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ABSTRACT

Context. The scattering properties of the dust originating from debris discs are still poorly known. The analysis of scattered light is
however a powerful remote-sensing tool to understand the physical properties of dust particles orbiting other stars. Scattered light is
indeed widely used to characterise the properties of cometary dust in the solar system.

Aims. We aim to measure the morphology and scattering properties of the dust from the debris ring around HR 4796 A in polarised
optical light.

Methods. We obtained high-contrast polarimetric images of HR4796 A in the wavelength range 600-900nm with the SPHERE /
ZIMPOL instrument on the Very Large Telescope.

Results. We measured for the first time the polarised phase function of the dust in a debris system over a wide range of scattering
angles in the optical. We confirm that it is incompatible with dust particles being compact spheres under the assumption of the Mie
theory, and propose alternative scenarios compatible with the observations, such as particles with irregular surface roughness or
aggregate particles.

Key words. Instrumentation: high angular resolution - Stars: planetary systems - Stars: individual (HR 4796 A) - Scattering - Planet-

disk interactions

1. Introduction

Debris discs are a common outcome of stellar and planetary evo-
lution, with a detection rate above 20% for A-type stars (e.g.
Matthews et al. 2014). Mostly detected through their infrared
(IR) excess, they consist of one or several belts of approxi-
mately kilometre-sized planetesimals, producing smaller debris
in a collisional cascade, the smallest particles being blown out
of the system by the radiation pressure of the central star. The
dust is constantly replenished over several hundred million years
through collisions (see Hughes et al. 2018; Kral et al. 2018,
for recent reviews). Progress in high-angular resolution imaging

* The reduced images as FITS files presented in Fig. 1 are
only available in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-
strasbg.fr/ftp/vizier.submit//AA/2019/35363

techniques, both in the sub-millimetre and in the optical/near-
infrared (NIR) regime, reveal the morphology of those belts in
great detail, opening up new perspectives to characterise the
properties and distribution of the emitting particles.

This is particularly true for HR 4796 A, an A-type star lo-
cated at 71.91 = 0.70 pc (Gaia Collaboration et al. 2018) with an
estimated age of 10+3 Myr (Bell et al. 2015). This star hosts one
of the brightest debris discs, with a fractional luminosity reach-
ing 0.5% of the total system luminosity (Moor et al. 2006). For
this reason, it has been observed from ultraviolet to millimetre
wavelengths. Resolved submillimetre observations constrained
the morphology of the parent belt to be a narrow ring at a radius
of ~ 80 au, with a width of about ~ 10 au (Kennedy et al. 2018).
In scattered light, this ring also appears very narrow (Schneider
et al. 1999; Thalmann et al. 2011; Lagrange et al. 2012; Wahhaj
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et al. 2014; Rodigas et al. 2015; Perrin et al. 2015; Milli et al.
2015) and is surrounded by a fainter halo extending up to 1000
au (Schneider et al. 2018), likely consisting of small particles
more affected by the radiation pressure than the larger particles
that remain on orbits within the ring. Analysis of the geometry of
the ring at high-angular resolution showed that it has an intrinsic
eccentricity of about 7% (e.g. Milli et al. 2017). The azimuthal
brightness distribution is strongly asymmetric (Milli et al. 2017).
In the NIR, this system was the first debris disc for which the
phase function of the scattering particles could be retrieved over
a wide range of scattering angles, showing a very strong peak
of forward-scattering compatible with particles of a few tens of
microns in size and a slight backward-scattering behaviour com-
patible with the presence of aggregates. Near-infrared polarimet-
ric observations confirm this brightness asymmetry (Milli et al.
2015; Perrin et al. 2015).

Polarimetry is a major remote sensing tool for understand-
ing the nature of scattering particles. In this work, our goal is
to reveal the surface brightness of the HR 4796 ring in polarized
optical light. We describe our observations in Sect. 2, explain
our method to extract the polarised phase function in Sect. 3 and
discuss the scattering properties of the ring in Sect. 4 before con-
cluding in Sect. 5.

2. Observations
2.1. Instrumental setup

The star HR4796 A was observed on the night of 24 May,
2016, with the Spectro-Polarimetric High-contrast Exoplanet
REsearch instrument (SPHERE Beuzit et al. 2019). SPHERE is a
high-contrast imager fed by an extreme adaptive optics (AO) sys-
tem (Sauvage et al. 2016b) to correct for the atmospheric turbu-
lence and static aberrations. These observations were part of the
Guaranteed Time Observations of the SPHERE consortium' and
made use of the visible subsystem Zurich IMaging POLarimeter
(ZIMPOL, Schmid et al. 2018) to observe the star in linear po-
larized light. The polarimetric mode of ZIMPOL makes use of a
special modulating/demodulating CCD synchronised with a fast-
switching ferromagnetic liquid crystal retarder in order to record
the signal in the two orthogonal linear polarisation directions al-
most simultaneously through the same pixels of the detectors.
This technique is tuned for a very high polarimetric contrast
around the star to reveal the circumstellar environment and beat
residual noise originating from uncorrected atmospheric speck-
les and quasi-static speckles. We used the very broad band VBB
filter (1, = 735.4 nm, A1 = 290.5 nm) to obtain the best sensi-
tivity. ZIMPOL offers two polarimetric modes: fast polarimetry
(Fast Pol) with a 1kHz-modulation, high pixel-gain but higher
readout noise, and slow polarimetry (Slow Pol) with low gain
and low readout noise for longer integrations. We interleaved
deep, saturated Slow Pol images to reach the highest sensitivity
for the detection of the disc, with shorter Fast Pol images with
the neutral density filter ND1 to obtain unsaturated frames of the
star. In addition, we used the field-tracking mode of the derota-
tor called P2 to stabilise the field and used five different offset
positions of the derotator of 0°, 30°, 60°, 120° and 150° to pro-
vide some additional diversity and reduce the noise in the final
combined image. In Slow Pol, we recorded two polarimetric cy-
cles for each offset position. One polarimetric cycle is made of
images recorded at four half-wave plate positions to measure the
Stokes parameters +Q, —Q, +U and —U . We measured eight

' ESO program 097.C-0523(A)
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frames (NDIT) of 10 s (DIT) integration at each half-wave plate
position, which makes a total on-source exposure time in Slow
Pol of 53 min. In Fast Pol, we obtained four polarimetric cy-
cles per derotation offset position, with four frames (NDIT) of
1.2 s (DIT) integration per half-wave plate position, for a total
on-source exposure time of 6 min.

Despite very good seeing conditions from 0.4” to 0.7 and
fair coherence time from 3 to 6 ms, the ground wind speed was
very low, below 2 m/s, and most of the time was below 1 m/s,
which affected the quality of the observations. SPHERE indeed
suffered from a degradation in the image quality in low-wind
conditions, referred to as the low-wind effect (LWE, Sauvage
et al. 2016a; Milli et al. 2018). In these conditions of insuffi-
cient air flow in the dome, the air around the cold telescope spi-
der becomes cooler than ambient. This creates disturbances in
the wavefront that are barely seen by the instrument wavefront
sensor, and the point-spread function (PSF) displays bright side
lobes, moving around the central core on a typical timescale of
a second. As a result, the full width at half maximum (FWHM)
of the long-exposure PSF is not the diffraction limit (19 mas) but
reaches about 30 mas and can degrade even to 40 mas for lower-
quality exposures. As this phenomenon evolves on timescales
much longer than the polarimetric modulation (27 Hz in Slow
Pol), the contrast in polarimetry is not affected, but the resolution
is lower and the determination of the star centre is less accurate.

2.2. Data reduction

We reduced the data with a custom pipeline to derive the Stokes
parameters I, Q, and U from each polarimetric cycle. The sat-
urated Slow Pol images were used to detect the disc, while the
Fast Pol unsaturated images were used for flux calibration. We
initially determined the star centre in the Fast Pol unsaturated
images with a Gaussian fit, and used these values to recentre the
Slow Pol saturated images. While this yielded sufficient polari-
metric attenuation of the stellar signal to detect the disc along
the semi-major axis with a high signal-to-noise (S/N) (Olofs-
son et al. in prep), strong residuals are still present along the
semi-minor axis of the disc below 0.4” due to the unusually large
tip-tilt jitter induced by the LWE. After several tests, we found
that using the barycentre of the saturated pixels to recentre the
Slow Pol images provided a much higher stellar attenuation and
correction of the beamshift (see Schmid et al. 2018) to reveal
the disc semi-minor axis. We estimate the accuracy of the re-
centring to be better than one pixel, that is, 7.2 mas along the
detector vertical axis and 3.6 mas along the detector horizontal
axis (1.3% of the ring semi-minor axis). For each polarimetric
cycle, we derived the Stokes I, Q, and U following the steps
outlined in Engler et al. (2017), and corrected the instrumental
polarisation (IP) by subtracting from Q and U a scaled version of
I. The residual telescope polarisation was found to be between
0.2 and 0.4% with an average of about 0.3%, assuming the cen-
tral star is not polarized, which is consistent with the average
residual telescope polarisation of ~ 0.4% derived for the VBB
filter by Schmid et al. (2018). As we expect the disc polarisa-
tion signal to be purely tangential or radial in the case of single-
scattering by an optically thin disc, we use the azimuthal Stokes
parameter Oy and Uy defined as Q4 = Qcos2¢ + Usin2¢ and
Uy = Osin2¢ — Ucos2¢ (Schmid et al. 2006), where ¢ is the po-
lar angle between north and the point of interest measured from
the north over east (the position angle). Q4 > 0 is equivalent to
a tangential polarisation component while Q4 < 0 indicates a ra-
dial polarisation. The component Uy describes the polarisation
in the directions +45° with respect to the radial direction. We
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then combined all the cycles together after re-aligning the im-
ages with the north up and rebinned the original pixels along the
horizontal axis to get square pixels of 7.2 mas in size. The Q4
and U, are shown in Fig. 1, after conversion to milliJanskies per
arcsecond squared. For the conversion, we estimated the star flux
as the total flux contained in a circular aperture of radius 100 px
(720 mas) of the mean unsaturated Fast Pol PSF, corrected by
the difference between the Fast Pol and Slow Pol setup (differ-
ent detector gain and integration time), and we used a stellar flux
density of 16.1+0.1 Jy and a pixel surface area of 7.2x7.2 square
milliarcseconds. The flux density of 16.1 + 0.1 Jy was obtained
after converting the V magnitude of 5.774 + 0.009 (Hgg et al.
2000) to Janskies and correcting for the different filter response
between the Tycho V and Zimpol VBB using a blackbody spec-
trum at 9730 K typical of an AQV star.

3. Analysis and extraction of the phase function
3.1. Morphology and surface brightness

As shown on the left of Fig. 1, the disc is detected as a posi-
tive signal in the Stokes Q, image, indicating tangential polari-
sation, and it has an elliptical shape. The west side of the ellipse
is bright and well detected while the east side is fainter and even
lost among the residual noise of the image below a radius of
~0.5”. The S/N (Fig. 1 right) is highest in the north ansa where
it reaches 23, and decreases on the west side to reach a value of 3
at the semi-minor axis of the disc. This S/N is expressed here per
pixel (7.2 mas), but can be up to four times higher expressed per
resolution element (FWHM of 30 mas) if the noise is Gaussian.
In the background, five faint radial lines are only just visible and
correspond to the vertical line of pixels passing through the star,
for the five position angles of the detector. Under heavy satura-
tion, this pixel line is indeed brighter due to CCD frame transfer
smearing, and is not entirely removed by the polarimetric sub-
traction; this does not affect the analysis however. The U, im-
age (Fig. 1 middle) shows the same noise structure with bright
residuals close to the star below 0.2”” but no disc emission, as
expected from single-scattering. A very faint negative shadow of
the ring is detectable with a minimum flux of -0.05 mJy/arcsec?.
We do not believe this corresponds to a true disc signal in Uy
but attribute it to the effect of the convolution of the astrophysi-
cal signal with the PSF, which happens even if Uy is zero before
convolution, as shown in Appendix A of Engler et al. (2018).

As already noticed in the optical and NIR, the disc ansae
are asymmetric between the NE and SW. The maximum sur-
face brightness for the polarised intensity Q, of the NE ansa is
8.3 + 0.7 mJy/arcsec? while the SW ansa reaches only 6.2 + 0.6
mJy/arcsec?, that is, the SW/NE asymmetry factor is 0.75 + 0.1,
in agreement with Schneider et al. (2009) who measured a value
of 0.74 + 0.07 in broadband HST/STIS images (1. = 575 nm).
Because HST/STIS only measures Stokes I, this already indi-
cates that the polarisation fraction at the two ansae is the same
and is symmetric.

The disc is clearly resolved radially. We show in Fig. 2 the
radial profiles along the major axis, in the NE and SW, respec-
tively, where the blue shaded area represents the 10~ noise mea-
sured radially in the Q4 image. The black line shows the average
PSF profile centred at the peak brightness of the radial profile.
The maximum brightness occurs at 1.087”and 1.051”, respec-
tively. The FWHM of the ring is 136 mas + 33mas and 144
mas + 41 mas for the NE and SW sides, respectively. This is
larger than what was typically measured at NIR wavelengths:
111 mas + 43mas and 137 mas + 50mas in the H band (Milli

et al. 2017) but smaller than optical measurements at bluer wave-
lengths (184mas + 10mas, Schneider et al. 2009).

The steepness of the inner and outer profiles is consistent
within error bars with that measured in the NIR. This is impor-
tant confirmation, because the star-suppression algorithm used
for NIR unpolarised light (Angular Differential Images, ADI
Marois et al. 2006) can bias the measurement (Milli et al. 2012),
especially for the inner slopes, and non-ADI measurements have
large error bars. We fitted a power law to the inner and outer pro-
file, as already done in Milli et al. (2017) and show the result of
the fit in Fig. 2 (coloured lines). We derived values of 15.5 + 1.6
and 14.1 + 2.6 for the inner slopes a;, of the NE and SW ansae,
respectively. The outer slopes gy are -12.3 £+ 0.9 and -11.8 + 0.9
for the NE and SW ansae, respectively. This is slightly shallower
than the NIR profiles, for which the mean slopes as measured in
the non-ADI images were -13.5 + 3.1 and -12.2 + 1.9, although
the difference is not significant.

We derived the morphology of the disc following the ap-
proach detailed in Milli et al. (2017). We first regularly sampled
the elliptical ring, with one point every resolution element. To
do so, we extracted radial profiles passing through the star and
crossing the ring and we determined the location of the maxi-
mum brightness of the disc by fitting a two-component power
law. The resulting data points are shown in Appendix A (inset
of Fig. A.1). As the ring is not detected everywhere, we se-
lected only those radial profiles with at least one pixel with a
S/N greater than three, corresponding to profiles with a position
angle between ~ 50° and ~ 90°. We used a Markov Chain Monte
Carlo algorithm (MCMC, using the affine-invariant Python im-
plementation emcee; Foreman-Mackey et al. 2013) to derive the
best ellipse passing through those points using the approach de-
scribed in Ray & Srivastava (2008). We first derived the pro-
jected parameter of the ellipse in the plane of the sky: the pro-
jected semi-major axis a’, the projected semi-minor axis b’, the
offsets in right ascension and declination of the ellipse centre
with respect to the star location Aa and Ad, and the position an-
gle PA. These parameters are given in Table 1 in the rows cor-
responding to "projected ellipse”, together with the uncertainty
measured directly on the posterior probability density function
of the fitted parameters.

Using the Kowalsky deprojection technique (Smart 1930),
we derived the parameters of the true ellipse described by the
dust particles in the orbital plane: the true semi-major axis a,
the eccentricity e, the inclination i, the argument of pericentre w,
and the longitude of the ascending node Q. The result is given
in Table 1, in the rows corresponding to "deprojected ellipse".
We show the corresponding projected and deprojected ellipses
in a polar plot in Fig. 3, along with the position of the pericentre.
These measurements are compatible (at 30-) with those already
published in Milli et al. (2017) using the IRDIS sub-system in
the H band (Table 1, right column), a different image processing
technique (ADI), and an identical measurement procedure.

3.2. Polarised phase function

We used the accurate morphology of the disc derived in Sect. 3.1
to extract the polarised scattering phase function (pSPF) of the
dust in polarised light. Several assumptions are required to do so:
one must assume a flat disc (small vertical extension above the
mid-plane compared to the image resolution, that is, scale height
smaller than ~ 2.5 au equivalent to a disc aspect ratio smaller
than 3%), so that each point of the ring can be associated with a
unique value of the scattering angle. One must also assume that
the dust density is azimuthally uniform and that the dust prop-

Article number, page 3 of 12



A&A proofs: manuscript no. HR4796_arxiv

Distance in arcsec

S/N map of Qp

~

0.0 0.5 1.0 -1.0 -0.5

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5
0 2 4 6 8 10

Flux (m)y/arcsec?)

12 14 00 25 5.0

0.0 0.5 1.0

N

7.5

10.0 125 15.0 17.5 20.0
S/N

Fig. 1. Final images of the azimuthal Stokes Q, (left) and Uy (middle), calibrated in mJy/arcsec?®. North is up and east to the left. The right image

is the S/N map of the Q, signal expressed per pixel.
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Fig. 2. Radial profile along the NE (top) and SW (bottom) ansae of the
disc. The vertical red dotted lines show the boundaries used for the fit
of a power law to the inner and outer profile. The profile of the PSF (in
black) is indicated as a reference.

erties do not change with azimuth. The ALMA dust continuum
image at 880 pm (Kennedy et al. 2018) does not show any sig-
nificant asymmetry besides a pair of 30~ blobs on the east side.
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Table 1. Projected and deprojected ring parameters. The error is given
at a 30 level and contains only the statistical error from the fit and no
systematic error from the true north or star registration.

this work  IRDIS H (Milli et al. 2017)

a’(mas) 1073 =4 1064 + 6
T | b(mas) 260 + 7 252 + 4
2 & Aa(mas) -6+4 -4 +4
2 5| Ad(mas) —27+4 —28+5

PA(°) 27.9+0.2 27.69 + 0.26

= a(mas) 1076 = 6 1066 = 6
5 g e 0.072 + 0.037 0.070 + 0.011
= & e 760+ 1.2 76.33 +0.24
& B wC)  -742x119 ~72.44 +5.10
a Q) 27.9+0.6 27.71 £0.25

Notes. > We followed the previous conventions used for this system
with an ascending node ~ 28° (measured from north, anti-clockwise)
for an inclination of ~ 76° (0° means pole-on) but as noted in Kennedy
et al. (2018), the west side is closer to Earth, and therefore the inclina-
tion should be strictly ~ 104° (or the node should be ~ 208° and the

inclination retained).

180°

proj. ring

proj. pericenter
proj. apocenter
deprojected ring
deproj. pericenter
deproj. apocenter

Fig. 3. Best-fit ellipse and location of the pericentre/apocentre for the
projected (blue) and deprojected (red) ring. Radial graduations are in

arcseconds.
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This assumption is therefore reasonable for millimetre-sized par-
ticles. Moreover, we showed in Sect. 3.1 that the polarised frac-
tion of the dust is identical between the two ansae of the disc,
which also supports this assumption for micron-sized particles.
We also considered the west side as the forward-scattering side
of the disc, as shown in Milli et al. (2017). We then followed the
methodology detailed in Milli et al. (2017) to derive the scatter-
ing angle ¢ associated to any point of the ring at a position angle
0 in the plane of the sky:

1

ey

¢ = arcsin

sin?(0 — Q)/ cos? i + cos?(6 — Q)

We placed elliptical apertures along the ring, with the major axis
perpendicular to the PA of the ring, a length equal to 137 mas
(FWHM of the ring along the NE ansa) and a major to minor
axis ratio dictated by the ring inclination seci = 4.135. These
elliptical apertures account for the projection effect of the disc:
this technique is equivalent to using circular apertures around the
circumference of a face-on ring. We found that using apertures
with a major axis equal to the disc FWHM at the ansae max-
imised the S/N in the aperture photometry. The extracted pho-
tometry needs to be corrected by the illumination of the central
star and by the effect of the convolution by the PSF. The first
correction factor accounts for the fact that the starlight received
and scattered by the dust particles depends on the inverse of the
squared deprojected distance from the star. The second correc-
tion factor accounts for the dilution of the flux due to the size
of the PSF. Because of the geometry of the disc and the use of
elliptical apertures, the convolution has a different effect along
the ring and this needs to be corrected for. This is described in
Appendix B. The result after taking those two correction factors
into account and after normalisation to unity at 80° for the north
ansa is shown in Fig. 4. We measured the pSPF on the north
and south ansa independently. Due to the inclination of the sys-
tem, we can probe scattering angles from 13° (closest part of the
ring on the W side) to 167° (E side, without detectable polarised
emission).

The uncertainties presented in Fig. 4 take into account three
sources. The measurement uncertainty from the aperture pho-
tometry is the largest source of error, especially at short separa-
tions from the star. We also included the error on the illumination
factor, stemming from the uncertainty on the disc geometry and
the error on the convolution correction factor. To derive the latter
term, we propagated the uncertainty on the pSPF from the model
described in Appendix B down to the impact of the convolution
by the PSF. This dominates the error for scattering angles be-
tween 110° and 140°.

The curve shows several interesting features. The polarised
emission from the disc is not detected for scattering angles above
~ 150° on either side. In particular we do not have the sensi-
tivity to detect whether the polarised fraction changes sign at
large scattering angles, as is commonly seen for comets. With
increased sensitivity we would have seen a negative signal in Q.
Our measurement would be compatible with an inversion around
160°. Interestingly 160° is also the typical value for comets in the
solar system (Kiselev et al. 2015).

The pSPF is identical for both the N and S sides on the back-
ward scattering side beyond 100° with a similar slope. There
is a local maximum of the pSPF at 83° for both sides of the
disc. The global maximum between 13° and 167° is reached at
smaller scattering angles of 15° and 25° for the N and S sides,

144 —— North
m —— South
I 1o uncertainty
lo uncertainty
® Pericenter
@ Apocenter

e o o o =
N R o © O

Normalized polarized intensity

o
o

20 40 60 80 100 120 140

Scattering angle (degrees)

Fig. 4. Polarized SPF as extracted on the north and south side of the
disc. The curves were normalised to one at ¢ = 80° on the north side.

respectively. The noise is higher in this region: while the oscil-
lations seen below ~ 40° are likely artefacts from the residual
stellar light, the overall trend showing an inflection in the pSPF
at ~ 40° seen in both sides of the disc and a change of sign of
the first derivative of the pSPF is real.

Between scattering angles of 60° and 100°, we see a differ-
ence in pSPF between the two sides of the disc. The illumination
factor due to the eccentricity of the disc is not enough to explain
the asymmetry, as already reported in past studies (e.g. Wahhaj
et al. 2014): the SW/NE illumination factor is 0.91 in the ansae
whereas we measured a brightness ratio of 0.75 + 0.1. Either the
dust density is asymmetric between the NE and SW sides or the
dust properties are different. We note also that the slope of the
pSPF on the forward scattering side is also different between the
north and south sides, which again might support either a differ-
ence in dust density, dust properties, or both.

This brightness asymmetry between the two sides of the disc
was initially revealed from low-resolution mid-infrared (MIR)
imaging (Wyatt et al. 1999; Telesco et al. 2000; Moerchen et al.
2011) and is attributed to pericentre glow (Pan et al. 2016). Both
the higher luminosity of the NE ansa and the 10K colour differ-
ence at MIR wavelengths can be explained by the eccentricity of
the disc. However, for the eccentricity to remain small (e < 0.1),
Moerchen et al. (2011) show that the pericentre has to stay close
to the NE ansa. This contradicts the high-angular resolution im-
ages of the disc which consistently showed that the argument
of pericentre is closer to the semi-minor axis of the disc on the
NW side than to the NE ansa (Schneider et al. 2009; Thalmann
et al. 2011; Wahhaj et al. 2014; Rodigas et al. 2015; Milli et al.
2017, and also this study). The MIR studies did however not
consider the dependence of the collision rate with azimuth. In an
eccentric disc, the Keplerian orbital velocity is larger at pericen-
tre than at apocentre, causing parent bodies to spend more time
near the apocentre, but collisions happen more frequently near
the pericentre. Olofsson et al. (in prep) developed an analytical
model accounting for this enhanced collision rate near pericen-
tre and applied it to fit the ZIMPOL observations of the ansae
of HR 4796. These latter authors show that the brightness ratio
between the N and S ansae can be explained with the disc ec-
centricity and location of the pericentre measured in this study if
small dust particles are preferentially released near the pericen-
tre. They also show that their model is compatible with the MIR
observations presented in Moerchen et al. (2011) and the sub-
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millimetre observations presented in Kennedy et al. (2018) that
do not show any asymmetry. To mitigate this effect and still be
able to interpret the pSPF and discuss the dust properties (sec-
tion 4), we averaged the pSPF between the N and S sides. We
note that this simplification does not affect the conclusions that
can be drawn from this study regarding the properties of the dust
particles.

3.3. Polarised fraction

Because this ZIMPOL data set was obtained in field tracking
mode, it is not possible to extract the intensity image of the disc
and derive the polarised fraction over the ring. However, we can
compare our measured polarised surface brightness (SB) with
the value reported in unpolarised light in the optical. Rodigas
et al. (2014) reports an average SB of 29.0 mJy/arcsec? in the
ansae at the VBB central wavelength with HST, as interpolated
from their Fig. 6 using a stellar flux of 16.1 mJy. Compared to the
averaged polarised SB measured in the ansae in this study, this
implies a polarised fraction of 40% + 26%. This result includes
a correction factor to take into account the effect of convolution.
Using our best disc model described in Appendix B, we found
that the convolution attenuates the flux in the ansae by a factor
1.6. The error bar includes the error on the polarised SB, an ad
hoc 10% uncertainty on the unpolarised SB from Rodigas et al.
(2014) interpolated linearly at 735 nm, and 5% uncertainty on
the correction factor for the convolution as observed by testing
different PSF.

Perrin et al. (2015) analysed the polarised scattered light of
the ring in the Ks band, and derived the polarisation fraction
from 40° to 110°. The polarised fraction at 90° in this band is
~25%, which is smaller than the 40% + 26% measured here in
the optical, although still compatible within error bars.

4. Modelling and discussion
4.1. Compatibility with the Henyey-Greenstein approximation

A common and simple way to describe the polarised phase func-
tion of debris discs is to use the Henyey-Greenstein analyti-
cal prescription of the SPF (HG, Henyey & Greenstein 1941),
parametrised by the anisotropic scattering factor g (between -1
and 1), combined with the Rayleigh scattering polarisation frac-
tion p, such that SPF xp « f(g, ¢) with

1-g° 1 —cos?g
(1-2gcosp+g

f(g9) = @

2)32 7 1 + cos? ¢
The HG g parameter characterises the shape of the phase func-
tion. For isotropic scattering g = 0, forward scattering parti-
cles have 0 < g < 1 while backward scattering partices have
—1 < g < 1. This approach combined to a polarisation descrip-
tion with the same scattering angle dependence as Rayleigh scat-
tering was used for instance for the modelling of HIP 79977 and
HD 172555 (Engler et al. 2017, 2018).

We therefore investigated how accurate this representation is
for the dust particles surrounding HR 4796. We are aware that
we are likely not in the Rayleigh regime because the particle
size s is about 20 um (Milli et al. 2017) while the wavelength
of observations is 4 = 735 nm, which makes the size parameter
x=Z 170> 1.

The best fit is obtained for a value of g = 0.43, and is shown
by the red dashed line in Fig. 5. It accurately represents the scat-
tering behaviour beyond 80° but fails to accurately capture the
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behaviour below 80°, in particular the inflection around 30°. We
estimated the goodness of fit with the measure of the reduced y?
and found a minimum value of 0.8. A value of g = 0.43 probably
underestimates the peak of forward scattering of the unpolarised
SPF. A similar conclusion was already reached in the NIR, where
a HG SPF could not reproduce the behaviour of the SPF in un-
polarised light. However, a two-component HG yielded a good
fit to the data, with an extremely forward scattering component
g1 = 0.99%0% of weight 83%, and a slightly backward-scattering
second component g, = —0.14 + 0.006 of weight 17% (Milli
et al. 2017). Inspired by this fit, we performed a similar fit of a
two-component HG combined with the Rayleigh scattering po-
larisation fraction, proportional to wf(gi,¢) + (1 — w)f(g2, ).
The components g; and g, are the HG coefficients of the two
components, w and 1 —w are the corresponding weights between
0 and 1, and f is the function defined in Eq. 2. A very good fit
(x? = 0.1) was obtained with a first component strongly forward
scattering with g = 0.83*0}7 of weight 38% + 33%, and a rela-
tively isotropic second component with g, = 0.09+0.4 of weight
62%+30%. Despite the large error bars, this model is compatible
with the unpolarised SPF derived in the H band.

4.2. Compatibility with the Mie and DHS theory

In Milli et al. (2015), we computed the theoretical SPF and
polarised fraction for a sample of 7800 dust compositions and
sizes, using the Mie theory and the distribution of hollow spheres
(DHS, Min et al. 2005) as provided in the radiative transfer code
MCFOST (Pinte et al. 2006). Here, we reused these models to
investigate the compatibility with the new ZIMPOL data, and re-
cap briefly the underlying assumptions. These models are based
on a porous dust particle composed of a mixture of astronom-
ical amorphous silicates, carbonaceous refractory material, and
water ice partially filling the holes created by porosity. The com-
position is parametrised by the porosity without ice P, a frac-
tion of vacuum removed by the ice ppyo, and a silicate over
organic refractory volume fraction gsjor. The size of the small-
est particles is written spi,. The best polarised SPFs matching
the data are those with the minimum particle size 0.1 pm us-
ing the Mie theory. The best fit is shown in Fig. 5 in blue, and
more details on the properties of this model can be found in Ap-
pendix C. The best fit does not accurately reproduce the mea-
sured pSPF because it shows a maximum at ¢ = 55° instead of
the flat plateau between 30° and 80°. In addition, some resonant
oscillations are present in this model below 40° because of the
spherical geometry of the particles, but they are not observed
in the data. The polarised fraction of this model is compatible
with that measured in HR 4796 (Fig. 6), but the large error bar
on this measurement is not very constraining. The presence of
such small particles in the system is unlikely for several reasons.
Firstly, the reflected spectrum of a dust population dominated by
sub-micron particles is blue and incompatible with the red spec-
trum of the disc as derived in Rodigas et al. (2014). Secondly,
these small particles would behave like spherical particles in the
Rayleigh scattering regime and we do not see the oscillations
typical of this regime in the pSPF. Lastly, such small particles
would also be blown out of the system by radiation pressure on a
short timescale. Augereau et al. (1999) indeed derived a blowout
size of 10 pum from the spectral energy distribution (SED) mod-
elling assuming Mie porous spherical particles of similar com-
position with the Bruggeman mixing rule. Arnold et al. (2019)
showed that considering irregular aggregates for this system in-
creases the blowout size even further, whatever the composition
of the particles, and this adds to this inconsistency. These consid-
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Fig. 6. Polarisation fraction corresponding to the MCFOST model
shown in Fig. 5. The relative error in the polarised fraction at 90° is
-28.9%.

erations agree with the ~ 20 pwm minimum particle size derived
from the SPF analysis in the NIR (Milli et al. 2017). Thebault
& Kral (2019) argue that a dynamically active and bright debris
disc with more than 1073 IR excess can maintain in steady state
a population of small particles below the blowout size. How-
ever, in the case of HR 4796 A, the modelling done in Milli et al.
(2015) shows that sub-micron particles cannot contribute to a
significant amount of scattered light flux in the optical in order
to be compatible with the very red colour of the spectrum of the
dust.

This overall failure to find a good model reproducing the
observations is not particularly surprising given that no Mie or
DHS models were able to explain the unpolarised SPF. This is
why Milli et al. (2017) suggested the presence of aggregates to
reproduce the large peak of forward scattering detected in unpo-
larised NIR light, and the slight backward scattering behaviour.

4.3. Alternative scenarios: irregular surface roughness or
fluffy aggregates

It is interesting to note that the polarimetric properties of dust ag-
gregates tend to be similar to those of their individual monomers,
while these aggregates behave like large particles in unpolarised

light (Kataoka et al. 2014; Min et al. 2016; Olofsson et al.
2016). This could explain why the best Mie models favour small
particles while the unpolarised SPF in the H band suggests
large particles. Despite tremendous progress in numerical tools
to compute the scattering properties of large aggregates (see
Kolokolova et al. 2004, for a review), it is still difficult to simu-
late a polydisperse mixture of irregular aggregated particles. In
particular, it is very computationally demanding to consider par-
ticle size parameters x > 1 (i.e. size > wavelength). This mod-
elling is outside the scope of this paper, but we present here some
studies that may have potential for future characterisation of the
scattering properties of the particles. Kolokolova et al. (2015) in-
troduced a tool to simulate a polydisperse mixture of randomly
oriented smooth and rough spheroids of a variety of aspect ra-
tios. These latter authors were able to reproduce the main pho-
topolarimetric characteristics of the light scattered by cometary
dust. The pSPF of their best rough spheroid model does not how-
ever fit the pSPF measured on HR 4796 with ZIMPOL, because
their pSPF continuously increases from 160° to 10° scattering
angle, unlike our data which plateaus between 30° and 60°. To
simulate aggregates, Min et al. (2016) used the discrete dipole
approximation to efficiently compute the scattering properties of
compact aggregates while Tazaki et al. (2016) showed that the
Rayleigh-Gans-Debye theory can be efficiently used to approach
the behaviour of fractal aggregates.

Another scenario to explain both the unpolarised and po-
larised SPF would be the presence of large particles with a
random rough surface, as modelled in Mukai et al. (1982).
They show two models of large absorbing particles with sur-
face roughness and size parameter x = 31.2 and x = 397 that
convincingly match measurements from laboratory microwave
analogues, and that we reproduced in Fig. 7. These two size pa-
rameters correspond to particles of 3.7 um and 46.5 pum in size,
respectively, at the wavelength of the ZIMPOL observations, and
to particles of 7.9 um and 101 wm in the H-band. As shown in
Fig. 7 (top curve), these models can reproduce the overall shape
of the unpolarised SPF, with a peak of forward scattering and
a mild backward scattering behaviour, although the location of
the peak does not match the H-band measurements of Milli et al.
(2017) because the size parameter is likely in between the two
models. This model is nonetheless instructive to understand in
which case the polarised SPF can increase at small scattering
angles. The polarised SPF is the product of the unpolarised SPF
and polarised fraction, and these two functions show competing
behaviours: the unpolarised SPF peaks at short scattering angles,
while the polarised fraction goes down to zero. Therefore, in the
range of scattering angles around 20° which is of interest for this
study, the polarised phase function can either decrease, as is the
case for x = 397, or increase, as is the case for x = 31.2. From
our ZIMPOL measurement, we are probably in an intermediate
case, as shown in Fig. 7 (bottom curve), with an overall particle
size of ~20 um. This model can also explain why the contrast
between the forward-scattering peak and the ansae is higher in
the Ks band than in the optical, as seen by comparing the ZIM-
POL image with that of Perrin et al. (2015) in polarized light.
The size parameter decreases when the wavelength increases,
and the polarised SPF increases at small scattering angles (red
curve in Fig. 7 bottom).

These two scenarios differ in the compactness of the parti-
cles. In the first case, large fluffy aggregates are needed to repro-
duce the unpolarised SPF, while in the second case the particles
are compact and show surface roughness.
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Fig. 7. Unpolarised SPF (top), polarised fraction (middle), and polarised
SPF (bottom) of two models of compact spheres with a rough irregular
surface (Mukai et al. 1982), with size parameters x of 31 (red curve) and
392 (blue curve). For the unpolarised SPF (top graph), we overplotted
that derived for HR 4796 in the NIR at 1.6 um (black curve). At this
wavelength, the red and blue model SPFs correspond to particle sizes
of 8 and 101 wm, respectively. For the polarised SPF (bottom graph) we
overplotted that of HR 4796 as derived in the optical in this study (black
curve). At this wavelength, the red and blue model SPFs correspond to
particle sizes of 3.7 and 47 pm, respectively.

4.4. Comparison to solar-system comets

Comets in our solar system can inform us of the dust properties
of debris discs, as cold debris rings are considered as a reservoir
of cometary material releasing smaller particles through colli-
sions (see Kral et al. 2018; Hughes et al. 2018, for a review).

Unfortunately, no comets have yet been characterised at such
small scattering angles because of the difficulty in disentangling
direct sunlight from dust-scattered light. Recently, the SPF of
the comet 67P could be retrieved from 25° to 165° (Bertini et al.
2017) thanks to the Rosetta mission, and this represents to our
knowledge the widest range available. The measurement of the
unpolarised SPF shows a strong backward scattering behaviour,
not compatible with the SPF of HR 4796 as measured in the
H-band. The polarised fraction is a common diagnostic tool to
classify comets, and this has been documented so far for scat-
tering angles between 28° and 180° (Kolokolova et al. 2004).
It has been used to classify comets in three classes depending
on their maximum polarisation fraction: low-polarisation comets
(10-15%) and higher-polarisation comets (25-30%), with a sep-
arate class for a few notable exceptions with higher polarisation
levels such as C/1995 O1 (Hale-Bopp). HR 4796 would therefore
belong to this latter class, with a maximum polarised fraction of
50% + 3% in the Ks band (Perrin et al. 2015) and 40% + 26%
in the optical at 90° scattering angle. Similar or higher levels of
polarisation were also detected in the edge-on disc AU Mic (Gra-
ham et al. 2007), where very porous aggregates (> 70% porosity)
were proposed to reproduce both the polarised fraction and un-
polarised SPF. For both comets and debris discs, the absence of
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resonant oscillations in the SPF is the main reason why the ge-
ometry of the particles is believed to differ significantly from that
of a perfect sphere (Kolokolova et al. 2004). The high degree of
polarisation for comet C/1995 O1 (Hale-Bopp) was interpreted
as the presence of small particles below 1 pum included in fluffy
aggregates (Hadamcik & Levasseur-Regourd 2003; Levasseur-
Regourd et al. 2007). The fact that our Mie and DHS modelling
of the polarised SPF point towards submicronic particles could
indicate similar particles are present in the HR 4796 ring, likely
part of larger aggregates to avoid rapid blow-out by the radiation
pressure.

All comets show a negative branch of polarisation between
scattering angles of 158° and 180°, with a minimum of about -
1.5% (Kiselev et al. 2015). This signal would also appear as a
negative signal in our Oy image but we do not have the sensi-
tivity to detect it in this data set. The linear trend between 100
and 140° suggests however an inversion around 160°, compati-
ble with cometary material.

A deeper dataset in the absence of LWE would reveal this
critical region of the disc. In addition, a simultaneous measure-
ment of the unpolarised intensity of the disc would make it pos-
sible to retrieve the polarised fraction of the dust along the ring,
for a direct comparison to comets in the solar system. This is
possible with the ZIMPOL instruments with either a dedicated
pupil-stabilised data set in unpolarised light, or the so-called p1
mode where the derotator is fixed to minimise instrumental po-
larisation.

5. Conclusions

The polarised SPF of the dust around HR 4796 was measured
for the first time in the optical from 13° up to ~ 145° with the
SPHERE/ZIMPOL instrument. The SPF starts by decreasing be-
yond 13° to plateau between 30° and 80°, and then decreases
again linearly. The sensitivity of the data is not high enough
to measure an inversion in the polarised fraction for large scat-
tering angles, but the trend suggests that the polarised fraction
would cancel at about 160°, as is the case for all comets of
our solar system. The overall behaviour of the polarised scat-
tering phase function is hardly compatible with compact Mie
or DHS spheres. Those two theories suggest predominance of
small sub-micronic particles which would be rapidly blown out
of the system by the radiation pressure of the central star. In
addition, no resonant oscillations typical for spherical particles
are visible in the polarised scattering phase function. The par-
ticles are therefore more complex than perfect spheres, as al-
ready concluded from previous studies. Large fluffy porous par-
ticles could explain the polarised properties if the individual
monomers are small enough; large compact particles with irregu-
lar surface roughness could be an alternative solution. However,
further modelling work is required to validate those scenarios,
as most available models, tailored for solar-system comets, fo-
cus on reproducing the maximum/minimum polarised fraction
and their locations, which are not available in these observations.
Extracting the unpolarised phase function and polarised fraction
simultaneously in the optical is therefore a logical next step to
further explore the analogy with comets.
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Fig. A.1. Marginal probability distribution of the deprojected elements
of the ring. The top-right inset shows in blue the data points used as
input for the fit, and in red the best ellipse.

Appendix A: MCMC fit of the elllipse

An ellipse is characterised by the five following parameters: the
centre coordinates (xp,yo), the semi-major and semi-minor axes
a and b, and the position angle of the semi-major axis PA. Ray
& Srivastava (2008) proposed a geometric approach to charac-
terise the goodness of fit between an ellipse parametrised by the
model vector u = (xg, Yo, a, b, PA) and a set of data points. We
adopted their definition: if F;(u) is the distance between the i""
data point and its projection on the ellipse as defined in their
Fig. 3, the misfit is the sum of F’ iz(u). Finding the minimum mis-
fit is a non-linear least-square problem that we choose to solve
with a Markov Chain Monte Carlo technique (MCMC). We im-
plemented the affine-invariant ensemble sampler called emcee
(Foreman-Mackey et al. 2013). We assumed uniform priors for
each ellipse parameter. The posterior probability density func-
tion for the deprojected ellipse parameters is shown in Fig. A.1,
as well as the data points and best model ellipse (inset image).

Appendix B: Correcting the extracted phase
function from the effect of convolution

The size of the PSF and particularly the extension of the PSF
wings have an impact because they dilute the flux of the ring. In
absolute terms, it affects the polarised flux of the disc extracted
from the image. In relative terms, it affects the pSPF extracted
from the data because the impact of the convolution varies along
the ring. To correct it, we generated an unconvolved model of
the HR 4796A debris ring to reproduce the observations, then
we convolved this model with the ZIMPOL PSF, a technique
already applied in Rodigas et al. (2014) for this system.

To find the best model reproducing the data, we used a
python implementation® of the GraTeR code (Augereau et al.

3 GraTeR was implemented in python as part of the high-contrast
pipeline VIP (Gomez Gonzalez et al. 2017)
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1999). The complete description of the input parameters is given
in Appendix B of Milli et al. (2017). We used here the geomet-
rical parameters of the ring described in Table 1. Regarding the
vertical and radial dust density distribution, we used a reference
scale height of £y=1au at @ = 77.4 au, a Gaussian vertical pro-
file y = 2, a linear flaring 8 = 1, and inner and outer radial
density slopes a;; = 16.1 and a,,, = —13.9. They were opti-
mised manually and fixed as we only want here a good model
reproducing the data. We then used a custom phase function that
we optimised to best reproduce the data. As we want to keep
the number of free parameters as low as possible, we observed
that the extracted phase function can be well approximated by
a piecewise function as shown in Fig. B.1 (top), containing five
linear segments. Out of the six nodes defining those five linear
segments, four are kept as free parameters, for scattering angles
corresponding to 13°, 40°, 80° and 120°. The last two nodes at
160° and 180° are set to zero as we have no constraints in this
region. The free parameters of the fit are called s;3, sS40, Sg0 and
s120 and correspond to the product of the pSPF function times
the disc total scattering cross-section. The best model is shown
in Fig. B.2. It has a reduced y? of 1.18. We reproduced the best
scattering phase function in Fig. B.1 which shows both the input
pSPF used in the model (black line) and the retrieved pSPF fol-
lowing our measurement procedure detailed in section 3.2 (red
dashed line). This verification validates our pSPF extraction pro-
cedure as both curves agree very well.

To derive the uncertainty on the convolution correction fac-
tor, we used once again the MCMC implementation of the affine-
invariant ensemble sampler emcee. We used 120 walkers, a burn-
ing phase of 4,000 steps and then iterated over 16,000 steps for
each of the walkers. The chain mean acceptance fraction was
0.5, and the maximum length for the auto-correlation time was
66. The posterior distributions of the four pSPF free parameters
S13, 840, Sg0 and s120 are shown in in Fig. B.3. We then propagated
the uncertainty in those parameters in the uncertainty on the cor-
rection factor from the convolution. This is shown in the grey
shaded area in Fig. B.2 (bottom). This uncertainty was combined
together with the other sources of uncertainty while extracting
the pSPF.

Appendix C: Mie and DHS models

We summarise in Table C.1 the properties of the Mie or DHS
models found to best describe the SED (Milli et al. 2015), the
spectral reflectance, the unpolarised SPF below 45° scattering
angle (Milli et al. 2017), and the pSPF described in this work. As
explained in Sect. 4.2, the models best matching the pSPF have
a minimum particle size of 0.1 pm, which is neither compatible
with the SED nor with the spectral reflectance.
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Fig. B.1. Top: Model of the best polarized SPF matching the data (black
curve), described as a piecewise linear function with 6 nodes (the 4
green dots are the degrees of freedom for the fit, the 2 blue dots are
fixed parameters). This input pSPF is compared to the pSPF as ex-
tracted from the synthetic image using the elliptical aperture technique
described in Sect. 3.2 before convolution (red dashed line) and after
convolution (red plain line). Bottom: Correction factor account for the
effect of convolution (corresponding to the ratio between the dashed and
plain red line). The grey shaded area corresponds to the 10~ uncertainty
propagated from the MCMC result.

Table C.1. Goodness-of-fit estimates and corresponding parameters for
the best models with respect to the SED or the scattered light observ-
ables.

best best best SPF best
SED“  reflectance” ¢ < 45°®  polarised SPF

Theory | DHS Mie Mie Mie
v -3.5 -3.5 -5.5 -3.5
qSior 0.2 0.2 0.0 1.

DPH,0 3.1% 1.0% 90% 90%
Smin 1.78 0.3 17.8 0.1

P 20.0% 40.0% 0.10% 80%

X%ED 1.7 129 48 84.6

Xieﬂ' 352 14 6.2 35.2

XZSPF 394 442 3.8 19.3
XpspF 14.1 16.9 12.2 24

Notes. @ Best model explaining the SED already presented in Milli
etal. (2015) and displayed here as a reference. ) Best model explaining
the spectral reflectance and SPF already presented in Milli et al. (2017)
and displayed here as a reference.
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Fig. B.2. From left to right: Original Q, image, residuals after subtraction of the best model showing only some residual disc flux in the brighter
north ansa, and the unconvolved model and the convolved model. The first two images and last two images have the same linear colour scale.
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Fig. B.3. Marginal probability distribution of the 4 free parameters
defining the pSPF.
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