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ABSTRACT

Exploring the formation and evolution of second-generation circumbinary discs around evolved binary stars, such as post-
asymptotic giant branch (post-AGB) and post-red giant branch binaries, provides valuable insights into the complex binary
interaction process that concludes the red-giant phase of evolution in these systems. Additionally, it offers a novel opportunity
to investigate the formation of second-generation planets within dusty discs surrounding evolved stars. We present a pilot
multiwavelength polarimetric imaging study of the post-AGB binary system IRAS 085444431 using the European Southern
Observatory—Very Large Telescope/Spectro-Polarimetric High-contrast Exoplanet Research (VLT/SPHERE) instrument. This
study is focused on optical V- and I’-band Zurich Imaging Polarimeter (ZIMPOL) data to complement near-infrared (near-IR)
H-band IRDIS data presented previously. The study aims to investigate the dust scattering properties and surface morphology
of the post-AGB circumbinary disc as a function of wavelength. We successfully resolved the extended disc structure of
IRAS 08544-4431, revealing a complex disc morphology, high polarimetric disc brightness (up to ~1.5 %), and significant
forward scattering at optical wavelengths. Additionally, we found that the disc shows a grey polarimetric colour in both optical
and near-IR. The findings highlight similarities between post-AGB circumbinary discs and protoplanetary discs, suggesting
submicron-sized porous aggregates as the dominant surface dust composition, and indicating potential warping within the disc.
However, further expansion of the multiwavelength analysis to a larger sample of post-AGB binary systems, as well as high-
resolution observations of dust continuum and gas emission, is necessary to fully explore the underlying structure of post-AGB
circumbinary discs and associated physical mechanisms.

Key words: accretion, accretion discs —techniques: high angular resolution —techniques: polarimetric —stars: AGB and post-
AGB —binaries: general.

1 INTRODUCTION

The discovery of planets orbiting the white dwarf-M dwarf binary
system NN Ser and subsequent studies have challenged traditional
notions of planet formation (Zorotovic & Schreiber 2013; Hardy et al.
2016). It was shown that these planets did not form alongside their
hosting binary system, but rather originated from the remaining mat-
ter bound to the binary after the common envelope stage (Volschow,
Banerjee & Hessman 2014; Schleicher et al. 2015). Studying the
formation and evolution of second-generation circumbinary discs
around evolved binary stars, such as post-asymptotic giant branch
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(post-AGB) and post-red giant branch (post-RGB) binaries, offers
opportunities to gain insights into the poorly understood binary
interaction process that terminates the giant phase of evolution in
these systems. It also offers a unique opportunity to investigate
the potential formation of second-generation planets in dusty discs
surrounding evolved stars.

Low-mass post-AGB stars undergo a rapid transition (~ 10° yr)
between the AGB and the planetary nebulae stages (van Winckel
2003; Kamath, Wood & Van Winckel 2015; Miller Bertolami 2016).
In the presence of a secondary companion (likely to be a main-
sequence star, Oomen et al. 2018), binary interaction processes
lead to the formation of various structures, including (i) a stable
circumbinary disc (e.g. Kluska et al. 2022), (ii) circumstellar disc

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
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around the secondary companion, and (iii) high-velocity outflows
(referred to as jets) launched from the companion position (e.g.
Bollen et al. 2022; De Prins et al. 2024; Verhamme et al. 2024).
Observational studies have revealed that post-AGB circumbinary
discs exhibit Keplerian rotation and have a typical angular size of
~0.5-1 arcsec (~100 to 500 au), as deduced from CO position—
velocity maps (e.g. Gallardo Cava et al. 2021).

Radiative transfer (RT) modelling efforts for circumbinary discs
around post-AGB binaries (e.g. Corporaal et al. 2023a) show that the
high-angular resolution interferometric data are well reproduced by
passively irradiated disc models developed for protoplanetary discs
(PPDs) around young stellar objects (YSOs). Despite the significant
difference in formation history, as well as the lifetime between
post-AGB circumbinary discs (with a lifetime of ~ 10*—10° yr,
Bujarrabal et al. 2017) and PPDs (with a lifetime of up to a few
Myr), the two types of discs appear to be surprisingly similar in
terms of IR excesses, dust disc mass (~ 1073 M, Corporaal et al.
2023a), chemical depletion (Kluska et al. 2022; Mohorian et al.
2024) and dust mineralogy (Gielen et al. 2011; Scicluna et al.
2020). Deep near-infrared (near-IR) interferometric studies spatially
resolved the hot dust inner rim of the post-AGB discs, confirming
that it is predominantly located at dust sublimation radius (~6 au;
e.g. Hillen et al. 2016; Kluska et al. 2019). These circumbinary
discs are called ‘full discs’. However, the recent study by Corporaal
et al. (2023b) confirmed that similar to PPDs, we can define a
subgroup of ‘transition’ post-AGB discs with the dust inner rim
up to 7.5 times larger than the theoretical dust sublimation radius.
In PPDs, ‘transition’ disc characteristics are interpreted as a sign of
cavities in the disc structure, which could reflect the presence of a
giant planet carving a hole in the disc (Maaskant et al. 2013; Menu
et al. 2015; Booth & Owen 2020).

Advanced direct imaging instruments, equipped with extreme
adaptive optics (AO), provide access to scattered light from small dust
grains in the disc surface layers (Benisty et al. 2022). By employing
high-resolution polarimetric imaging with cutting-edge instruments
like European Southern Observatory (ESO) Spectro-Polarimetric
High-contrast Exoplanet REsearch instrument (SPHERE, Beuzit
et al. 2019), we can effectively suppress direct stellar light from the
system. This allows us to unveil the extended disc morphology and
extract crucial information about the dust properties encoded in both
the intensity and degree of polarization of the scattered light (Ma,
Schmid & Tschudi 2023). Employing multiwavelength polarimetric
imaging, we can gain insights into the wavelength dependence of
scattering parameters, including dust-scattering albedos, polarization
intensity, scattering asymmetry, and disc colour. These parameters,
compared with results of state-of-the-art dust models (e.g. Tazaki &
Dominik 2022), provide direct insights into the dust grain size, shape,
and composition in the surface layers of the circumstellar disc.

AR Pup is the first post-AGB binary whose extended disc structure
was resolved with SPHERE (Ertel et al. 2019). The extended disc
showed several arc-like features extending perpendicular to the disc
mid-plane and caused by a disc wind, outflows, or jets from the
central binary. Since then, we have used SPHERE to resolve the
extended disc of an additional eight post-AGB binaries (Andrych
et al. 2023). This pilot survey revealed complex morphologies and
also showed a large diversity in terms of disc size and orientation.
The study also showed that ‘full’ disc systems have clearly resolved
elliptical disc surfaces, in contrast to’transition’ discs, which exhibit
more complex structures. Additionally, it indicated that post-AGB
circumbinary discs exhibit a high azimuthal polarization of up to
2.2% of stellar intensity, which is consistent with values found
for PPDs. However, further investigation of the circumbinary disc
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structure and interpretation of the findings requires expanding the
available data to include multiwavelength polarimetric imaging
observations.

In this paper, we present the first multiwavelength polarimetric
images of the disc around the post-AGB binary star IRAS 08544—
4431. In Section 2, we present relevant observational details of
our target collected from the literature. In Section 3, we introduce
our observing strategy and data reduction (DR) methodology. In
Section 4, we present the analysis of the VLT/SPHERE-Zurich
Imaging Polarimeter (ZIMPOL) data and corresponding results.
In Section 5, we discuss the effect of interstellar polarization
on the results and highlight similarities and differences between
circumbinary discs around post-AGBs and PPDs. We present our
conclusions in Section 6.

2 TARGET DETAILS

In this study, we focus on the post-AGB binary star IRAS 08544—
4431, aluminous system (~ 14000 L, Oomen et al. 2019) with well-
established orbital parameters: an orbital period of 501.1 +1.0d,
a projected semimajor axis of 0.398 £ 0.008 au, an eccentricity of
0.20 £ 0.02, and a mass function of 0.033 £ 0.002 M (Oomen et al.
2018). Spectroscopic observations also showed a mild depletion of
refractory elements in the photosphere of the primary post-AGB star
([Zn/Ti] = 0.9, Maas, Van Winckel & Lloyd Evans 2005). ALMA
12CO and 13CO observations revealed a relatively extended disc in the
system, with the central part exhibiting purely Keplerian rotation and
sub-Keplerian rotation towards the outer regions (Bujarrabal et al.
2018).

Additionally, IRAS 08544-4431 has been extensively studied in
the near-IR and mid-IR with ESO/Very Large Telescope Interferom-
eter, showing a well-resolved inner disc rim aligned with the dust
sublimation radius (Hillen et al. 2016; Kluska et al. 2019; Corporaal
et al. 2023a). Therefore, the system was classified as a ‘full’ disc.
However, it was also found that ~15 % of the H-band flux comes from
an over-resolved emission, only partially accounted for by current RT
models, suggesting a missing component with temperatures ranging
within 1400-3600 K (Kluska et al. 2018; Corporaal et al. 2021,
2023a).

Recent SPHERE/IRDIS H-band polarimetric imaging of
IRAS 08544-4431 have shown the low-inclination disc (~ 20°)
in the system, characterized by the polarized disc brightness of
0.58 % (in resolved emission) and 1.30 % (including the unresolved
component) of the total intensity of the target (Andrych et al. 2023).
It also revealed complex disc surface structures, including two arc-
like substructures alongside the main ’ring’. These results further
support the non-axisymmetric nature of the system proposed by
Corporaal et al. (2021) and make IRAS 085444431 a favourable
target for probing the wavelength dependency of disc scattering and
polarimetric parameters.

3 DATA AND OBSERVATIONS

In this study, we present multiwavelength high-angular-resolution
polarimetric observations of the circumbinary disc surrounding
IRAS 08544—4431. In this section, we provide an overview of our
data and the methodology employed for DR. The DR process
involves several steps, including polarimetric differential imaging
(PDI), frame selection, correction of telescope effects and unresolved
central polarization, deconvolution, and estimation of signal-to-noise
ratio (SNR).
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3.1 Observations

The data were obtained with the extreme AO instrument (SPHERE,
Beuzit et al. 2019) using the Zurich Imaging Polarimeter (ZIMPOL,
Schmid et al. 2018) in optical, as well as the Infra-Red Dual-beam
Imaging and Spectroscopy camera (IRDIS, Dohlen et al. 2008) for
the near-IR. The IRDIS observation results are adapted from Andrych
et al. (2023). In Table 2, we summarize the resulting disc parameters
determined from IRDIS data as well as the results of this study (see
Section 4 for details).

We obtained the SPHERE/ZIMPOL data as part of ESO ob-
servational program 0101.D-0752(A) (PI: Kamath). Observations
were carried out on 2018 April 22. To resolve the scattered light
around the post-AGB binary star and ensure the best accuracy for
the multiwavelength characteristics, we used SPHERE/ZIMPOL in
its polarimetric P1 mode without coronagraph. In this mode, the sky
field is rotating with respect to the instrument and the telescope pupil
so that instrumental effects average out to provide the highest polari-
metric sensitivity and polarimetric calibration accuracy (Schmid et al.
2018). In addition to the target data, we also obtained observations
for the reference star HD 83878. This star was carefully selected to
have similar brightness and colour to the science target, at a similar
position as the corresponding science target when being observed
after it. While the total intensity image of the scientific target can be
used as a point spread function (PSF) during the reduction process
for some post-AGB systems (Andrych et al. 2023), reference star
observations give us more accurate results ensuring that the PSF is
not broadened by scattered light from the circumbinary disc.

We obtained the data in V-band (Ag = 554 nm, AA = 80.6 nm)
and I’-band (labelled in ZIMPOL as ‘Cnt820°, Ao = 817.3 nm,
AX = 19.8nm)." Due to the construction of the ZIMPOL camera,
observations in both filters were taken simultaneously, enabling
direct comparison of data during further analysis. The data were
taken in polarimetric cycles, where one cycle includes four Stokes
exposures for linear polarization measurements, with half-wave plate
positions 8 = 0° and 45° for Stokes Q and # = 22.5° and 67.5° for
Stokes U. In total, 20 polarimetric cycles were taken with an exposure
time of 80s per cycle. All observational frames for IRAS 08544—
4431 contain a total number of counts of approximately 5.6 x 10° in
V-band and 3.7 x 10° in /’-band, which correspond to non-saturated
observations (Schmid et al. 2018). Observations for the reference
star HD 83878 show a similar order of total counts — approximately
3.4 x 10% in V-band and 9.5 x 10° in I’-band.

3.2 ZIMPOL data reduction

We performed the DR using the DR pipeline SPHERE-DC (SPHERE
Data Centre, Delorme et al. 2017) complemented with the sz-pipeline
developed at ETH Zurich (Schmid et al. 2018) and our own PYTHON
scripts. In the following sections, we briefly present the main steps
involved in the DR procedure.

3.2.1 Polarimetric differential imaging reduction with
SPHERE-DC

To perform the basic PDI reduction, we used the High-Contrast
Data Centre (HC-DC, formerly known as the SPHERE Data Centre)

IThe ZIMPOL camera includes three filters CI_PRIM’, ’N_I’, and ‘Cnt820")
that correspond to the /-band and differ by the filter width. For the
convenience of the reader, we will use the label I’-band to refer to’Cnt820’
throughout the paper.

Polarimetric imaging of IRAS 08544—4431 1765

pipeline. This software is based on the SPHERE ESO pipeline, com-
plemented by additional routines (e.g. improved centring routines,
automatic frame sorting, analysis routines) to systematically process
SPHERE data. The basic reduction steps include bias subtraction, flat
fielding, frame centring, polarimetric combination, and corrections
for the polarimetric beam-shift effect. The pipeline then uses the
double difference method to compute the classical Stokes vector
components Q and U and the corresponding total intensities.
While polarimetric normalization is commonly used in the DR of
SPHERE/ZIMPOL data (e.g. Hunziker et al. 2021), we avoided this
calibration step due to detected unresolved polarization coming from
the unresolved part of the circumbinary disc of IRAS 085444431
(see Sections 3.2.4 and 5.1 for more details). To achieve the highest
accuracy for the barely resolved data we also performed additional
reduction steps such as correction of variable telescope polarization
with the parallactic angle and correction of PSF smearing effect
(see Sections 3.2.3 and 3.2.5). We used custom PYTHON scripts to
compute the azimuthal Stokes parameters O, and Uy following the
definitions of de Boer et al. (2020), the total polarized intensity (/po1),
and the angle of linear polarization (AoLP). Positive Q indicates
linear polarization in the azimuthal direction, while a negative Q,
corresponds to linear polarization in the radial direction. Uy shows
the linear polarization shifted by +45° from the azimuthal and
radial directions. AoLP reflects the orientation of the polarization
vector in each region of the polarized image. Assuming that the
polarimetric signal arises from the single scattering of stellar light on
the disc surface and that the disc has low inclinations (i < 40°), the
polarization vectors are expected to align azimuthally with respect
to the central star. Any other signals can then be attributed to noise
or calibration errors (Canovas et al. 2015).

Considering the limited angular size of the post-AGB circumbi-
nary disc, adopting Q, as the measure of polarized flux offers
significant advantages. This approach avoids bias effects from noisy
observational data in the polarized intensity I,o, which is derived
using the square root of the sum of Q and U squares (Simmons &
Stewart 1985). To assess the validity of this approach for our data
sample, we calculated the ratio of net positive Q4 (azimuthally po-
larized signal) to I,;. We found that azimuthally polarized intensity
accounts for more than 85 % of the total polarized intensity (/o) in
the V-band and over 90 % in the I’-band confirming the dominance
of single scattering and justifying the use of Qg for the further
analysis.

3.2.2 Frame selection

The PSF of SPHERE/ZIMPOL can change strongly within one
night and under unstable weather conditions even from frame to
frame, where each frame is the result of one full polarimetric cycle.
This variability impacts polarimetric measurements, causing the
measured polarization to also depend on the variable atmospheric
conditions and the associated AO performance (Tschudi & Schmid
2021). Therefore we investigated PSF variability for both science
and reference observations for individual data frames.

To assess this PSF variability, we used the peak flux (Ipcax)
normalized to the total intensity (/) of the target in a large
aperture (~ 3arcsec) as a simple measure of the Strehl ratio. Given
that total intensity images I, of IRAS 085444431 are primarily
dominated by the post-AGB star (see Appendix A), we used iy as
the instrumental PSF taken simultaneously with the polarimetry data
for this reduction step. The resulting frame-to-frame variation of the
observational PSF is presented in the top row of Fig. 1.

MNRAS 535, 1763-1777 (2024)
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Figure 1. Frame-to-frame variation of normalized peak PSF intensity
(Ipeak / Itor) as a simple measurement of observational Strehl ratio (top row),
and correlation of normalized disc polarization (Qg/lior) With peak PSF
intensity for IRAS 08544-4431. The V-band (blue circles) and I’-band
(red squares) data exhibit very similar behaviour, as they were captured
simultaneously by the two arms of ZIMPOL, reflecting the same AO
performance. See Section 3.2.2 for more details.

Additionally, we explored the correlation between the normalized
total peak flux (Ipeax/Iiot) and the observed normalized disc polar-
ization (Q4/ Iior). As anticipated, we observed a strong correlation in
both the V- and I'-bands (see bottom panel of Fig. 1).

Finally, we used the normalized peak flux Ipea /i to select the
top 75 %?* of polarimetric frames for further reduction and analysis.

3.2.3 Correction of telescope polarization

To correct our data for polarization induced by the instrument,
we used the sz-pipeline developed at ETH Zurich. This pipeline,
following the methodology outlined by Schmid et al. (2018), cal-
culates the offset in telescope polarization and polarization position
angle (PA) for the ZIMPOL instrument. As the telescope rotates
relative to the sky during observations, the uncorrected fractional
polarization (Q/ i, U/ Ii;) typically forms a circular distribution in
the Q/li—U /I plane. Fig. 2 illustrates the measured fractional
polarization before and after correction for each observation cycle,
alongside the corresponding telescope polarization data for both
V- and I’-bands of IRAS 08544-4431. The radius of the circle is
determined by the telescope polarization, which was determined by

2The choice of the top 75% of frames was based on a combination of
factors, including the change of the peak intensity from frame to frame,
visual inspection of the frames, and the total number of available frames.
This value was selected to balance between excluding frames with poorer
instrumental performance while still keeping enough frames to benefit from
mean combining and significantly improve the SNR ratio.
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Figure 2. Measured fractional polarization (Q/lix and U/l) of
IRAS 085444431 before (crosses) and after (squares) the correction of
the telescope polarization (lines) in V- (red) and I’- (blue) bands. See
Section 3.2.3 for more details.

Schmid et al. (2018). The PA, on the other hand, is influenced by
two factors: the parallactic angle and a specific offset unique to each
band.

3.2.4 Correction of the unresolved central polarized signal

The reduced linearly polarized images of IRAS 08544-4431 show
features commonly attributed to the polarization signal originating
from unresolved components within the system (e.g. Keppler et al.
2018). These features include a butterfly pattern in the central part of
the Qy, as well as a halo in the polarized total intensity image (see top
row of Fig. 3). We note that similar unresolved polarized signal was
also identified in H -band polarimetric observations of IRAS 08544—
4431 with SPHERE/IRDIS (Andrych et al. 2023). Although the
resolution of ZIMPOL camera in V- and I’-bands is significantly
better (~ 30 mas, see Section 3.2.6), it remains insufficient to resolve
the inner rim of the circumbinary disc of IRAS 085444431, located
atapproximately 5.5 mas from the central binary (Kluska et al. 2018).

To correct the data for the polarized signal from the bright but
spatially unresolved central region, we implemented a method similar
to that outlined in van Holstein et al. (2020). Following the analysis
performed in Andrych et al. (2023), we used a circular aperture with a
radius of 3 pixels (~ 11 mas) centred on the stellar position to calcu-
late the degree and angle of the unresolved central polarization (see
Table 1). The three-pixel aperture was chosen to provide a reliable
correction for the unresolved polarized signal, while minimizing the
contribution from the resolved signal. Subsequently, we subtracted
this unresolved central polarized signal from the linearly polarized
images Q and U and recalculated Q 4 and ;0. The resulting polarized
images are presented in the bottom row of Fig. 3.

In addition, we note that employing this method corrects for the
net linear polarization of the central source and therefore produces
unrealistically low intensity for the central 5 x 5 pixel region of the
I, and Q4 images (see the bottom row of Fig. 3). Even if there
exists an intrinsic Q4 component, it cannot be measured because of
the lack of spatial resolution. Therefore, we exclude this region from
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Figure 3. The polarized signal of IRAS 085444431 before (top row) and after (bottom row) subtraction of the unresolved central polarization in V- (first and
second column) and I’- (third and fourth column) bands. Q4 represents azimuthal polarized intensity, while Ipo1 represents the total polarized signal. White
circles in the left corner of each image represent the size of the resolution element (see Section 5). All images are presented on an inverse hyperbolic scale and

oriented North up and East to the left. See Section 3.2.4 for more details.

Table 1. Characteristics of the unresolved central polarization.

Band DoLP, % AoLP, °©
\% 0.95 4+ 0.09 160 2
r 1.03+ 0.06 155+ 1

Note. ‘DoLP’ represents the degree of linear polarization, ‘AoLP’ represents
the predominant angle of linear polarization for the unresolved central
polarization (see Section 3.2.4).

further analysis and emphasize that this discrepancy is an artificial
bias introduced during the reduction process.

3.2.5 Correction of PSF smearing effect

The correction of PSF smearing and polarimetric cancellation effects
is known to be a crucial step in determining the polarized flux of a
circumstellar disc (Schmid, Joos & Tschan 2006; Tschudi & Schmid
2021). To properly account for the PSF convolution effects, one can
define a parametric disc model and search for the initial polarized
disc signal by comparing many PSF-convolved disc models with the
observations. However, this approach requires a detailed model of
the disc geometry that is not always known.

Recently, Ma, Schmid & Stolker (2024) proposed a procedure
that can be applied to a wide range of disc observations and allows
to obtain corrected or intrinsic values for disc-polarized intensity
with relative errors of only about 10 % or even less. Following their
methodology, we derived a two-dimensional correction map for the
azimuthally polarized disc intensity Q4 based on the observational
PSF and disc orientation for IRAS 08544-4431 (inclination of
23° and PA ~ 121° derived from H-band polarimetric imaging
with SPHERE/IRDIS, Andrych et al. 2023). We compared the
resulting correction maps for the disc orientation (inclination and
PA) obtained from IR interferometry data (Hillen et al. 2016;
Corporaal et al. 2023a) and did not find a significant difference in

—— Hband
“y | V band
I' band
61
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distance, mas

Figure 4. Example of calculated PSF correction coefficients in H (solid
black line), V- (dashed red line) and I’-bands (dotted blue line) using
observational PSF and a wide elliptical ring model with inclination and PA
similar to IRAS 08544-4431. See Section 3.2.5 for more details.

the results. To ensure accurate wavelength-dependant comparison of
SPHERE/ZMPOL and SPHERE/IRDIS data, we have also calculated
similar correction map for the H-band SPHERE/IRDIS data that
were already analysed and presented by Andrych et al. (2023).

In Fig. 4, we present the radial curve f(r) of the correction map for
V-, I’-, and H-bands. Similar to Ma et al. (2024), our result shows
that the correction map has high values closer to the binary where
the smearing by the PSF-peak already introduces strong polarimetric
cancellation of a disc signal. This further highlights the importance
of correction of PSF smearing and polarimetric cancellation effects
for targets with small angular disc size. However, we note that this
correction may introduce bias in the shape of resolved disc structures,
primarily due to the extreme values of the correction map near the
central binary. Therefore, while this correction was applied to restore
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Figure 5. Statistically significant regions (SNR > 5, marked with white
contour) of the Qg4 images for IRAS 085444431 in V- and I’-bands. See
Section 3.2.6 for more details.

the total polarimetric brightness of the disc, it was omitted during
the determination of disc orientation and morphology.

3.2.6 Estimation of the signal-to-noise ratio

To determine the statistically significant region of the final re-
duced images, we used a similar approach to that applied for
SPHERE/IRDIS observations of IRAS 08544-4431 (Andrych et al.
2023). In brief, we first determined the background noise for our
data sets using the annulus of the image that did not contain any
signal from the target and calculated the pixel-to-pixel root mean
squared. Each pixel value of the azimuthally polarized image Q,
was considered as the signal. We then used the calculated SNR to
define the region of the Q4 image with SNR > 5, which reflects
the statistically significant region of the polarimetric image for each
observation (see Fig. 5). This region was used for further analysis.
Additionally, we determined the resolution of our data to compare
it with the expected performance of the SPHERE/ZIMPOL camera.
Following the methodology outlined in Hunziker et al. (2021), we
performed Gaussian fitting of the PSF intensity profile and used the
full width at half-maximum (FWHM) as the size of the resolution
element. We found the resolution to be ~ 30mas for both V-
and /’-bands, aligning closely with the anticipated values for the
SPHERE/ZIMPOL instrument (Schmid et al. 2018).

3.2.7 Deconvolution

To enhance the disc substructures, we deconvolved the result-
ing linearly polarized images with the reference PSF using the
Richardson—Lucy deconvolution algorithm (Richardson 1972; Lucy
1974). We use the total unpolarized intensity image (/) derived from
observations of a reference star as a PSF. We note that convergence
of the deconvolution process was achieved within 25 iterations
for both V- and I’-bands, with pixel-to-pixel variation between
neighbouring iterations reaching less than 1.5 %. We present the
resulting deconvolved polarized images of IRAS 085444431 in V-
and /’-bands in Fig. 6. We also note that the final size of the resolution
element after the deconvolution procedure is ~ 18 mas.

4 ANALYSIS AND RESULTS

In this section, we present the analysis of reduced linearly polarized
images and discuss the results for IRAS 08544-4431. The main
analysis procedure includes investigating the fractional polariza-
tion, determining the disc orientation, defining the relative disc
brightness in polarized light, and characterizing the wavelength-
dependent polarized intensity and structure of the circumbinary disc
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Figure 6. Deconvolved Q4 images of IRAS 08544-4431 in V- and I’-bands.
All images are presented on an inverse hyperbolic scale and oriented North
up and East to the left. White circles in the left corner of each image represent
the size of the resolution element after deconvolution. The low intensity of
the central 5 x 5 pixel region of each image is a result of the correction for
the polarization signal of the unresolved central source (Section 3.2.4). See
Section 3.2.7 for more details.
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Figure 7. Fractional polarization Q /I, and U / I for a gradually enlarging
aperture for both V- and /’-bands. See Section 4.1 for more details.
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of IRAS 08544-4431. As we noted in Section 3.2.6, we focus on
the region of the azimuthally polarized image with an SNR > 5 (see
Fig. 5).

4.1 Investigating variations in aperture polarimetry

To explore potential geometric variations in the circumbinary disc,
we examined how fractional polarization (Q/ I, U/l) changes
with increasing distance from the central binary. This approach
also provides insights into the geometry of the unresolved disc
component, which is the source of the unresolved central polarization
detected in the system (see Section 3.2.4). If the disc has significant
tearing or misalignment (e.g. Pérez et al. 2018) it would appear as
rapid shifts in signal location within the Q/li,—U /I plane.

We measured total fractional polarization Q/I, and U/l in
circular apertures with a gradually increasing radius ranging from
0.004t0 0.11 arcsec with step of 0.0036 arcsec (1 pixel). The resulting
values (see Fig. 7) show a smooth and continuous change with
aperture size, which is expected for the circumbinary disc without
significant tearing and misalignment. While we note that interstellar
polarization contributes to the unresolved central polarization, we
expect that its impact on the measurement for IRAS 085444431 is
not significant, which is further discussed in Section 5.1.
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4.2 Determination of disc orientation

The final reduced Q, images reveal a clear bright ‘ring’ evident in
both V- and I’-band observations (see Fig. 5), similar to our findings
from SPHERE/IRDIS H -band polarimetric imaging of IRAS 08544—
4431 (Andrych et al. 2023). While we refer to the resolved structure
as a ‘ring’, it is important to clarify that the ‘inner rim’ in these
images does not correspond to the physical dust inner rim in the
IRAS 08544-4431 circumbinary disc, which is too small to be
resolved by the SPHERE instrument. An unrealistically low intensity
at the centre of the Q4 image is caused by the correction of the
unresolved polarization of the central source during the DR (see Sec-
tion 3.2.4). Therefore, the bright ‘ring’ represents the closest resolved
section of the circumbinary disc to the central binary and serves as
a valuable indicator for estimating the PA and inclination of the
disc.

Following the methodology discussed in Andrych et al. (2023), we
used the deconvolved Q, images to estimate the orientation of the
resolved disc surface. This involved fitting an ellipse to the positions
of peak brightness along the ‘ring’, from which we calculated the
lengths of the major and minor axes, as well as the corresponding
PA3 of the disc.

RT modelling of the near-IR interferometric data set for
IRAS 08544-4431 indicates that the dust inner rim aligns with the
dust sublimation radius, rather than the dynamical disc truncation
caused by the inner binary (Kluska et al. 2018). Therefore, despite
the known eccentricity of the post-AGB binary orbit (0.20 & 0.02,
Oomen et al. 2018), we can assume the disc to be circular and
interpret the visible elliptical disc shape (see Fig. 6) as resulting
from the projection of the circular disc on to the field of view. Hence,
we can estimate the corresponding inclination that would cause such
an effect using

. b
cosi = (7) , (1)
a

where a and b are major and minor half axes of the ellipse,
respectively.
Additionally, we determined the eccentricity e of the’ring’ using

/ b2

The most plausible position and orientation of circumbinary discs
surface resolved in V- and I’-bands are presented in Fig. 8 and
Table 2. While correction of unresolved central polarization (see
Section 3.2.4) may slightly circularize the resolved disc surface by
oversubtracting fainter pixels, it is important to note that the AoLP
of unresolved central polarization does not align with the minor axis
of the resolved disc surface. Thus, this correction does not impact
the calculated inclination and eccentricity values for IRAS 08544—
4431. We also note that the PA of the disc matches for both V- and
I'-band observations presented in this paper, as well as in the H-band
determined previously in Andrych et al. (2023). However, we observe
that the inclination and eccentricity values increase with decreasing
wavelength. We discuss the potential causes of such wavelength-
dependent effects in Section 5.3.

3The PA was defined as rising counterclockwise from the vertical axis (north)
to the first principal radius (major axis). We note that the ellipse fitting
procedure allows the 180° ambiguity in the disc PA on the sky.

Polarimetric imaging of IRAS 08544—4431 1769
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Figure 8. Disc orientation results based on the Qg polarized intensity images
of IRAS 085444431 (see Section 4.2 for more details). The red ellipses
illustrate the most plausible PA and inclination of discs. The red cross in the
centre of the images represents the centre of the fitted ellipse, while the white
cross represents the position of the binary. The low intensity of the central 5
x 5 pixel region of each image is a reduction bias caused by overcorrection
of the unresolved central polarization (Section 3.2.4). Note: All images are
presented on an inverse hyperbolic scale.

Table 2. Summary of derived properties of IRAS 085444431 circumbinary
disc in V-, I’-, and H-bands.

Band a (mas) b (mas) i(°) PA (°) e 0s/1 (%)
v 2224 1372 55019 102110 082 1.33+0.23
r 23t 187! 40t 102t 065  146+0.14
H 38675 35513 23Tl 121730 039 1.03+0.2°

Notes.a and b represent the major and minor half-axes of the disc in mas,
respectively, i indicates the inclination, e represents the eccentricity. The
PA is presented in degrees and rises counterclockwise from the vertical axis
(north) to the first principal radius (major axis).

dindicates that results for the SPHERE/IRDIS H-band observations of
IRAS 08544-4431 were adopted from Andrych et al. (2023).

bindicates that while the disc-polarized brightness discussed in Andrych et al.
(2023) was not adjusted for the PSF smearing effect (see Section 3.2.5), the
value presented here has been corrected for this effect. This correction ensures
a consistent comparison with disc-polarized brightness in both V- and I’-bands
presented in this study.

4.3 Exploring the extended disc morphology

In this section, we investigate the extended disc morphology of
IRAS 085444431 spanning from ~ 20 to 100 mas. To do this, we
measure the polarized disc brightness relative to the total intensity
of the system and analyse disc brightness profiles in both V- and
I’-bands.

4.3.1 Measuring the polarized disc brightness

To estimate the polarized disc brightness relative to the total intensity
of the system, we calculated the ratio of the resolved polarized
emission from the disc to the total unpolarized intensity of the
target. The resolved polarized emission was measured within the
area, constrained by the SNR > 5 (see Fig. 5 and Section 3.2.6 for
details). Additionally, the total stellar intensity was measured within
a 3 arcsec area centred on the central post-AGB source. To minimize
bias, we used the total polarized and unpolarized images before
deconvolution with the PSF, while accounting for the PSF smearing
effect (see Sections 3.2.7 and 3.2.5). We note that the resulting values
for polarized disc brightness represent a lower limit due to the partial
subtraction of the disc signal during DR (see Section 3.2.4). The
resulting polarized disc brightness ratios for both V- and I’-bands
are presented in Table 2. We also note that the estimated polarized
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Figure 9. Brightness profiles for IRAS 08544-4431 in V- (left panel) and I’- (right panel) bands (see Section 4.3.2) with corresponding Q, images. In each
panel, the left image displays the brightness profile, while the right image presents the corresponding Q4 image. The top row shows linear brightness profiles
of the Q4 image along the major and minor axes of the fitted ellipse. The middle row represents the azimuthal brightness profiles of the Q4 image. The red
dot and arrow in the corresponding Q4 image mark the starting point and direction of the azimuthal brightness profile calculation. The bottom row showcases
radial brightness profiles of the deprojected Q4 image. In the radial brightness profile plots, grey solid lines are added to indicate a =2 drop-off, expected
from a scattered light signal due to the dissipation of stellar illumination. Q4 images are presented on an inverse hyperbolic scale, with the middle-row images
additionally normalized to the maximum Q for clearer representation. The low intensity of the central 5 x 5 pixel region of each Q4 image is a reduction bias

caused by correction of the unresolved central polarization (see Section 3.2.4).

disc brightness is independent of the stellar luminosity and distance
to the post-AGB binary, as both the stellar light and the disc intensity
exhibit similar scaling with distance.

In addition, we calculated the polarized contrast of our disc using
the methodology proposed by Garufi et al. (2014, 2017). This method
involves calculating the ratio of the observed polarized flux at a spe-
cific location to the net stellar flux incident on that region of the disc
(i.e. the total stellar flux diluted by the distance). The measurement
is conducted along the disc’s major axis to minimize dependence on
disc inclination and the unknown scattering phase function, enabling
direct comparison with other systems. To determine the polarized
contrast of IRAS 085444431, we utilized the Q, signal within the
resolved bright ‘ring’ to avoid potential bias from the asymmetric
extended signal. The resulting value was averaged for opposite sides
of the ‘ring’. We calculated the polarized contrast of IRAS 08544—
4431’s circumbinary disc to be 22 46 x 1072 in the V-band and
23 £ 8 x 1073 in the I’-band.

4.3.2 Calculating disc brightness profiles

To investigate the complexity of the resolved disc surface, we calcu-
lated brightness profiles. These profiles reveal the spatial distribution
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of the polarized intensity of the disc. We calculated three types
of brightness profiles: linear, azimuthal, and radial following the
procedure presented in Andrych et al. (2023).

The linear brightness profiles reflect the symmetry of the disc
along its major and minor axes (see Section 4.2 for the details on
determining disc orientation). These profiles are shown in the top row
of Fig. 9. We note that both V- and /’-band linear brightness profiles
along the minor axis of the resolved disc surface reveal substantial
asymmetry, with the northern side of the disc appearing brighter than
the southern side. Additionally, the V-band polarimetric image also
exhibits slight but statistically significant asymmetry between the
eastern and western sides of the disc.

The azimuthal brightness profile reflects the asymmetries along the
closest resolved part of the circumbinary disc to the central binary
(‘ring’). This profile was computed using bilinear interpolation of the
intensity of the four nearest pixels at evenly spaced intervals along the
ellipse fit in the Q4 image (see Section 4.2 for details). Starting from
the eastern end of the major axis and proceeding counterclockwise,
the profile traces the variations in azimuthal brightness. The resulting
brightness profiles are presented in the middle row of Fig. 9. We
note that both V- and I’'-band azimuthal brightness profiles exhibit
brightness peaks along the major axis of the resolved disc surface
(~ 0° and 180° in positional angle along the disc surface). This

20z Jequieoaq G| Uo 1s8nB Aq 0891€82/€9/ L/Z/SES/PI0IE/SEIU/WO0"dNO"DIUSPEOE/:SAJY WOI) POPEOJUMOC



phenomenon is commonly attributed to polarization being most
effective at scattering angles close to 90°, which aligns with the sides
of the major axis for inclined discs. However in /’-band azimuthal
brightness profile, we also observe an increase in disc brightness
from 20° to 90° in positional angle along the disc surface. We
argue that this increase is caused by the forward scattering peak,
suggesting that the northern part of the disc is inclined closer to
the observer. Additionally, a similar phenomenon is observed in the
V-band azimuthal brightness profile, although the asymmetry is less
pronounced.

The radial brightness profile describes the variation of the scattered
polarized emission with the distance from the central binary. To
construct this profile, we calculated the mean brightness per pixel for
radially tabulated annuli of the Q4 images in both V- and I’-bands.
Considering the impact of disc orientation on the radial intensity
distribution, we first reconstructed how the disc might look from the
face-on (projected) position based on the estimated inclination of
the resolved disc surface for both V- and I’-bands (see Section 4.2
for details on the inclination and Andrych et al. (2023) for more
information on the methodology). The deprojected Q, images were
then subdivided into radially tabulated annuli, with the width of the
annuli increasing proportionally to /7, where r is the corresponding
radius (similar to the methodology used by Avenhaus et al. (2018)
for PPD polarimetric observations). The resulting radial brightness
profile was plotted as the mean brightness per pixel of an annulus
against the separation from the post-AGB binary. These calculations
were performed only for the statistically significant region of each
Q4 image based on the SNR (see Section 3.2.6).

To estimate the noise, we used the variance in the same annuli of
the U, image as U, is mainly devoid of signal, with the net U, not
exceeding 5 % of the Q4. Although this method may overestimate
the noise if any astrophysical signal is present in the Uy image, it
still allows us to establish an upper limit. The resulting deprojected
Qg4 images and radial brightness profile of IRAS 085444431 are
presented in the bottom row of Fig. 9. We note that in both V- and
I’-bands the radial brightness profiles show only the main peak that
corresponds to the bright ‘ring’.

4.3.3 Detection of substructures

The SPHERE/IRDIS near-IR study revealed asymmetrical substruc-
tures in the IRAS 08544-4431 circumbinary discs (Andrych et al.
2023). To investigate these substructures, we followed a similar
qualitative analysis methodology to detect and characterize potential
substructures in the circumbinary disc in V- and I’-band polarimetric
imaging. To define any real features in our Q, images (such as
arcs or gaps), we combined the estimated SNR, the orientation
of the polarization vector (AoLP), and the brightness of the disc
substructures.

First, we focused on regions of statistical significance in the
Q4 polarimetric images using the calculated SNR (SNR > 5, see
Section 3.2.6). Next, we examined the AoLP for the resolved
substructures (see Section 3.2), which reflects the orientation of the
polarization vector in each region. In the top row of Fig. 10, we show
the local angles of linear polarization over the resolved structures in
the deconvolved Q, images. The clear centrosymmetric distribution
of polarization vectors suggests low residual noise in these areas,
confirming that the polarimetric signal predominantly arises from
the single scattering of stellar light on the disc surface. Finally, we
computed the percentage of total polarized intensity per resolved
substructure excluding the unresolved central polarization (as shown

Polarimetric imaging of IRAS 08544—4431 1771
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Figure 10. Resolved disc substructures in V- (left) and I’- (right) bands. The
top row presents Q4 images with white lines indicating the local AoLP for
resolved disc structures. The length of each white line is proportional to the
degree of polarization in its respective region. The bottom row displays the
percentage of polarized disc intensity per resolved structure for IRAS 08544—
4431 (see Section 4.3.3). All images are presented on an inverse hyperbolic
scale and oriented North up and East to the left. The low intensity of the
central 5 x 5 pixel region of each Q4 image is a reduction bias caused by
over-subtracting of unresolved central polarization (Section 3.2.4).

in the bottom row of Fig. 10), which provided the brightness of the
disc substructures relative to other disc parts.

Based on the findings above, we found reliable substructures in
polarimetric images of the IRAS 085444431 circumbinary disc
in both V- and I’-bands. Notably, the substructures are more
pronounced in the I’-band, accounting for 13.6 % of the polarized
disc brightness, compared to only 2.5 % in the V-band.

4.4 Investigating wavelength dependency of disc polarimetry

In this section, we investigate the wavelength dependency of the
IRAS 08544-4431 circumbinary disc polarization, examining its
magnitude and resolved morphology.

4.4.1 Measuring polarimetric disc colour

Polarimetric observations provide an estimate of the amount of
light polarized by the disc surface layers, thereby offering a lower
limit for the reflected light from the disc surface (e.g. Benisty
et al. 2022). However, accurately characterizing the dust in the
disc via polarimetry, particularly for distant targets like post-AGB
circumbinary discs, poses challenges due to factors such as small
angular disc size, instrumental effects, and the not fully established
disc geometry. Nevertheless, we can measure the total polarized disc
brightness across different wavelengths. Assuming similar scattering
geometries across these wavelengths, the observed differences in the
polarized signal are primarily caused by the scattering and absorption
properties of the dust in the disc. Therefore, the wavelength depen-
dence of polarized disc brightness serves as an excellent indicator
for investigating dust properties (e.g. Ma et al. 2023, 2024).

MNRAS 535, 1763-1777 (2024)

202 Joquiaoaq G| uo 1senb Aq 0891£8./€9/ L/Z/SES/BI0NIE/SEIUW/WO0D"dNO"DIWaPED.)/:SA]Y WOl PAPEOJUMOC



1772 K. Andrych et al.

—— resolved
4~ unresolved

Qgllor [%]
[=} = =
=) = N

o
=)

06 08 1.0 12 14 16
wavelength [um]

Figure 11. Resolved polarized disc brightness (solid blue line) and degree
of unresolved polarization (dashed orange line) relative to the total intensity
of IRAS 08544-4431 as a function of wavelength. See Section 4.4 for more
details.

To establish the wavelength dependence of the disc-polarized
intensity, we combined results from this study in the V- and I’-bands,
along with SPHERE/IRDIS H-band observations (see Fig. 11).
We note that the disc-polarized brightness discussed in Andrych
et al. (2023) was not adjusted for the PSF smearing effect (see
Section 3.2.5). Therefore, we performed the additional correction
of the H-band polarimetric results to ensure a consistent comparison
with the disc-polarized brightness in both the V- and I’-bands.
To quantitatively characterize the wavelength dependence of the
polarized disc brightness, we use the logarithmic wavelength gradient
of the polarized reflectivity between two wavelengths as a measure
of disc polarimetric colour:

_ 10g(Q¢/1mn)x1 - 10g(Q¢/1ml)x2
Tt = log(ha/A1)

; 3

where A} < Xy, and —0.5 < n < 0.5 is classified as grey colour
(Tazaki et al. 2019; Ma et al. 2023).

We found that IRAS 085444431 shows ny;; = 0.24 £0.72 and
nv,u = —0.24 £ 0.34 which is consistent with grey disc colour.

4.4.2 Wavelength dependence of disc morphology

In addition to the wavelength dependence of the polarized disc bright-
ness, we observed slight variations in the resolved disc morphology
with wavelength. To investigate this effect, we initially compared the
fitting parameters for the closest resolved section of the circumbinary
disc to the central binary (bright ‘ring’). We found that the resolved
disc surface appears more elliptical towards lower wavelengths (see
Fig. 8 and Table 2), resulting in a higher estimation of the inclination
of the resolved disc surface (see Section 4.2).

Furthermore, we noticed that the polarimetric observations of
the IRAS 08544—4431 circumbinary disc show a more extended
structure with longer wavelengths even though the polarized disc
brightness is lower in near-IR. To investigate this, we combined Q
images of IRAS 085444431 in V- and I’-band (from this study),
along with the Q, image of the system in SPHERE/IRDIS H-
band (adapted from Andrych et al. (2023)). The Qg4 images were
corrected for the separation-dependent drop-off in illumination by
multiplying by 2 and accounting for the system inclination defined
for the resolved disc surface in each band (see Table 2). In Fig. 12,
we present the final combined Q, images of IRAS 085444431 in
V-, I’- and H-band. Additionally, we use an inverse hyperbolic scale
and a discrete colour map to highlight the intensity change along the
disc.
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Figure 12. Combined Q4 polarized disc morphology for IRAS 085444431
using V- and /-band data from this study, along with the SPHERE/IRDIS H-
band results (adapted from Andrych et al. 2023). The black cross represents
the position of the binary star. Before combining the Q4 images in each
band, they were normalized to the total intensity, corrected for the separation-
dependent drop-off in illumination by multiplying by 2 and accounting for
the system inclination defined for the resolved disc surface in each band
(see Table 2). Additionally, the image is presented on an inverse hyperbolic
scale and normalized to highlight the intensity change along the disc. See
Section 4.4 for more details.

To investigate the lack of extended structure in the V- and I'-
bands compared to previous H-band observations, we compared
radial brightness profiles with the expected r~? illumination drop-
off, typical for scattered light signals due to the dissipation of stellar
illumination (see Fig. 9). We found that in both V- and I’- bands,
starting from ~ 0.04 arcsec, the radial brightness profiles drop off
more steeply than expected. This suggests that the disc is either
smaller than previously thought (which contradicts previous H-band
observations), exhibiting a significant drop in the surface dust density
or shadowed beyond the point where we detect polarized signal at
a particular wavelength (e.g. Pérez et al. 2018). We found the latter
explanation to be more plausible, especially considering the lower
opacity of the dust for longer wavelengths. We discuss possible
causes of this effect in Section 5.

5 DISCUSSION

In this section, we interpret the obtained results to better understand
the multiwavelength morphology and dust scattering properties of the
IRAS 08544-4431 circumbinary disc surface. We achieve this by (i)
analysing the effect of interstellar polarization, (ii) characterizing the
dust properties on the disc surface, (iii) investigating the variation in
disc morphology with wavelength in SPHERE polarimetric imaging
of IRAS 08544-4431, and (iv) exploring the similarities between the
circumbinary disc around post-AGB binary stars and PPDs around
YSOs.

5.1 Effect of the interstellar polarization

As IRAS 08544-4431 is located in the Galactic plane at distance
of ~ 1600pc (Bailer-Jones et al. 2021), the observed polarized
intensity of the disc can be significantly affected by scattering in
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Figure 13. Orientation and relative degree of unresolved central polarization
of IRAS 085444431 in V-, I’-, and H-bands presented over polarization
image of the system in SPHERE/ZIMPOL I’ -band. See Section 5.1 for more
details.

the diffuse interstellar medium. The interstellar polarization arises
from differential extinction by aligned dust grains and depends on
the degree of alignment with the local magnetic field, the angle
between the local magnetic field and the line of sight, and the degree
to which the direction of the magnetic field varies along the line
of sight (Draine 2003). Moreover, Ma et al. (2023) showed that
for the nearby PPD, such as RX J1604 (~ 100 pc), the unresolved
polarization is compatible with the interstellar polarization.

During the data-reduction process (see Section 3.2.4), we com-
puted the unresolved central polarization in our data and subtracted
it from the final polarized images used for further analysis. Interstellar
polarization has little to no impact on the integrated azimuthal
polarization of the resolved disc surface, as it adds a butterfly-like
pattern to Q, images with a net effect close to zero. However, this in-
terstellar polarization is included in the measured unresolved central
polarization. To determine whether this signal primarily originates
from interstellar polarization or the unresolved disc component, we
compared the unresolved central polarization with measurements
of polarization from stars within a few degrees and roughly at
the same distance as IRAS 08544-4431 (~1.5-2kpc, Bailer-Jones
et al. 2021). Galactic interstellar polarization surveys (Heiles 2000;
Versteeg et al. 2023) indicate that stars within this range exhibit a
degree of polarization in the range of 0.6-1.8 % in V-band and a
polarization angle of 85°—130°.

We found that the angle of unresolved central polarization for
IRAS 08544-4431 does not show significant rotation with wave-
lengths (see Fig. 13). Although the measured unresolved central
polarization for IRAS 08544—4431 falls within the range of observed
interstellar polarization in the region (see Table 1), the calculated
measurements do not align with the typical wavelength dependence
expected for interstellar polarization (e.g. Serkowski, Mathewson &
Ford 1975). Moreover, we found that the wavelength dependence of
resolved polarized disc brightness and unresolved central polariza-
tion for IRAS 085444431 is very similar, providing further evidence
for a common origin of the signal. Therefore, we conclude that the
unresolved central polarization measured for IRAS 085444431 is
predominantly caused by the unresolved part of the circumbinary
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disc rather than polarization in the diffuse interstellar medium along
the line of sight.

5.2 Characterizing the dust properties on the disc surface

The intensity and polarization degree of reflected stellar light, along
with the angular dependence of these measures (phase functions), and
their wavelength dependency, encode details about the properties of
the dust within the circumstellar disc (e.g. Benisty et al. 2022).

Based on SPHERE polarimetric imaging observations of
IRAS 085444431, we observed substantial polarization (up to
1.5%) of the resolved disc surface in the optical and near-IR
wavelengths. We also note that these values represent only lower
limits due to the subtraction of unresolved central polarization (see
Section 3.2.4). This places the IRAS 08544—-4431 circumbinary disc
among the brightest PPDs in terms of polarized intensity, with typical
polarized intensity across the entire disc being approximately 1072
of the stellar intensity (e.g. Fukagawa et al. 2010; Avenhaus et al.
2018). Although direct measurement of the polarization efficiency
of the IRAS 08544-4431 circumbinary disc is challenging due to
the domination of the stellar PSF in the SPHERE total intensity
image and the lack of resolved scattered light disc intensity (see
Appendix A), we can assume that its polarization efficiency is
not less than the typical value for PPDs. Additionally, we found
a clear brightness asymmetry in the forward and backward polarized
scattering intensity in V- and I’-bands (see Section 4.3.2). This
asymmetry suggests the presence of dust grains or aggregates with
sizes at least in the micron range, exhibiting anisotropic scattering,
contrary to isotropic Rayleigh scattering observed for dust grains
smaller than the observing wavelength (e.g. Ginski et al. 2023).
Furthermore, the IRAS 085444431 circumbinary disc appeared to
have a grey colour in optical and near-IR polarimetry.

Recent theoretical studies on the relation between disc scattered-
light (total intensity, polarized intensity, and colours) and dust
properties (size and structure; e.g. Mulders et al. 2013; Tazaki et al.
2019; Tazaki & Dominik 2022) have shown that significant forward
scattering, high polarization efficiency, and grey colour of the disc
in optical and near-IR polarimetry can be best explained by large
porous aggregates composed of submicron-sized monomers.

In conclusion, optical and near-IR SPHERE polarimetric obser-
vations of IRAS 08544-4431 are compatible with the prevalence of
large porous aggregates composed of submicron-sized monomers in
the surface layers of the circumbinary disc. This characterization of
dust scattering parameters paves the way for comparative analyses
with PPD systems around young stars and provides insights into dust
evolution and disc dynamics.

5.3 Investigating the complex disc morphology of
IRAS 08544-4431

Optical (V- and I’-band) polarimetric imaging of the full disc
post-AGB system IRAS 08544-4431 reveals a bright ‘ring’ with
additional substructures (see Fig. 8 and Section 4.2), which aligns
well with our previous study using H -band polarimetric observations
(Andrych et al. 2023). However, our analysis reveals that the
‘ring’ appears more eccentric towards shorter wavelengths, resulting
in a higher estimated disc surface inclination (see Section 4.3).
Furthermore, we noted a difference in the extended structure of
the disc between various wavelength bands, with the near-IR H-
band observations revealing a more extended structure compared
to the optical V- and I’-bands (see Fig. 12). As we discussed
in Section 5.2, polarimetric observations of IRAS 08544-4431 are
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compatible with the prevalence of large porous dust aggregates
composed of submicron-sized monomers in the surface layers of the
circumbinary disc. Studies of the optical properties of porous dust
aggregates reveal that dust opacity decreases from optical to near-
IR wavelengths. This decrease potentially allows SPHERE near-IR
polarimetric imaging to access slightly deeper disc layers than those
accessible in the optical or to probe regions that were ‘shadowed’
in optical observations by low dust density clumps above the disc
mid-plane (Kirchschlager & Wolf 2014; Tazaki & Tanaka 2018). The
above arguments lead us to speculate that the wavelength-dependant
morphological differences observed for the IRAS 08544-4431 disc
could be explained by slightly misaligned or warped disc segments
obscuring the extended disc structure at the shorter wavelengths (see
Fig. 10). Recent observational studies of circumstellar discs around
YSOs (e.g. Pérez et al. 2018; Benisty et al. 2022) have revealed that
disc warping is a common phenomenon. Warped segments of the
disc can lead to shadows on the disc surface observed in scattered
light. Numerical simulations suggested that disc warping may arise
from gravitational interactions with an inclined binary system ( Young
et al. 2022, 2023), or from the influence of an inclined planet
altering the disc structure (Nealon et al. 2019). However, additional
high-resolution observations of dust continuum and gas emission
are required to further explore the mid-plane of the IRAS 08544—
4431 circumbinary disc and to better constrain the underlying disc
structure and associated physical mechanisms. In our future study,
we plan to use ALMA molecular line observations to investigate the
velocity map structure, which could provide additional evidence of

warping.

5.4 Comparison of discs around post-AGBs with
protoplanetary discs around YSOs

Advances in high-contrast imaging over the last decade have fa-
cilitated systematic observational studies of PPDs around YSOs,
revealing a wide range of brightness, flux distribution, and disc
extent (e.g. Avenhaus et al. 2018; Garufi et al. 2020; Ginski et al.
2021). Moreover, they have led to more precise modelling results,
providing insights into dust properties (Tazaki et al. 2019; Tazaki &
Dominik 2022). As mentioned in Section 1, post-AGB circumbinary
discs appear remarkably similar to PPDs in terms of Keplerian
rotation, IR excesses in the SED, disc dust mass, chemical depletion,
dust mineralogy, and grain evolution, despite significant differences
in formation history and lifetime (~ 10°yr for post-AGB discs
compared to a few million years for PPDs).

Pilot high-angular resolution and polarimetric studies of post-
AGB discs have revealed complex morphologies with arcs, gaps, and
cavities, similar to those observed in PPDs (Ertel et al. 2019; Andrych
et al. 2023). Moreover, it has been found that post-AGB discs exhibit
a similar level of near-IR polarized brightness relative to the stellar
intensity (~ 1072) as previously shown for PPDs (e.g. Avenhaus
et al. 2018; Ma et al. 2024). Using SPHERE/ZIMPOL polarimetric
imaging data, we found that IRAS 08544-4431 demonstrates a
similar order of values for polarized brightness of the disc in optical
wavelengths as well (V- and I’-bands, see Section 4.3.1). Further-
more, employing the methodology presented by Garufi et al. (2014,
2017), we estimated the polarized contrast of the IRAS 085444431
disc to be ~ 22 x 1073 in the optical, positioning this system among
the brightest PPDs (see Section 4.3.1; Benisty et al. 2022; Garufi et al.
2022; Ginski et al. 2024). However, it is important to note that the
polarized contrast values presented in these studies should be treated
as lower limits, as the reduction process did not include correction for
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Figure 14. Polarized brightness measurements of the disc relative to the
stellar intensity for IRAS 08544-4431 (in black, this study) and a sample of
YSOs (T Tauri star discs marked with x and Herbig star discs with Vv Ma
et al. 2024). For a given disc, the results for different wavelength bands are
connected with lines. See Section 5.4 for more details.

some instrumental effects such as PSF smearing effects (see Section
3.2.5).

To compare our results for IRAS 08544—4431 with existing accu-
rate multiwavelength measurements of PPD, we refer to the results
of Ma et al. (2024) for a sample of T Tauri and Herbig stars. In their
study, authors focused on precise quantitative polarimetric analysis
and considered the same instrumental effects as we do in this paper,
ensuring a consistent comparison for the disc-polarized brightness
(see Section 3.2). In Fig. 14, we present the polarized brightness
of the post-AGB system IRAS 085444431 alongside a sample of
Herbig and T Tauri stars. We note that the results for IRAS 08544—
4431 align well with those of the brightest PPDs. Furthermore, we
observe a significant similarity in the wavelength dependence of
disc polarization between IRAS 085444431 and the T Tauri system
TW Hya.

TW Hya is a YSO surrounded by a gas-rich face-on PPD (Bergin
et al. 2013; Macias et al. 2021). High angular resolution studies
of the disc in thermal emission (Nomura et al. 2016; Macias et al.
2021) and scattered light (van Boekel et al. 2017) have revealed
multiple gaps in the disc. Additionally, observations of scattered
light have unveiled an azimuthal variation in disc brightness caused
by shadows cast by optically thick disc structures such as warps
or misaligned rings (Teague et al. 2022; Debes et al. 2023). While
direct confirmation of existing planets in the TW Hya disc is pending,
recent observational and modelling studies suggest that the ring
substructures within the circumstellar disc may serve as ideal sites
to trigger the streaming instability and form new generations of
planetesimals (e.g. Mentiplay, Price & Pinte 2019; Macfias et al.
2021).

We note that both IRAS 08544-4431 and TW Hya systems ex-
hibit similar grey colours in optical and near-IR disc polarimetry.
Moreover, I’-band (this study) and H-band (Andrych et al. 2023)
polarimetric images revealed the asymmetric extended disc structure
of IRAS08544-4431, suggesting further similarities. Although the
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distance to IRAS 08544-4431 (~ 1.5kpc, Bailer-Jones et al. 2021)
prohibits us from studying the system at the same detailed level
as TW Hya, the noted similarities provide further evidence that
post-AGB circumbinary discs may be more similar to PPDs than
previously thought.

6 CONCLUSIONS

We present a multiwavelength polarimetric imaging study of the
post-AGB binary system IRAS 085444431 using the VLT/SPHERE
instrument. The aim of our study was threefold: to investigate the
polarimetric properties and surface morphology of the disc across
different wavelengths, to explore the corresponding dust properties
encoded in both the intensity and degree of polarization of the
scattered light and to compare our findings with those of PPDs.

We successfully resolved the extended disc structure of the
IRAS 085444431 circumbinary disc in optical V- and I’-bands,
confirming the complex disc morphology previously observed in
near-IR polarimetric study. Despite the small angular size typical of
post-AGB discs, IRAS 08544—4431 exhibits significant brightness
in azimuthal polarization at optical wavelengths, reaching up to
1.5 x 1072 (or 1.5 %) of the total system intensity. Moreover, po-
larized observations of IRAS 08544—4431 reveal significant forward
scattering in optical polarimetry, suggesting that the northern part of
the disc is closer to the observer. Additionally, we found that the disc
shows a grey polarimetric colour in both optical and near-IR. These
findings are consistent with theoretical models suggesting large
porous aggregates of submicron-sized monomers as the dominant
dust composition. Moreover, we found a variation in the extended
structure of the disc across different wavelengths, with the near-IR H-
band observations revealing a more extended disc surface compared
to the optical V- and I’-bands.

Our study revealed similarities between the post-AGB circumbi-
nary disc of IRAS 08544-4431 and PPDs around YSOs. These
similarities include comparable levels of disc-polarized brightness,
polarimetric colour, dust grain size, and composition. We also suggest
that a variation in the extended structure of the disc across different
wavelengths could result from potential disc warping, similar to
what has been proposed for certain PPDs. However, additional high-
resolution observations of dust continuum and gas emission are
required to further explore the mid-plane of the IRAS 085444431
circumbinary disc and better constrain the underlying disc structure
and associated physical mechanisms.

In our following study, we will use both cameras of the SPHERE
instrument to expand our multiwavelength analysis to a larger sample
of post-AGB binary systems. We aim to systematically investigate the
wavelength-dependent dust scattering and polarization properties,
multiwavelength disc morphology, and estimate the dominant dust
grain size on the circumbinary disc surface. This polarimetric study
with SPHERE is part of a much larger observational campaign that
includes optical, near-IR, and sub-mm interferometric observations,
as well as spectral monitoring. This approach will enable us to better
characterize the second-generation circumbinary discs around post-
AGB binary stars, which is essential for studying disc dynamics
across different stages of stellar evolution. Additionally, it offers a
novel opportunity to investigate the potential formation of second-
generation planets within dusty discs surrounding evolved stars.
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APPENDIX: PRESENCE OF DISC SIGNAL IN
THE TOTAL INTENSITY IMAGE

The total intensity frames of the IRAS 08544-4431 (I,,) include both
the stellar intensity and a minor contribution from the disc scattered
light. Tschudi & Schmid (2021) demonstrated the possibility of
disentangling the disc intensity from the stellar signal by fitting
the total intensity radial profile of the science target with a linear
combination of the total intensity profile of a reference star and the
polarized intensity profile of the disc. They noted that successful
extraction of the disc intensity is feasible in cases where the disc
exhibits a bright, narrow ring positioned sufficiently far from the star
to ensure clear separation, yet remains within the strong speckle ring
at r &~ 100 pixels (control radius of the AO system; Schmid et al.
2018).

To investigate whether a similar disentanglement is achievable for
our post-AGB binary system, we computed the radial brightness pro-
files for the total intensity (/i) of IRAS 085444431 and reference
single star HD 83878 (see Section 4.3.2 for methodology details).
The resulting profiles were normalized to the maximum intensity of
each target and are presented in Fig. Al. Additionally, we provide
the radial polarized brightness profile (Qy), as it accurately traces
the location of the disc.

Our analysis reveals that the radial profile of total intensity for
IRAS 085444431 closely aligns with that of the reference star.
Therefore, we conclude that the intensity image is strongly dominated
by the variable PSF of the star, and the disc intensity is too weak to
be detected.
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Figure Al. Radial profiles of normalized total intensity (Iioi/max(lio)) for IRAS 08544-4431 (orange circles) and reference star HD 83878 (blue squares),
and normalized polarized intensity (Qg/max(Qg)) for IRAS 08544-4431 (green stars). See Appendix A for details.
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