s where the uncertainty is dominated by feor-

The determination of the stellar flux of HIP 79977 must ac-
count for the saturation of the PSF core and the cloudy weather.
We first determine the mean value of 1.13 x 107 cts/s in the
VBB filter for frames 210-280 which were apparently not af-
fected by clouds (Fig. 1). Because the exposure is saturated out
to the radius r = 3 px some flux is lacking. To account for
the saturated part of the PSF, we compare the HIP 79977 profile
with high-quality ZIMPOL PSFs of the standard star HD 183143
(STD261_0013-24, Schmid et al. 2017), which were taken un-
der excellent atmospheric conditions. For the narrow band filters
N_R (1. = 646 nm, AA = 57 nm) and N_I (1. = 817 nm,
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Fig. 5. HIP 79977 polarized intensity cross-sections perpendicular to the disk major axis at several separations x from the central star. Blue crosses
are the data from the 30 x 3 px binned Q, image. Black solid lines show the Moffat profile fits to the data except for x = +0.16”, where the data
are unreliable because of systematic effects. The cross-sections are offset vertically by integer units for clarity. The yellow line marks the position

of the disk axis.
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Fig. 6. HIP 79977 debris disk properties along the axis x. The individual points give parameters of the Moffat profile of the vertical cross section
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Table 2. HIP 79977 photometry.

Filter A Al mag Omag  Ref.
(um)  (um) (mag) (mag)
HIP Hp 0.528 0.221 920 <0.01 1
Tycho V 0.532 0.095 9.11 0.02 2
Johnson V 0.554 0.082 9.09 <0.01 1
Gaia G 0.673 0.440 8.93 <0.01 3
ZIMPOL VBB 0.735 0.290 8.60 0.07 4
Johnson J 1.250 0.300 8.06 0.02 5
References. (1) ESA (1997); (2) Hggetal. (2000); (3) Gaia

Collaboration (2016); (4) this work; (5) Cutri et al. (2003).

AA = 81 nm), these PSFs contain within a radius of r = 5 px a
flux between ~20% and ~25% of the total stellar flux measured
for an aperture of 3” diameter. Based on this, we assume for
our HIP 79977 data, that the round annulus with inner and outer
radii rj; = 5 px and ry, = 416 px (=3” diameter) contains be-
tween ~75% and ~80% of the flux expected for an unsaturated
PSF profile. This yields for the corrected stellar count rates be-
tween 1.33 x 107 cts/s and 1.40 x 107 cts/s per ZIMPOL arm for
observations in the VBB filter in the slow polarimetric mode.
The count rates are converted to photometric magnitude
m(VBB) using the following expression (Schmid et al. 2017):

m(VBB) = —2.5log(cts/s) —am-k; (VBB) — mmode + zPima(VBB),

where am = 1.15 is the airmass, k;(VBB) = 0.086™ is the filter
coefficient for the atmospheric extinction, zpin,(VBB) = 24.61™
is the photometric zero point for the VBB filter and miyoge =
—1.93™ is an offset to the zero point which accounts for the used
instrument and detector mode. We obtain for HIP 79977 a mag-
nitude m(VBB) = 8.60™ + 0.07™ in good agreement with the lit-
erature values (see Table 2). The derived photometric magnitude
m(VBB) yields the color V-VBB = 9.09"-8.60™ = 0.49™ which
is close to the color index in the Johnson-Cousins’ photometric
system V — Ic = 0.44™ (e = 0.806 um, AA = 0.154 um for I¢;
Pecaut et al. 2012) for a F2/3V star.

For the polarized flux of the whole disk we get
mpgisk(VBB) = 16.6™ + 0.3™. This yields a ratio of total po-
larized flux of the disk to the stellar flux of (Fpo)dgisk/F+« =
(5.5+0.9) x 107*.

We determine for the peak surface brightness of the polarized
light SBpea (VBB) = 16.2™ arcsec ™2 along the inner (0.2”"-0.4"")
disk spine (Fig. 6a) and a surface brightness contrast for the po-
larized flux of SBpeak(VBB) — g0 (VBB) = 7.64 mag arcsec™2.
For the outer disk around x ~ +1.7" the surface brightness con-

trast is about 10 mag arcsec ™.

5. Modeling

To reproduce the physical appearance of the debris disk around
HIP 79977 we construct a 3D model for the scattered intensity
and the polarization flux from optically thin (single scattering)
dust. The disk is described by an axisymmetric dust distribution

using the cylindrical coordinates r = /x] + 43 and h, where

xq and yq describe the disk midplane and the axis & gives the
height above it (see Fig. 7). The disk model is projected onto an
x — y sky plane, where x = x4 defines the line of nodes and y
is the perpendicular axis through the central star. The z-axis is
equivalent to the line of sight to the star and the z-component is
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Fig. 7. Illustrative sketch of the debris disk with inclination i and co-
ordinate systems (x,y,z) and (xq, yq, #) used in model. The small blue
cube at scattering angle 6 marks the position (x, y, z) of a grid element
with grain number density n(x, y, z).

x=2x,

important for the calculation of the scattering angle 6. The disk
coordinates are related to the sky coordinates by:

X = Xq,
Y =Yyqcosi+ hsini,
z = —yqsini+ hcosi.

Following Artymowicz et al. (1989) we adopt a product of two
functions to describe the number density distribution n(r, h) of
dust grains in the disk

n(r,h) ~ R(r) Z(h).

For the radial R(r) and vertical Z(h) distribution profiles
we adopt expressions which are often used in the literature
(Augereau et al. 2001; Ahmic et al. 2009; Thalmann et al. 2013)
in accordance with the theory of a “birth ring”, a planetesimal
reservoir in analogy to the Kuiper Belt in the solar system. In
this ring, dust down to sub-micron sizes is produced by colli-
sions and evaporation of solid bodies. The radial profile is given
by the following expression:

r —2ain r “2ag\"1/2
KO :((r_o) * (70) ] : s)

where ry is the radius of planetesimal belt and radial power laws
rn (aj, > 0) and r* (@ < 0) describe the increase of grain
number density inside the “birth ring” and the decrease of the
density in the outer region, respectively. The vertical profile Z(h)
defines an exponential drop-off with the disk height:

Il \"
H(r)) ] ©

Z(h) = exp [—(

where y = 1 for a purely exponential fall off and y = 2 for the
Gaussian profile. For the scale height H(r) we assume a power
law dependence on radius

VB
H(r) = H(ro)(r—o) )

where H(ry) is a scale height at ry and S is the flare index of the
disk.
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For an optically thin debris disk the amount of scattered
radiation from a volume element with coordinates (r, k) is de-
termined by the intensity of the incident light at wavelength A
and the product of the average grain cross-section for scattering
(0 sca)(1, h) per particle with the number density n(r, h) of grains
in this volume. How much light is scattered by particles into the
specific direction depends on the scattering angle 6:

0= arccos[

Z )
VX2 +yr+ 22

and is described by the phase function f;(6). We derive the in-
tensity of the light in the computed image from the integral over
all grid cells along the line of sight or z-axis

Ly JaO) {Tsca, 2)(r, h) n(r, h) d
4nD? An(x* +y> + 2%)

I/l(x’ .’/) = Z, (7)

where L, denotes the HIP 79977 monochromatic luminosity at
wavelength A, D is the star-Earth distance and f;(6) is an aver-
aged dust scattering phase function (see Sect. 5.1).

The grain cross-section for scattering o, 1 is a product of
the grain geometrical cross-section with the grain-scattering ef-
ficiency Qsca. In general, the scattering efficiency as well as the
phase function depend on the wavelength of the incident light A
and the grain size, shape and composition. Assuming the same
composition and shape parameters for all grains in the unit vol-
ume with coordinates (7, 1), we can average over all particle sizes
to express 0 ga, 1(7, 1) per particle as

(Tsea ) 1) = 7 (Qscaa(@) @)

= n(:h) vasca,/l(a)a2 n(a)da,

Amin

®)

where a is a grain radius varying between the minimum Size dp;,
and maximum Size ay,,x for a given grain size distribution n(a),
and n(a) da defines the differential number density of grains with
radii in the interval [a, a + da]. The grain minimum and maxi-
mum sizes have to be fixed in our model if the phase function
is calculated from the Mie scattering theory. In detailed treat-
ments these parameters can vary freely but in order to reduce
the running time of the code, we simplify the computation of
the scattering cross-section by considering the same grain-size
distribution, grain sizes and optical properties everywhere in the
disk. In this case the average cross-section per particle is con-
stant through the disk and we can take it out of an integral:

Lﬁ<0—sca, ) fa@) n(r, h)
47 D? Ar(x2+y2 +72)
_a [[LORE)ZO )

(2 +y? +22)

I/l(x’ y) =

where A is a normalization parameter containing all constants
used in the model, such as the HIP 79977 luminosity and the
star-Earth distance, and so on.

In this work we concentrate on the polarized scattered light
from the debris disk. Therefore we need to model the polarized
flux, which requires the consideration of a different scattering
phase function f)(0, gsca) together with the corresponding angle
dependence of the produced polarization signal p,,(1)LP(0) as
discussed in the following subsection. The result follows then

from the integration

Pux.y) = Ly{0sca, 1) Pu( Q) LP(O) fa(0, gsca) n(r, h)
A= D 4r(x + y* + 22)
A fLP(Q) J1(8. gsea) R(r) Z(h) |
—p

2 +y?+722)

dz

Z, (10)

where A}, is the scaling factor A - py,.

The model images for the different polarization components
Iy, Ioo, 145 and I;35 must be convolved with an instrument PSF
before being combined to the model images of the Stokes param-
eters which can be compared with the observations. Because the
PSF shape is strongly variable, we selected a mean PSF which
is representative for the observations. This mean PSF was fitted
with a radial, rotationally symmetric Moffat profile which was
used for the convolution. The exact shape of the stellar PSF is
not so critical because our disk models have a relatively simple
structure.

5.1. The scattering phase function for polarized light

The phase function (PF) f,(0) in Eq. (7) characterizes the angle
dependence of scattered radiation. In the following, we disregard
the wavelength dependence of the PF.

A very popular way to describe the scattering phase function
is the Henyey-Greenstein (HG) function (Henyey & Greenstein
1941):

1-g°
4r(1 + g — 2g cos §)3/2°

10 = (11)

where g is the average of the cosine of the scattering angle which
characterizes the shape of the phase function. For isotropic scat-
tering g = 0, forward scattering grains have 0 < g < 1, while for
—1 < g < 0 the scattering is peaked backwards.

However, there exists also growing evidence that a simple
HG-function is a poor approximation for the modeling of the
scattered intensity from debris disks. This is nicely demonstrated
for the bright disk HR 4796A (Milli et al. 2017), which shows,
for small phase angles 8 < 30°, a strong diffraction peak and,
for large phase angles 6 > 30°, a scattering intensity which is
roughly angle-independent. Thus, a more general phase func-
tion, for example, a two-component (or double) HG function
seems to be required for the modeling of the scattered intensity
of highly inclined debris disks
f(6, gdite, gsca) = w - f(0, gaier) + (1 — w) - f(6, gsca), (12)
where the first term describes the strong diffraction peak, the
second term represents the more isotropic and much less forward
scattering part (see also Min et al. 2010), and w is the scaling
parameter, 0 < w < 1.

For the polarized scattered radiation from a debris disk the
situation is slightly different. The strong forward peak seen in
intensity, which can be ascribed to the light diffraction by large
particles a > 4, is expected to produce no significant light po-
larization. The scattering polarization is produced by the pho-
tons hitting the particle surface and interacting by diffuse reflec-
tion or/and refraction and transmission as described above by the
second term f (0, gsca)- But, in addition, the angle dependence of
the linear polarization LP(#) produced by the particle scattering
needs to be taken into account. For example, strict forward and
backward scattering will produce no polarization for randomly
oriented particles for symmetry reasons. We adopt the Rayleigh
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Fig. 8. Scattering phase function for the polarized light (blue) for three
different asymmetry parameters gs, = 0.2, gsea = 0.4, and gsca = 0.6.
Red lines show the corresponding Heyney-Greenstein functions for

S8, gca)-

scattering function as a simple approximation for the angle de-
pendence of the polarization fraction pg,:

1 —cos2@

m——— = PuLP(0),
1+ cos? 0 PnLP(6)

Dsca(0) = p

with the scaling factor p,,, which defines the maximum frac-
tional polarization produced at a scattering angle of 8 = 90°.

Figure 8 shows some examples of obtained phase function
for the polarized flux LP(0)f(6, gs) for different cases of the
HG function f(60, gsca). For isotropic scattering (gsca = 0) the
maximum of scattered polarized flux occurs at § = 90°. For
an asymmetry parameter gy, > O the maximum is shifted to
smaller scattering angles producing a corresponding asymmetry
in the amount of polarized light received from the front and back
sides of the disk. So, for example, the value of polarized flux PF
(gsca = 0.6) at 0 = 20° is 35 times higher than at 6 = 160°.

5.2. Model fitting

We have calculated 5.28 x 10® models for a parameter grid as
specified in Table 3 in order to find the set of model parameters
which best fit the observed polarized intensity image.

For the fitting, we reduced the number of image pixels by
3 x 3 binning and selected a rectangular image area with a length
of 341 and width of 100 binned pixels centered and aligned to
the disk x and y (major and minor) axes (see Fig. 9d). A round
area with a radius of 16 pixels (0.17”") centered on the star and
the spurious features near the saturated region are excluded from
the evaluation of the fit goodness. Figure 9 illustrates the differ-
ent steps in the image fitting procedure. From the model dust
distribution in the disk (a) the expected polarization flux is cal-
culated (b); convolved with the instrument PSF (c); fitted to ob-
servation (d); and the residuals (e) are then used for the y?2

image
evaluation of the image fit.
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Fig. 9. Comparison of the best-fit model with the Q, image. Panel a: Im-
age visualizing the dust distribution in the disk. Panel b: Model image
of the polarized light non-convolved with PSFE. Panel ¢: Model image
of the polarized light convolved with the instrumental PSF. Panel d: Q,
image from the data. The rectangular area outlined with an orange box
shows the minimization window as described in the body text. The or-
ange circle marks the central region of the image excluded from the x*
evaluation. Panel e: Residual image obtained after subtraction of the
PSF-convolved model image (c¢) from the Q, image (d). Color-scales of
images (a) and (b) are given in arbitrary units. The color-bar for images
(¢, d) and (e) shows polarized flux in counts per binned pixel.

The goodness of the fit was estimated for each model with
the reduced y2-parameter:

Nﬂ‘ﬂ
2 1 & [y — x(p)

= _ 2 5
Nyata Npa.r =1 O-yi

where Ngu, 1S @ number of data points with measurement re-
sults y; which have uncertainties o ;. Each data point corre-
sponds to a binned pixel within the minimization window shown
in Fig. 9d. Ny, denotes the number of free parameters p =
(1, P25 -ms prm_) used to create a model image with values x; and

listed in Col. 1 of Table 3.
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Fig. 10. Comparison of the mean disk profile (P|x|) for the polarized
flux (see Sect. 5.2) with profiles of 3 models given in Table 3. (P|x|)
is the mean of both disk sides profiles P(x) shown in Fig. 6¢ between
0.22” (27 AU) and 1.80” (220 AU). The best-fit model and “Model 70”
(x2g < 2.5) fit (Plx]y while “Model 40” (y%, > 2.5) is significantly off
at small distances.

To accelerate the fitting procedure we have made a prese-
lection of disk models using the mean disk profile (P|x|) along
the major axis shown in Fig. 10. The mean profile (P|x|) con-
sisting of 15 points from |x| = 0.22” to |x| = 1.80” for the ob-
served disk polarization is obtained by averaging the P(x) data
points from the negative and positive x-axes given in Fig. 6c.
Thus the 2D models were collapsed to a profile and fitted first
to the (P|x|) profile calculating the x> and defining a good fit
threshold based on the number of degrees of freedom for the fit
(Press et al. 2007).

The procedure is straight forward because the noise is well
defined for these data points which represent flux integrations
over a large area. This can also be inferred from the observed
profiles for the two disk sides, which look essentially identical,
indicating that there are no localized spurious effects or strong
intrinsic asymmetries in the disk. The fitting does not depend on
uncertainties in the PSF model convolution because the spatial
resolution is low. Still, the key properties of the geometric distri-
bution of the polarized flux along the disk spine are captured by
the (P|x|)-profile.

Models with a ng < 2.5 are considered to fit the (P|x|)-
profile well (see the examples in Fig. 10). The profile fitting
is compatible with a disk with a radius ry in the range [60,
86] AU which coincides with the separation of the maximum.
Of course, the fitting of disk models described by 9 parameters
to a 15 point (P|x[) profile cannot define a unique solution for
HIP 79977 disk but provides more or less well defined ranges
for the model parameters.

The scaling factor A, (see Table 3) is determined by the
x° minimization of the (P|x|)-profile fit for each model. This
approach has been chosen because the statistical noise is larger
and not well known systematic uncertainties are much harder to
quantify for the image data points.

In a second step, we compare the 2D disk models which
were preselected by the previous profile fitting to the Q, im-
age (Fig. 9d) to further constrain the model parameters. This

provides a multidimensional parameter distribution of well-
fitting models by setting a threshold for the 2D image fit )(izmage <
8. The mean values of the obtained distribution are adopted as
the best-fit model parameters. Their uncertainties are given by
the 68% marginalized errors as calculated from the sample co-
variance matrix. The mean parameters together with the confi-
dence intervals are listed in Table 3 (Cols. 5 and 6, respectively).
The corresponding synthetic image of polarized light is shown
in Fig. 9b and the convolved image (Fig. 9c) appears to fit the
0, image (Fig. 9d) well. The residuals image (Fig. 9¢) displays
some PSF-shaped leftovers, the instrumental features above and
below the disk center and, possibly, some minor residues from
the disk flux. In this case the model would lack flux along the
spine at small separation.

Our modeling assumes that the optical depth in the disk is
small. According to our best-fit model we estimate a 7 = 0.5 for
a radial photon path through the disk midplane (® = 0°), and
significantly less for ® > 1°. After scattering, a photon escapes
without further interaction because we see the disk inclined by
~5° with respect to edge on.

Our statistical analysis of the model fitting allows an assess-
ment of the parameter degeneracy problem where many differ-
ent combinations of parameters match the data. In particular
we notice an important degeneracy between the radius of the
planetesimal belt ry and scattering asymmetry parameter gsc,.
Figure 12 shows the 68% and 95% confidence level (CL) re-
gions derived from the distribution of these two parameters. The
contours cover an extended region implying that the degeneracy
between the radius of the planetesimal belt and asymmetry pa-
rameter cannot be resolved with our data.

To examine how well/badly models other than the mean
model reproduce the data, we compare two models randomly
picked from the generated distribution: one model (specified in
Table 3 as “Model 70”) with all parameters lying inside of the
1o area with the belt radius ry = 70 AU close to the mean
value of this parameter, and one model (specified in Table 3 as
“Model 40”) with the same gy, but ry = 40 AU lying outside
of the 1o range. Figure 11 shows both models in four different
views: dust distribution in the disk n(y, z), non-convolved model
image of the polarized flux, polarized image produced after the
combination of convolved intensities Iy, Iog, I45, I135. With the
instrumental PSF.

“Model 40” gives a significantly worse fit for the central part
of the O, image compared to “Model 70” based on the derived
x* and visual examination of the residues. The comparison of
the disk polarization profile of “Model 40 with the observations
also shows a relatively poor match (see Fig. 10). “Model 70”
gives a reasonable fit to the polarization profile and also the
residuals in the 2D image appear to be not much larger than the
best-fit model, as is expected for a model within the 1o confi-
dence area.

6. Discussion
6.1. Disk structure

Our results from the modeling of the dust distribution around
HIP 79977 indicate a mean radius of ~73 AU for the planetesi-
mal belt. The vertical distribution of the dust in the disk is de-
scribed by a profile with an exponent y smaller than two. This is
a steeper fall-off than a Gaussian distribution, indicating a higher
concentration of particles in the midplane. The radial distribu-
tion of the grain number density matches the shape of an annular
disk with an inner cavity. This assumption is supported by the
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Table 3. Grid of parameters for the 5.28 x 10° models and resulting parameters for the best fit model.

Parameter Range  Step of linear Best model Model 70  Model 40
sampling Mean value 68% CL

Radius of belt ry (AU)  [30, 90] 10 73 16 70 40*
Inner radial index @, [1, 10] 1 5.0 2.8 2.0* 2.0*
Outer radial index @y, [-6, 1] 0.5 -2.5 1.4 -3.0 -2.5
Scale height Hy (AU) [0.5,3.5] 0.5 23 0.7 1.5 0.5
Vertical profile y [0.5, 2.5] 0.5 09 0.6 1.0 1.0
Flare index 3 [0.5,4.5] 1 22 1.4 25 35
Inclination i (°) [82, 87] 1 84.6 1.7 85.0 82.0"
HG parameter g, [0.0, 0.9] 0.1 043 0.25 0.20 0.20
Scaling factor A - - 9.04 - 4.03 3.10

Notes. Also given are the parameters of two selected comparison models (“Model 70” and “Model 40”). * Parameter value lies outside the 68%

confidence interval.

800
600
400
200

200
160
120

Fig. 11. Comparison between alternative models of the HIP 79977 debris disk: “Model 40” with the radius of the planetesimal belt ry = 40 AU (left)
and “Model 70” with the radius of ry = 70 AU (right) and fitting parameters as specified in Table 3. From top to the bottom: a) model of the dust
distribution in the disk; ) model of the polarized light; ¢) model of the polarized light convolved with the instrumental PSF and d) residuals left
after subtraction of the PSF-convolved model image from the Q, image. Color-scales of images a) and b) are given in arbitrary units. Color-bar of

images c) and d) shows flux in counts at each pixel of the image.

SED of HIP 79977 showing no significant thermal emission at
wavelengths <14 ym. The depletion of scattering material inside
a possible belt of parent planetesimals can be caused by the ra-
diation pressure or drag forces acting on small particles (Wyatt
2008, and references therein).

The radiation pressure pushing outward the dust grains
with sizes close to or smaller than the blow-out size (<1 um)
could be responsible for the growing width of the disk vertical
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cross-sections when the separation from the star increases from
0.2” to >1” (Fig. 6b).

In the past years several authors have derived a distance
of the dust grains from the star in HIP 79977 by modeling the
shape of the disk SED with a single- or double-temperature fit.
Assuming that the dust grains emit radiation like black bodies,
Chen et al. (2011) have determined a dust grain temperature of
89 K based on the Spitzer MIPS photometry. They considered
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Fig. 12. Two-dimensional constraints on the radius of the planetesimal
belt ry and the asymmetry parameter gy, for HIP 79977. The contours
show the 68% and 95% CL regions for the model sample and the dots
point out the locations of the described models in this parameter plain.

amorphous silicates with olivine composition as the main com-
ponent of the dust, and the average size of the grains, which were
not removed by the radiation pressure, to be 1.5 um. They have
estimated that if the grains are spherical and in radiative equilib-
rium they should be located at a distance of at least 40 AU from
the star. In reality, the bulk of the dust could have a larger radial
separation because the real dust grains emit radiation less effi-
ciently than black bodies. Dust with the same equilibrium tem-
perature can therefore exist at larger distances from the star. This
supports our mean model indicating a separation which is more
like 70 AU.

Jang-Condell et al. (2015) postulated a much larger average
grain size of 11.1 um based on an analysis including Spitzer IRS
spectra. They derived a grain temperature of 102 K (for amor-
phous silicates with olivine composition) requiring a stellocen-
tric distance of about 11.5 AU for the grain distribution which is
in conflict with our results.

Previous imaging and polarimetric imaging of the disk
around HIP 79977 in the H-band was presented by Thalmann
et al. (2013). From the data they derived a disk orientation of
114° (major axis), and an inclination of 84° in very good agree-
ment with this work. Thalmann et al. (2013) modelled the self-
subtraction effects for flux extraction for the intensity image and
derived the intrinsic intensity slope for the disk along the ma-
jor axis. In addition, they detected a polarimetric signal from the
disk for separations from 0.3” to 1.5”, compared the polarization
with the intensity profile and found a fractional polarization of
~10% (1o-range [5%, 20%]) at 0.5” and ~45% ([30%, 60%]) at
1.5”. From their data, it is not clear whether or not they see in po-
larized flux a maximum at a separation of around 0.6” and a flux
decrease inside. Thalmann et al. (2013) also fit the observations
with model calculations but they adopt a radius of ry = 40 AU for
the planetesimal ring and do not investigate models with larger
ro.

The new SPHERE-ZIMPOL observations presented in this
work provide a very much improved polarimetric sensitivity
which clearly reveals a maximum in the polarization profile P(x)
at a projected separation of 0.60 + 0.06” (74 = 7 AU). This max-
imum location is not compatible with the small ring radius of

ro = 40 AU adopted by Thalmann et al. (2013), probably, be-
cause they only fit the intensity profile which shows no features
that could constrain the ring radius.

Our best-fit model is in good agreement with results of re-
cent observations of HIP 79977 with ALMA. Lieman-Sifry et al.
(2016) used the 1240 ym continuum visibilities and derived ba-
sic geometrical parameters of the disk. They modelled the sur-
face density of the disk with a single power law r~! extending
from an inner to an outer radius and they derived Ripner =
60*]} AU without detecting an outer cut-off radius. This result
confirms the large ring radius 7y found by us from the polari-
metric profile. Lieman-Sifry et al. (2016) also measured a disk
inclination i > 84° and PA = 115j§ which are consistent with
our and previous results.

6.2. Diagnostic potential of polarimetry

The scattered flux has been measured for more than 20 debris
disks, mainly with HST (e.g., Schneider et al. 2014, 2016). With
ground-based observations the flux measurement for the scat-
tered light from debris disks is very difficult because of the
speckle noise introduced by the atmospheric turbulence. The po-
larized flux of the disk (Fpo1)gisk is much easier to determine, be-
cause it is a differential quantity which can be distinguished from
the unpolarized light from the bright central star ((Fpo). = 0),
even in the presence of strong atmospheric speckles.

For HIP 79977 the disk profile in polarized flux reveals a
clear maximum which traces the radial location of the disk ring.
This information is difficult to obtain from intensity imaging of
edge-on disks, because the Stokes / disk profile is dominated by
the forward scattering dust in front of the star and therefore the
projected disk extension may not be visible.

The disk flux Fgis and the polarized flux (Fpo1)gisk contain
complementary information about the scattering dust. The scat-
tering angle dependence is strongly different because forward
and backward scattering produces no or only very little polar-
ized flux. This applies also to the diffraction peak (or forward
scattering peak) from large particles a > A, which is not or
only slightly polarized. This means that the polarized flux orig-
inates predominantly from scatterings with scattering angles in
the range 45°—135° and the polarized flux produced per scatter-
ing event can be approximated by an averaged particle parameter
for the induced scattering polarization p,, for the scattering angle
of 90° (see Sect. 5.1).

New constraints on dust properties may be obtained if quan-
titative polarimetric data of many debris disks can be collected.
The dust grain size distribution and therefore the polarimetric
properties are expected to depend on the spectral type of the
central star and different system ages may reveal evolutionary
processes in the polarimetric properties of the scattering dust.
Polarimetric parameters which can be quantified for the dust are
scattering cross-section o, or albedo, and parameters of the po-
larimetric scattering function p,, and gs,. A better understanding
of the dust in debris disks would be very useful for interpreta-
tions regarding the nature of their parent bodies which produced
the observed dust in a collisional cascade.

6.2.1. Polarized flux and infrared excess

The reflectivity or scattering albedo of the dust in the debris disk
of HIP 79977 can be characterized by a comparison of the scat-
tered polarized flux with the IR excess luminosity which is a
good measure for the dust absorption.
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Fig. 13. Ratio of polarized flux to the scattered light luminosity for op-
tically thin debris disks as a function of disk inclination and scattering
asymmetry parameter g, (plotted for gy, = 0.0,0.2,0.3,...,0.9). The
ratio is independent of the disk geometry and follows from the scatter-
ing phase functions as shown in Fig. 8.

In Sect. 4.3, we derived the fractional polarized flux or ra-
tio of total polarized disk flux to the stellar flux (Fpo)disk/Fs =
(5.5+0.9)x 10~* . This ratio was obtained for the wide VBB fil-
ter near the peak of the stellar energy distribution. Therefore, we
can consider the ratio (Fo1)aisk/ F'+ as a good order of magnitude
estimate for the fractional polarized light luminosity of the disk
expressed as (Lpol)disk/L+. This statement considers also the fact
that (Fpo1(i))disk/(Lsca)aisk depends very little, less than a factor
of two, upon the disk inclination.

The fractional infrared excess of HIP 79977 Lir /L. = 5.21 X
1073 is given in Jang-Condell et al. (2015). This yields the dou-
ble ratio

_ (Fpoldisk/ F'«

=0.11 £0.02,
Lir /L.

where the uncertainty only accounts for uncertainty in the
(Fpol)disk/ F«-ratio derived in this paper. The double ratio A could
be a good proxy for the ratio between the polarized luminosity
and the IR-excess luminosity of the disk

_ (Fpodisk/Fs (Lpol)disk
Lir /L. Lr ~

if the wavelength and inclination dependence of the dust scatter-
ing can be neglected. It is emphasized, that neglecting the wave-
length dependence of the polarized flux of the disk may not be an
acceptable simplification for some cases, for example, for near-
IR polarimetry of disks around A-stars, which emit most of their
radiation in the UV-visual spectral region.

Therefore, A is an observational parameter that depends, like
the scattering albedo, on the ratio between dust scattering cross-
section og, and absorption «, and parameters of the polarimetric
phase function p,, and g, as

sca /1 >
Ao T2 (0. el ).

K

13)

The inclination dependence of (Fpo1)disk 18 illustrated in Fig. 13,
which shows the polarized flux (Fpoi)gisk (expressed per stera-
dian) with respect to the scattered light luminosity Ly, excluding
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the diffracted light. The scattered light interacts with the surface
of the dust particles, and, therefore, the asymmetry parameter
Jsca» Which we introduced for the polarized light, is also adopted
for the intensity of the scattered light as a first approximation
(see Sect. 5.1).

For isotropic scattering g = 0 and maximum polarization
(pm = 1), the ratio of polarized flux to scattering luminosity is
(Fpol)disk/Lsca = 1/4m for i = 0° because the scattering angle for
a pole-on disk is 90° throughout and the radiation is 100% polar-
ized. For larger inclinations (for gy, = 0) the ratio is smaller, be-
cause there is more forward and backward scattering which pro-
duces less polarization. The ratio between a pole-on and edge-on
disk is Fpoi(i = 90°)disk/Fpot(i = 0°) = 0.41. We note that pure
Rayleigh scattering is different, because it is not isotropic.

For strong forward scattering gsca — 1 the amount of polar-
ized light is reduced with respect to the scattered intensity (see
Fig. 8) or the disk luminosity in scattered light (without diffrac-
tion). For g ~ 0.6—0.8 the polarized flux (Fpol)disk is therefore
almost independent of the disk inclination, and for g = 0.8, edge-
on disks are even brighter in (Fpo1)gisk than pole-on disks because
so much more light is scattered in forward directions.

Figure 13 is independent of the radial mass distribution for
rotationally symmetric, flat, optically thin disks and a given scat-
tering phase matrix. The inclination can usually be determined
easily. More difficult is the determination of the scattering asym-
metry parameter gs.,, at least for edge-on disks and pole-on
disks. For HIP 79977, the 10 uncertainty range for g, is [0.2,
0.7], and this leaves an uncertainty of about a factor 1.5 (see
Fig. 13) for the (Fpol)disk/Lsca Tatio determination. In addition,
there is also the factor p,,, which needs to be known to constrain
the mean scattering albedo of the dust in debris disks.

Clearly, there is not a straight-forward way to derive a value
for f(pm(A), gsca(A), i) from a polarimetric observation of a single
disk. However, we can expect progress if the polarized flux is
derived for several disks with different inclinations, including
cases where the gy,-asymmetry parameter can be well defined.

Also of great value would be polarimetric observation, for
which well calibrated HST intensity images are available to
complement the Fisx/F.—Lir/L.-plot of Schneider et al. (2014,
their Fig. 8) with an equivalent plot for the polarized disk flux
(Fpol)aisk and constrain differences between scattered intensity
and polarized intensity of debris disks.

Up to now there exists only few polarized flux (Fpo1)disk mea-
surements for debris disks and therefore it is difficult to com-
pare different disks. More data will become available soon from
the new polarimetric high-contrast observing modes of SPHERE
and other similar instruments (e.g., GPI, HiCIAO).

6.2.2. Comparison with the edge-on disk AU Mic

The disk around the nearby (9.9 pc) low-mass star AU Mic
(M1Ve) is a very good example of a previous high-quality study
of the polarization of an edge-on debris disk. HST imaging for
this target is presented by Krist et al. (2005) and Schneider et al.
(2014) and imaging polarimetry is described in Graham et al.
(2007).

Krist et al. (2005) measure from their AU Mic intensity im-
age a disk width which increases with apparent separations qual-
itatively similar to the behavior measured from our polarized
intensity image for HIP 79977 (Fig. 10). Graham et al. (2007)
present a profile of the fractional polarization p(x) along the disk
spine together with an intensity profile /(x) for the F606W filter-
band (1. = 0.590 um, A1 = 0.230 um). We obtained their pro-
files (J. Graham, pers. comm.) and constructed for AU Mic a
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Fig. 14. Polarized flux profile (P|x|) of the AU Mic debris disk derived
from the polarimetric profiles of Graham et al. (2007, their Fig. 4). The
bins are 5 AU wide and error bars are obtained from error propaga-
tion including systematic uncertainties. Open circles are derived from
noisy data without considering the bias effect for the determination of
the fractional polarization (Clarke et al. 1983).
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mean disk profile (P|x]) = (p(x < O)I(x < 0) + p(x > O)I(x >
0))/2 given in Fig. 14. This profile shows a maximum value and
essentially no polarized flux close to the star, again very similar
to HIP 79977 (Fig. 10).

In AU Mic, the peak of the polarized flux is at 40 AU and
this coincides well with the outer edge of the dust belt seen in the
ALMA 1.3 mm dust continuum, which probably traces the outer
edge of the suspected “birth ring” of colliding planetesimals
(MacGregor et al. 2013). This finding for AU Mic supports our
interpretation of HIP 79977 data, that the measured maximum
polarization at r ~ 75 AU represents well the “birth ring” radius.

The HST polarimetry of Graham et al. (2007) is not flux cal-
ibrated and therefore we used the F606W imaging of AU Mic
of Krist et al. (2005). They provide a calibrated SB profile of
the disk spine and the disk widths at different separations from
which we derive a calibrated intensity profile /(x). With this,
we calibrate the polarimetry of Graham et al. (2007) and de-
rive for the AU Mic disc in the F606W filter a total polarized
flux of 0.31 + 0.11 mJy. This includes the disk regions from 1"
to 11”7 on both sides but not the innermost arcsec. The calcu-
lated polarized flux relative to the stellar flux is (FpoDaisk/F« =
(241 +0.84) x 107*.

With the fractional infrared luminosity Ligr/L. = 4.4 X 1074
(Plavchan et al. 2009) we obtain a A-parameter equal to 0.55 +
0.19 for AU Mic. It is interesting to note that the debris dust in
AU Mic produces approximately five times as much scattering
polarization when compared to HIP 79977, if we compare the
fractional polarized flux in the F606W filter to the fractional in-
frared excess.

The interpretation of this difference is not clear. One possi-
bility is, that the blue color of the disk around AU Mic is caused
by a surplus of very small grains when compared to other de-
bris disks (Krist et al. 2005). Roughly, the maximum blow-out
size scales like the ratio L./M. between the stellar luminosity

and the stellar mass (Burns et al. 1979). For AU Mic this ra-
tio is about an order of magnitude smaller than for HIP 79977.
When disregarding possible small differences in grain proper-
ties it implies that the minimum grain size in the disk around
AU Mic is about apin = 0.1 um, in rough agreement with results
obtained by Schiippler et al. (2015). The corresponding value
iS amin = 0.9 um for HIP 79977. For this reason, the polarized
flux derived for the HST F606W might not represent a good
wavelength average for the scattering polarization in AU Mic
and the derived A-parameter must therefore be interpreted with
caution.

6.2.3. Dust scattering properties and disk model

In this work the observed polarized flux from the debris disk
in HIP 79977 is fitted with disk models. For this, the parame-
ters describing the dust scattering were restricted to g, for the
scattering phase angle dependence for polarized light and p,, for
the amount of polarized light produced by the scattering. Unfor-
tunately, it was not possible to constrain these parameters well
with the modeling.

The maximum fractional polarization produced per scatter-
ing p,, can only be constrained if the intensity Fg;s of the scat-
tered light from the disk can also be accurately measured. The
intensity signal of HIP 79977 is clearly detected with SPHERE-
ZIMPOL but this signal is strongly affected by self-subtraction
effects of the ADI procedure which are hard to quantify. There-
fore, a determination of Fg;sx and p,, needs a more accurate stel-
lar PSF subtraction technique, as is possible with HST.

The asymmetry parameter for the polarized scattered flux
Jsca 18 also not well constrained because of the edge-on con-
figuration of the HIP 79977 disk. We clearly see the expected
polarization minimum for forward and backward scattering at
small angular separation from the star. However, the more subtle
asymmetry parameter g, is not well defined. From the model-
ing of the polarization profile along the disk spine (P|x][), it is not
possible to disentangle the parameters ry, @iy, @y for the radial
distribution of the dust from the scattering asymmetry parameter
gsca. Our data show at least that gy, > 0.2, that is, much more
polarized flux is produced in the forward scattering direction be-
cause the disk spine in polarized flux is on the same side of the
central star, like the intensity spine caused by forward diffrac-
tion.

A more accurate determination of gy, will be possible for de-
bris disks with a slightly smaller inclination, where the azimuthal
dependence of the polarized flux can be defined.

7. Summary

In this paper, we present SPHERE-ZIMPOL images of polarized
light of the debris disk around HIP 79977 in the 590-880 nm
wavelength range using differential polarimetry and an inten-
sity image extracted with angular differential imaging using the
LOCI-algorithm. We have characterized and analyzed the disk
structure, mainly based on the polarized flux image and obtained
the following results:

— The images show a nearly edge-on disk extending from
less than 0.1” out to the edge of the detector at 1.8”
(~225 AU): they unveil regions close to the star which were
hidden by residual atmospheric speckles in previous data (cf.
Thalmann et al. 2013).
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— For the PA of the disk, we measure 04 = 114.5° = 0.6°,
which is in a good agreement with the value reported by
Thalmann et al. (2013) and Lieman-Sifry et al. (2016).

— From our polarimetric data, we derive disk cross-sections
perpendicular to the disk midplane. The peaks of the per-
pendicular profiles are slightly offset (*30-60 mas) because
we are seeing a strong flux asymmetry between the front and
back sides of a highly inclined disk. At small apparent sepa-
rations (r < 0.5”) the profiles have a super-exponential drop-
off pointing to a well defined concentration of large dust
particles in the midplane of the inner disk. The disk width
(FWHM) is increasing systematically from FWHM = 0.1”
(12 AU) to 0.3”—-0.5", when going from a separation of
0.2” to >1”. The growth of the profile scale height could
be caused by a radial blow-out of small grains.

— The disk surface brightness profile in polarized light along
the disk spine is symmetric on the ESE and WNW sides.
There is a clear maximum of SB,,x = 16.2 mag arcsec™2 be-
tween 0.2” and 0.5” where the surface brightness contrast
with respect to the central star is 7.64 mag arcsec™2. There
is a clear minimum of SB closer to the star (r < 0.2”), be-
cause no or only little polarization is produced by forward
scattering in the disk section lying in front of the star which
dominates the signal in the intensity image. The geometric
structure of the disk seen in polarized light is consistent with
intensity images taken with SPHERE-ZIMPOL and litera-
ture data. Unfortunately, it is difficult and we were not able to
derive a high-quality intensity profile for the disk and there-
fore we could not make a quantitative comparison between
intensity and polarized flux.

— The disk profile in polarized flux for HIP 79977 shows a
clear maximum at the projected separation of 74 + 7 AU.
This seems to be a good measure of the belt radius for this
edge-on debris disk.

— The disk total polarized flux amounts to mpgisk(VBB) = 16.6
+ 0.3 which is (Fpoldisk/Fx = (5.5 £ 0.9) x 107,

— The ratio A = 0.11 compares the disk polarized flux with
the disk infrared excess. We emphasize the value of this
parameter for the characterization of the scattering albedo
of the dust particles. For comparative purposes, we derive
the ratio A = 0.55 for the edge-on debris disk around the
M star AU Mic based on the previous HST observations of
this target.

The dust distribution of the disk around HIP 79977 was mod-
elled with a 3D rotationally symmetric belt of radius ry, with
radial power laws for the density fall-off inside and outside ry
and an exponential function in vertical density distribution. A
large grid of models was fitted to the data and we derive the best
disk parameters using a y?> optimization technique. This model
analysis yields a disk with an inclination of i ~ 85° and a belt ra-
dius 7y ~ 73 AU and a grain density distribution with a steep
power law index @ = 5 inside ry and a more shallow index
a = —2.5 outside ry. The derived scattering asymmetry parame-
ter lies between gy, = 0.2 and 0.6 (forward scattering) using an
adopted angle-dependence for the fractional polarization like for
Rayleigh scattering.
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