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A B S T R A C T 

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 no v el 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 08544–4431 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 wav elength. We successfully resolv ed the e xtended disc structure of 
IRAS 08544–4431, rev ealing a comple x 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. 
Ho we v er, further e xpansion of the multiwav elength 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. 
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 I N T RO D U C T I O N  

he disco v ery of planets orbiting the white dw arf–M dw arf binary
ystem NN Ser and subsequent studies have challenged traditional 
otions of planet formation (Zorotovic & Schreiber 2013 ; Hardy et al.
016 ). It was shown that these planets did not form alongside their
osting binary system, but rather originated from the remaining mat- 
er bound to the binary after the common envelope stage (V ̈olschow,
anerjee & Hessman 2014 ; Schleicher et al. 2015 ). Studying the

ormation and evolution of second-generation circumbinary discs 
round evolved binary stars, such as post-asymptotic giant branch 
 E-mail: kateryna.andrych@students.mq.edu.au 

l  

c  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
post-AGB) and post-red giant branch (post-RGB) binaries, offers 
pportunities to gain insights into the poorly understood binary 
nteraction process that terminates the giant phase of evolution in 
hese systems. It also offers a unique opportunity to investigate 
he potential formation of second-generation planets in dusty discs 
urrounding evolved stars. 

Low-mass post-AGB stars undergo a rapid transition ( ∼ 10 6 yr) 
etween the AGB and the planetary nebulae stages (van Winckel 
003 ; Kamath, Wood & Van Winckel 2015 ; Miller Bertolami 2016 ).
n the presence of a secondary companion (likely to be a main-
equence star, Oomen et al. 2018 ), binary interaction processes 
ead to the formation of various structures, including (i) a stable
ircumbinary disc (e.g. Kluska et al. 2022 ), (ii) circumstellar disc
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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round the secondary companion, and (iii) high-velocity outflows
referred to as jets) launched from the companion position (e.g.
ollen et al. 2022 ; De Prins et al. 2024 ; Verhamme et al. 2024 ).
bservational studies hav e rev ealed that post-AGB circumbinary
iscs exhibit Keplerian rotation and have a typical angular size of
0.5–1 arcsec ( ∼100 to 500 au), as deduced from CO position–

elocity maps (e.g. Gallardo Cava et al. 2021 ). 
Radiative transfer (RT) modelling efforts for circumbinary discs

round post-AGB binaries (e.g. Corporaal et al. 2023a ) show that the
igh-angular resolution interferometric data are well reproduced by
assively irradiated disc models developed for protoplanetary discs
PPDs) around young stellar objects (YSOs). Despite the significant
ifference in formation history, as well as the lifetime between
ost-AGB circumbinary discs (with a lifetime of ∼ 10 4 −10 5 yr,
ujarrabal et al. 2017 ) and PPDs (with a lifetime of up to a few
yr), the two types of discs appear to be surprisingly similar in

erms of IR excesses, dust disc mass ( ∼ 10 −3 M �, Corporaal et al.
023a ), chemical depletion (Kluska et al. 2022 ; Mohorian et al.
024 ) and dust mineralogy (Gielen et al. 2011 ; Scicluna et al.
020 ). Deep near-infrared (near-IR) interferometric studies spatially
esolved the hot dust inner rim of the post-AGB discs, confirming
hat it is predominantly located at dust sublimation radius ( ∼6 au;
.g. Hillen et al. 2016 ; Kluska et al. 2019 ). These circumbinary
iscs are called ‘full discs’. Ho we ver, the recent study by Corporaal
t al. ( 2023b ) confirmed that similar to PPDs, we can define a
ubgroup of ‘transition’ post-AGB discs with the dust inner rim
p to 7.5 times larger than the theoretical dust sublimation radius.
n PPDs, ‘transition’ disc characteristics are interpreted as a sign of
avities in the disc structure, which could reflect the presence of a
iant planet carving a hole in the disc (Maaskant et al. 2013 ; Menu
t al. 2015 ; Booth & Owen 2020 ). 

Advanced direct imaging instruments, equipped with extreme
daptive optics (AO), provide access to scattered light from small dust
rains in the disc surface layers (Benisty et al. 2022 ). By employing
igh-resolution polarimetric imaging with cutting-edge instruments
ike European Southern Observatory (ESO) Spectro-Polarimetric
igh-contrast Exoplanet REsearch instrument (SPHERE, Beuzit

t al. 2019 ), we can ef fecti vely suppress direct stellar light from the
ystem. This allows us to unveil the extended disc morphology and
xtract crucial information about the dust properties encoded in both
he intensity and degree of polarization of the scattered light (Ma,
chmid & Tschudi 2023 ). Emplo ying multiw avelength polarimetric

maging, we can gain insights into the wavelength dependence of
cattering parameters, including dust-scattering albedos, polarization
ntensity , scattering asymmetry , and disc colour. These parameters,
ompared with results of state-of-the-art dust models (e.g. Tazaki &
ominik 2022 ), provide direct insights into the dust grain size, shape,

nd composition in the surface layers of the circumstellar disc. 
AR Pup is the first post-AGB binary whose extended disc structure

as resolved with SPHERE (Ertel et al. 2019 ). The extended disc
ho wed se veral arc-like features extending perpendicular to the disc
id-plane and caused by a disc wind, outflows, or jets from the

entral binary. Since then, we have used SPHERE to resolve the
xtended disc of an additional eight post-AGB binaries (Andrych
t al. 2023 ). This pilot surv e y rev ealed comple x morphologies and
lso showed a large diversity in terms of disc size and orientation.
he study also showed that ‘full’ disc systems have clearly resolved
lliptical disc surfaces, in contrast to’transition’ discs, which exhibit
ore complex structures. Additionally, it indicated that post-AGB

ircumbinary discs exhibit a high azimuthal polarization of up to
.2 % of stellar intensity, which is consistent with values found
or PPDs. Ho we ver , further in vestigation of the circumbinary disc
NRAS 535, 1763–1777 (2024) 
tructure and interpretation of the findings requires expanding the
vailable data to include multiwavelength polarimetric imaging
bservations. 
In this paper, we present the first multiwavelength polarimetric

mages of the disc around the post-AGB binary star IRAS 08544–
431. In Section 2 , we present rele v ant observ ational details of
ur target collected from the literature. In Section 3 , we introduce
ur observing strategy and data reduction (DR) methodology. In
ection 4 , we present the analysis of the VLT/SPHERE–Zurich
maging Polarimeter (ZIMPOL) data and corresponding results.
n Section 5 , we discuss the effect of interstellar polarization
n the results and highlight similarities and differences between
ircumbinary discs around post-AGBs and PPDs. We present our
onclusions in Section 6 . 

 T  A R G E T  D E T  AI LS  

n this study, we focus on the post-AGB binary star IRAS 08544–
431, a luminous system ( ∼ 14000 L �, Oomen et al. 2019 ) with well-
stablished orbital parameters: an orbital period of 501 . 1 ± 1 . 0 d,
 projected semimajor axis of 0 . 398 ± 0 . 008 au, an eccentricity of
 . 20 ± 0 . 02, and a mass function of 0 . 033 ± 0 . 002 M � (Oomen et al.
018 ). Spectroscopic observations also showed a mild depletion of
efractory elements in the photosphere of the primary post-AGB star
 [ Zn/Ti ] = 0.9, Maas, Van Winckel & Lloyd Evans 2005 ). ALMA
2 CO and 13 CO observ ations re vealed a relati v ely e xtended disc in the
ystem, with the central part exhibiting purely Keplerian rotation and
ub-K eplerian rotation to wards the outer regions (Bujarrabal et al.
018 ). 
Additionally, IRAS 08544–4431 has been e xtensiv ely studied in

he near-IR and mid-IR with ESO/Very Large Telescope Interferom-
ter, showing a well-resolved inner disc rim aligned with the dust
ublimation radius (Hillen et al. 2016 ; Kluska et al. 2019 ; Corporaal
t al. 2023a ). Therefore, the system was classified as a ‘full’ disc.
o we ver, it was also found that ∼15 % of the H -band flux comes from

n o v er-resolv ed emission, only partially accounted for by current RT
odels, suggesting a missing component with temperatures ranging
ithin 1400–3600 K (Kluska et al. 2018 ; Corporaal et al. 2021 ,
023a ). 
Recent SPHERE/IRDIS H -band polarimetric imaging of

RAS 08544–4431 have shown the low-inclination disc ( ∼ 20 ◦)
n the system, characterized by the polarized disc brightness of
.58 % (in resolved emission) and 1.30 % (including the unresolved
omponent) of the total intensity of the target (Andrych et al. 2023 ).
t also revealed complex disc surf ace structures, including tw o arc-
ike substructures alongside the main ’ring’. These results further
upport the non-axisymmetric nature of the system proposed by
orporaal et al. ( 2021 ) and make IRAS 08544–4431 a fa v ourable

arget for probing the wav elength dependenc y of disc scattering and
olarimetric parameters. 

 DATA  A N D  OBSERVATI ONS  

n this study, we present multiwavelength high-angular-resolution
olarimetric observations of the circumbinary disc surrounding
RAS 08544–4431. In this section, we provide an overview of our
ata and the methodology employed for DR. The DR process
nvolv es sev eral steps, including polarimetric differential imaging
PDI), frame selection, correction of telescope effects and unresolved
entral polarization, deconvolution, and estimation of signal-to-noise
atio (SNR). 
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.1 Obser v ations 

he data were obtained with the extreme AO instrument (SPHERE, 
euzit et al. 2019 ) using the Zurich Imaging Polarimeter (ZIMPOL,
chmid et al. 2018 ) in optical, as well as the Infra-Red Dual-beam
maging and Spectroscopy camera (IRDIS, Dohlen et al. 2008 ) for
he near-IR. The IRDIS observation results are adapted from Andrych 
t al. ( 2023 ). In Table 2 , we summarize the resulting disc parameters
etermined from IRDIS data as well as the results of this study (see
ection 4 for details). 
We obtained the SPHERE/ZIMPOL data as part of ESO ob- 

ervational program 0101.D-0752(A) (PI: Kamath). Observations 
ere carried out on 2018 April 22. To resolve the scattered light

round the post-AGB binary star and ensure the best accuracy for
he multiwavelength characteristics, we used SPHERE/ZIMPOL in 
ts polarimetric P1 mode without coronagraph. In this mode, the sky
eld is rotating with respect to the instrument and the telescope pupil
o that instrumental effects average out to provide the highest polari- 
etric sensitivity and polarimetric calibration accuracy (Schmid et al. 

018 ). In addition to the target data, we also obtained observations
or the reference star HD 83878. This star was carefully selected to
ave similar brightness and colour to the science target, at a similar
osition as the corresponding science target when being observed 
fter it. While the total intensity image of the scientific target can be
sed as a point spread function (PSF) during the reduction process
or some post-AGB systems (Andrych et al. 2023 ), reference star
bserv ations gi ve us more accurate results ensuring that the PSF is
ot broadened by scattered light from the circumbinary disc. 
We obtained the data in V -band ( λ0 = 554 nm , �λ = 80 . 6 nm )

nd I ′ -band (labelled in ZIMPOL as ‘Cnt820’, λ0 = 817 . 3 nm ,
λ = 19 . 8 nm ). 1 Due to the construction of the ZIMPOL camera,

bservations in both filters were taken simultaneously, enabling 
irect comparison of data during further analysis. The data were 
aken in polarimetric cycles, where one cycle includes four Stokes 
xposures for linear polarization measurements, with half-wave plate 
ositions θ = 0 ◦ and 45 ◦ for Stokes Q and θ = 22 . 5 ◦ and 67 . 5 ◦ for
tokes U. In total, 20 polarimetric cycles were taken with an exposure 

ime of 80 s per cycle. All observational frames for IRAS 08544–
431 contain a total number of counts of approximately 5 . 6 × 10 6 in
 -band and 3 . 7 × 10 6 in I ′ -band, which correspond to non-saturated
bservations (Schmid et al. 2018 ). Observations for the reference 
tar HD 83878 show a similar order of total counts – approximately 
 . 4 × 10 6 in V -band and 9 . 5 × 10 5 in I ′ -band. 

.2 ZIMPOL data reduction 

e performed the DR using the DR pipeline SPHERE-DC (SPHERE 

ata Centre, Delorme et al. 2017 ) complemented with the sz-pipeline 
eveloped at ETH Zurich (Schmid et al. 2018 ) and our own PYTHON

cripts. In the following sections, we briefly present the main steps
nvolved in the DR procedure. 

.2.1 Polarimetric differential imaging reduction with 
PHERE-DC 

o perform the basic PDI reduction, we used the High-Contrast 
ata Centre (HC-DC, formerly known as the SPHERE Data Centre) 
 The ZIMPOL camera includes three filters (’I PRIM’, ’N I’, and ‘Cnt820’) 
hat correspond to the I -band and differ by the filter width. For the 
onvenience of the reader, we will use the label I ′ -band to refer to’Cnt820’ 
hroughout the paper. 

a  

t
d  

t
f
o

ipeline. This software is based on the SPHERE ESO pipeline, com-
lemented by additional routines (e.g. impro v ed centring routines, 
utomatic frame sorting, analysis routines) to systematically process 
PHERE data. The basic reduction steps include bias subtraction, flat 
elding, frame centring, polarimetric combination, and corrections 
or the polarimetric beam-shift effect. The pipeline then uses the 
ouble difference method to compute the classical Stokes vector 
omponents Q and U and the corresponding total intensities. 

hile polarimetric normalization is commonly used in the DR of 
PHERE/ZIMPOL data (e.g. Hunziker et al. 2021 ), we a v oided this
alibration step due to detected unresolved polarization coming from 

he unresolved part of the circumbinary disc of IRAS 08544–4431 
see Sections 3.2.4 and 5.1 for more details). To achieve the highest
ccuracy for the barely resolved data we also performed additional 
eduction steps such as correction of variable telescope polarization 
ith the parallactic angle and correction of PSF smearing effect 

see Sections 3.2.3 and 3.2.5 ). We used custom PYTHON scripts to
ompute the azimuthal Stokes parameters Q φ and U φ following the 
efinitions of de Boer et al. ( 2020 ), the total polarized intensity ( I pol ),
nd the angle of linear polarization (AoLP). Positive Q φ indicates 
inear polarization in the azimuthal direction, while a ne gativ e Q φ

orresponds to linear polarization in the radial direction. U φ shows 
he linear polarization shifted by ±45 ◦ from the azimuthal and 
adial directions. AoLP reflects the orientation of the polarization 
ector in each region of the polarized image. Assuming that the
olarimetric signal arises from the single scattering of stellar light on
he disc surface and that the disc has low inclinations ( i � 40 ◦), the
olarization vectors are expected to align azimuthally with respect 
o the central star. Any other signals can then be attributed to noise
r calibration errors (Canovas et al. 2015 ). 
Considering the limited angular size of the post-AGB circumbi- 

ary disc, adopting Q φ as the measure of polarized flux offers
ignificant advantages. This approach a v oids bias effects from noisy
bservational data in the polarized intensity I pol , which is derived
sing the square root of the sum of Q and U squares (Simmons &
tewart 1985 ). To assess the validity of this approach for our data
ample, we calculated the ratio of net positive Q φ (azimuthally po-
arized signal) to I pol . We found that azimuthally polarized intensity
ccounts for more than 85 % of the total polarized intensity ( I pol ) in
he V -band and o v er 90 % in the I ′ -band confirming the dominance
f single scattering and justifying the use of Q φ for the further
nalysis. 

.2.2 Frame selection 

he PSF of SPHERE/ZIMPOL can change strongly within one 
ight and under unstable weather conditions even from frame to 
rame, where each frame is the result of one full polarimetric cycle.
his variability impacts polarimetric measurements, causing the 
easured polarization to also depend on the variable atmospheric 

onditions and the associated AO performance (Tschudi & Schmid 
021 ). Therefore we investigated PSF variability for both science 
nd reference observations for individual data frames. 

To assess this PSF variability, we used the peak flux ( I peak )
ormalized to the total intensity ( I tot ) of the target in a large
perture ( ∼ 3 arcsec ) as a simple measure of the Strehl ratio. Given
hat total intensity images I tot of IRAS 08544–4431 are primarily 
ominated by the post-AGB star (see Appendix A ), we used I tot as
he instrumental PSF taken simultaneously with the polarimetry data 
or this reduction step. The resulting frame-to-frame variation of the 
bservational PSF is presented in the top row of Fig. 1 . 
MNRAS 535, 1763–1777 (2024) 



1766 K. Andrych et al. 

M

Figure 1. Frame-to-frame variation of normalized peak PSF intensity 
( I peak /I tot ) as a simple measurement of observational Strehl ratio (top row), 
and correlation of normalized disc polarization ( Q φ/I tot ) 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. 
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Figure 2. Measured fractional polarization ( Q/I tot and U/I tot ) of 
IRAS 08544–4431 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. 
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Additionally, we explored the correlation between the normalized
otal peak flux ( I peak /I tot ) and the observed normalized disc polar-
zation ( Q φ/I tot ). As anticipated, we observed a strong correlation in
oth the V - and I ′ -bands (see bottom panel of Fig. 1 ). 
Finally, we used the normalized peak flux I peak /I tot to select the

op 75 % 

2 of polarimetric frames for further reduction and analysis. 

.2.3 Correction of telescope polarization 

o correct our data for polarization induced by the instrument,
e used the sz-pipeline developed at ETH Zurich. This pipeline,

ollowing the methodology outlined by Schmid et al. ( 2018 ), cal-
ulates the offset in telescope polarization and polarization position
ngle (PA) for the ZIMPOL instrument. As the telescope rotates
elative to the sky during observations, the uncorrected fractional
olarization ( Q/I tot , U/I tot ) typically forms a circular distribution in
he Q/I tot −U/I tot plane. Fig. 2 illustrates the measured fractional
olarization before and after correction for each observation cycle,
longside the corresponding telescope polarization data for both
 - and I ′ -bands of IRAS 08544–4431. The radius of the circle is
etermined by the telescope polarization, which was determined by
NRAS 535, 1763–1777 (2024) 

 The choice of the top 75 % of frames was based on a combination of 
actors, including the change of the peak intensity from frame to frame, 
isual inspection of the frames, and the total number of available frames. 
his value was selected to balance between excluding frames with poorer 

nstrumental performance while still keeping enough frames to benefit from 

ean combining and significantly impro v e the SNR ratio. 

i  

i
 

n  

u  

I  

e  

t  
chmid et al. ( 2018 ). The PA, on the other hand, is influenced by
w o f actors: the parallactic angle and a specific offset unique to each
and. 

.2.4 Correction of the unresolved central polarized signal 

he reduced linearly polarized images of IRAS 08544–4431 show
eatures commonly attributed to the polarization signal originating
rom unresolved components within the system (e.g. Keppler et al.
018 ). These features include a butterfly pattern in the central part of
he Q φ , as well as a halo in the polarized total intensity image (see top
ow of Fig. 3 ). We note that similar unresolved polarized signal was
lso identified in H -band polarimetric observations of IRAS 08544–
431 with SPHERE/IRDIS (Andrych et al. 2023 ). Although the
esolution of ZIMPOL camera in V - and I ′ -bands is significantly
etter ( ∼ 30 mas, see Section 3.2.6 ), it remains insufficient to resolve
he inner rim of the circumbinary disc of IRAS 08544–4431, located
t approximately 5.5 mas from the central binary (Kluska et al. 2018 ).

To correct the data for the polarized signal from the bright but
patially unresolved central region, we implemented a method similar
o that outlined in van Holstein et al. ( 2020 ). Following the analysis
erformed in Andrych et al. ( 2023 ), we used a circular aperture with a
adius of 3 pixels ( ∼ 11 mas) centred on the stellar position to calcu-
ate the degree and angle of the unresolved central polarization (see
able 1 ). The three-pixel aperture was chosen to provide a reliable
orrection for the unresolved polarized signal, while minimizing the
ontribution from the resolved signal. Subsequently, we subtracted
his unresolved central polarized signal from the linearly polarized
mages Q and U and recalculated Q φ and I pol . The resulting polarized
mages are presented in the bottom row of Fig. 3 . 

In addition, we note that employing this method corrects for the
et linear polarization of the central source and therefore produces
nrealistically low intensity for the central 5 × 5 pixel region of the
 pol and Q φ images (see the bottom row of Fig. 3 ). Even if there
xists an intrinsic Q φ component, it cannot be measured because of
he lack of spatial resolution. Therefore, we exclude this region from



Polarimetric imaging of IRAS 08544–4431 1767 

Figure 3. The polarized signal of IRAS 08544–4431 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. Q φ represents azimuthal polarized intensity, while I pol 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, ◦

V 0.95 ± 0.09 160 ± 2 
I ’ 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 ). 
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urther analysis and emphasize that this discrepancy is an artificial 
ias introduced during the reduction process. 

.2.5 Correction of PSF smearing effect 

he correction of PSF smearing and polarimetric cancellation effects 
s known to be a crucial step in determining the polarized flux of a
ircumstellar disc (Schmid, Joos & Tschan 2006 ; Tschudi & Schmid 
021 ). To properly account for the PSF convolution effects, one can
efine a parametric disc model and search for the initial polarized 
isc signal by comparing many PSF-convolved disc models with the 
bserv ations. Ho we ver, this approach requires a detailed model of
he disc geometry that is not al w ays known. 

Recently, Ma, Schmid & Stolker ( 2024 ) proposed a procedure 
hat can be applied to a wide range of disc observations and allows
o obtain corrected or intrinsic values for disc-polarized intensity 
ith relative errors of only about 10 % or ev en less. F ollowing their
ethodology, we derived a two-dimensional correction map for the 

zimuthally polarized disc intensity Q φ based on the observational 
SF and disc orientation for IRAS 08544–4431 (inclination of 
3 ◦ and PA ∼ 121 ◦ derived from H -band polarimetric imaging 
ith SPHERE/IRDIS, Andrych et al. 2023 ). We compared the 

esulting correction maps for the disc orientation (inclination and 
A) obtained from IR interferometry data (Hillen et al. 2016 ; 
orporaal et al. 2023a ) and did not find a significant difference in
he results. To ensure accurate wavelength-dependant comparison of 
PHERE/ZMPOL and SPHERE/IRDIS data, we have also calculated 
imilar correction map for the H -band SPHERE/IRDIS data that 
ere already analysed and presented by Andrych et al. ( 2023 ). 
In Fig. 4 , we present the radial curve f ( r) of the correction map for

 -, I ′ -, and H -bands. Similar to Ma et al. ( 2024 ), our result shows
hat the correction map has high values closer to the binary where
he smearing by the PSF-peak already introduces strong polarimetric 
ancellation of a disc signal. This further highlights the importance 
f correction of PSF smearing and polarimetric cancellation effects 
or targets with small angular disc size. Ho we ver, we note that this
orrection may introduce bias in the shape of resolved disc structures,
rimarily due to the extreme values of the correction map near the
entral binary. Therefore, while this correction was applied to restore 
MNRAS 535, 1763–1777 (2024) 
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Figure 5. Statistically significant regions (SNR ≥ 5, marked with white 
contour) of the Q φ images for IRAS 08544–4431 in V - and I ′ -bands. See 
Section 3.2.6 for more details. 
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Figure 6. Deconvolved Q φ 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 × 5 pix el re gion 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. 

Figure 7. Fractional polarization Q/I tot and U/I tot for a gradually enlarging 
aperture for both V - and I ′ -bands. See Section 4.1 for more details. 
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he total polarimetric brightness of the disc, it was omitted during
he determination of disc orientation and morphology. 

.2.6 Estimation of the signal-to-noise ratio 

o determine the statistically significant region of the final re-
uced images, we used a similar approach to that applied for
PHERE/IRDIS observations of IRAS 08544–4431 (Andrych et al.
023 ). In brief, we first determined the background noise for our
ata sets using the annulus of the image that did not contain any
ignal from the target and calculated the pix el-to-pix el root mean
quared. Each pixel value of the azimuthally polarized image Q φ

as considered as the signal. We then used the calculated SNR to
efine the region of the Q φ image with SNR ≥ 5, which reflects
he statistically significant region of the polarimetric image for each
bservation (see Fig. 5 ). This region was used for further analysis.
dditionally, we determined the resolution of our data to compare

t with the expected performance of the SPHERE/ZIMPOL camera.
ollowing the methodology outlined in Hunziker et al. ( 2021 ), we
erformed Gaussian fitting of the PSF intensity profile and used the
ull width at half-maximum (FWHM) as the size of the resolution
lement. We found the resolution to be ∼ 30 mas for both V -
nd I’- bands, aligning closely with the anticipated values for the
PHERE/ZIMPOL instrument (Schmid et al. 2018 ). 

.2.7 Deconvolution 

o enhance the disc substructures, we deconvolved the result-
ng linearly polarized images with the reference PSF using the
ichardson–Lucy deconvolution algorithm (Richardson 1972 ; Lucy
974 ). We use the total unpolarized intensity image ( I tot ) derived from
bservations of a reference star as a PSF. We note that convergence
f the deconvolution process was achieved within 25 iterations
or both V - and I ′ -bands, with pix el-to-pix el variation between
eighbouring iterations reaching less than 1.5 %. We present the
esulting deconvolved polarized images of IRAS 08544–4431 in V -
nd I ′ -bands in Fig. 6 . We also note that the final size of the resolution
lement after the deconvolution procedure is ∼ 18 mas. 

 ANALYSIS  A N D  RESULTS  

n this section, we present the analysis of reduced linearly polarized
mages and discuss the results for IRAS 08544–4431. The main
nalysis procedure includes investigating the fractional polariza-
ion, determining the disc orientation, defining the relative disc
rightness in polarized light, and characterizing the wavelength-
ependent polarized intensity and structure of the circumbinary disc
NRAS 535, 1763–1777 (2024) 
f IRAS 08544–4431. As we noted in Section 3.2.6 , we focus on
he region of the azimuthally polarized image with an SNR ≥ 5 (see
ig. 5 ). 

.1 Inv estigating v ariations in aperture polarimetry 

o explore potential geometric variations in the circumbinary disc,
e examined how fractional polarization ( Q/I tot , U/I tot ) changes
ith increasing distance from the central binary. This approach

lso provides insights into the geometry of the unresolved disc
omponent, which is the source of the unresolved central polarization
etected in the system (see Section 3.2.4 ). If the disc has significant
earing or misalignment (e.g. P ́erez et al. 2018 ) it would appear as
apid shifts in signal location within the Q/I tot −U/I tot plane. 

We measured total fractional polarization Q/I tot and U/I tot in
ircular apertures with a gradually increasing radius ranging from
.004 to 0.11 arcsec with step of 0.0036 arcsec (1 pixel). The resulting
alues (see Fig. 7 ) show a smooth and continuous change with
perture size, which is expected for the circumbinary disc without
ignificant tearing and misalignment. While we note that interstellar
olarization contributes to the unresolved central polarization, we
xpect that its impact on the measurement for IRAS 08544–4431 is
ot significant, which is further discussed in Section 5.1 . 
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Figure 8. Disc orientation results based on the Q φ polarized intensity images 
of IRAS 08544–4431 (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 
× 5 pixel region of each image is a reduction bias caused by o v ercorrection 
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 08544–4431 circumbinary 
disc in V -, I ’-, and H- bands. 

Band a (mas) b (mas) i ( ◦) PA ( ◦) e Q φ/I (%)

V 22.2 + 4 −3 13 + 2 −2 55 + 10 
−12 102 + 10 

−10 0.82 1.33 ±0.23 

I ’ 23 + 1 −1 18 + 1 −1 40 + 5 −6 102 + 8 −8 0.65 1.46 ±0.14 

H 

a 38.6 + 1 . 2 −1 . 2 35.5 + 1 . 5 −1 . 4 23 + 7 −15 121 + 27 
−30 0.39 1.03 ±0 . 2 b 

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). 
a indicates that results for the SPHERE/IRDIS H -band observations of 
IRAS 08544–4431 were adopted from Andrych et al. ( 2023 ). 
b indicates 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. 
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.2 Determination of disc orientation 

he final reduced Q φ images reveal a clear bright ‘ring’ evident in
oth V - and I ′ -band observations (see Fig. 5 ), similar to our findings
rom SPHERE/IRDIS H -band polarimetric imaging of IRAS 08544–
431 (Andrych et al. 2023 ). While we refer to the resolved structure
s a ‘ring’, it is important to clarify that the ‘inner rim’ in these
mages does not correspond to the physical dust inner rim in the
RAS 08544–4431 circumbinary disc, which is too small to be 
esolved by the SPHERE instrument. An unrealistically low intensity 
t the centre of the Q φ image is caused by the correction of the
nresolved polarization of the central source during the DR (see Sec- 
ion 3.2.4 ). Therefore, the bright ‘ring’ represents the closest resolved 
ection of the circumbinary disc to the central binary and serves as
 valuable indicator for estimating the PA and inclination of the 
isc. 
Following the methodology discussed in Andrych et al. ( 2023 ), we

sed the deconvolved Q φ images to estimate the orientation of the 
esolved disc surface. This involved fitting an ellipse to the positions
f peak brightness along the ‘ring’, from which we calculated the 
engths of the major and minor axes, as well as the corresponding
A 

3 of the disc. 
RT modelling of the near-IR interferometric data set for 

RAS 08544–4431 indicates that the dust inner rim aligns with the 
ust sublimation radius, rather than the dynamical disc truncation 
aused by the inner binary (Kluska et al. 2018 ). Therefore, despite
he known eccentricity of the post-AGB binary orbit (0 . 20 ± 0 . 02,
omen et al. 2018 ), we can assume the disc to be circular and

nterpret the visible elliptical disc shape (see Fig. 6 ) as resulting
rom the projection of the circular disc on to the field of view. Hence,
e can estimate the corresponding inclination that would cause such 

n effect using 

cos i = 

(
b 

a 

)
, (1) 

here a and b are major and minor half axes of the ellipse,
espectively. 

Additionally, we determined the eccentricity e of the’ring’ using 

 = 

√ 

1 − b 2 

a 2 
. (2) 

The most plausible position and orientation of circumbinary discs 
urface resolved in V - and I ′ -bands are presented in Fig. 8 and
able 2 . While correction of unresolved central polarization (see 
ection 3.2.4 ) may slightly circularize the resolved disc surface by 
 v ersubtracting fainter pixels, it is important to note that the AoLP
f unresolved central polarization does not align with the minor axis 
f the resolved disc surface. Thus, this correction does not impact 
he calculated inclination and eccentricity values for IRAS 08544–
431. We also note that the PA of the disc matches for both V - and
 

′ -band observations presented in this paper, as well as in the H -band
etermined previously in Andrych et al. ( 2023 ). However, we observe 
hat the inclination and eccentricity values increase with decreasing 
avelength. We discuss the potential causes of such wavelength- 
ependent effects in Section 5.3 . 
 The PA was defined as rising counterclockwise from the vertical axis (north) 
o the first principal radius (major axis). We note that the ellipse fitting 
rocedure allows the 180 ◦ ambiguity in the disc PA on the sky. 

b
d
e  

f  

s  
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a  
.3 Exploring the extended disc morphology 

n this section, we investigate the extended disc morphology of 
RAS 08544–4431 spanning from ∼ 20 to 100 mas. To do this, we
easure the polarized disc brightness relative to the total intensity 

f the system and analyse disc brightness profiles in both V - and
 

′ -bands. 

.3.1 Measuring the polarized disc brightness 

o estimate the polarized disc brightness relative to the total intensity
f the system, we calculated the ratio of the resolved polarized
mission from the disc to the total unpolarized intensity of the
arget. The resolved polarized emission was measured within the 
rea, constrained by the SNR ≥ 5 (see Fig. 5 and Section 3.2.6 for
etails). Additionally, the total stellar intensity was measured within 
 3 arcsec area centred on the central post-AGB source. To minimize
ias, we used the total polarized and unpolarized images before 
econvolution with the PSF, while accounting for the PSF smearing 
ffect (see Sections 3.2.7 and 3.2.5 ). We note that the resulting values
or polarized disc brightness represent a lower limit due to the partial
ubtraction of the disc signal during DR (see Section 3.2.4 ). The
esulting polarized disc brightness ratios for both V - and I ′ -bands
re presented in Table 2 . We also note that the estimated polarized
MNRAS 535, 1763–1777 (2024) 
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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 φ images. In each 
panel, the left image displays the brightness profile, while the right image presents the corresponding Q φ image. The top row shows linear brightness profiles 
of the Q φ image along the major and minor axes of the fitted ellipse. The middle row represents the azimuthal brightness profiles of the Q φ image. The red 
dot and arrow in the corresponding Q φ image mark the starting point and direction of the azimuthal brightness profile calculation. The bottom row showcases 
radial brightness profiles of the deprojected Q φ image. In the radial brightness profile plots, grey solid lines are added to indicate a r −2 drop-off, expected 
from a scattered light signal due to the dissipation of stellar illumination. Q φ images are presented on an inverse hyperbolic scale, with the middle-row images 
additionally normalized to the maximum Q φ for clearer representation. The low intensity of the central 5 × 5 pix el re gion of each Q φ image is a reduction bias 
caused by correction of the unresolved central polarization (see Section 3.2.4 ). 
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isc brightness is independent of the stellar luminosity and distance
o the post-AGB binary, as both the stellar light and the disc intensity
xhibit similar scaling with distance. 

In addition, we calculated the polarized contrast of our disc using
he methodology proposed by Garufi et al. ( 2014 , 2017 ). This method
nvolves calculating the ratio of the observed polarized flux at a spe-
ific 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
s conducted along the disc’s major axis to minimize dependence on
isc inclination and the unknown scattering phase function, enabling
irect comparison with other systems. To determine the polarized
ontrast of IRAS 08544–4431, we utilized the Q φ signal within the
esolved bright ‘ring’ to a v oid potential bias from the asymmetric
xtended signal. The resulting value was averaged for opposite sides
f the ‘ring’. We calculated the polarized contrast of IRAS 08544–
431’s circumbinary disc to be 22 ± 6 × 10 −3 in the V -band and
3 ± 8 × 10 −3 in the I’- band. 

.3.2 Calculating disc brightness profiles 

o investigate the complexity of the resolved disc surface, we calcu-
ated brightness profiles. These profiles reveal the spatial distribution
NRAS 535, 1763–1777 (2024) 
f the polarized intensity of the disc. We calculated three types
f brightness profiles: linear, azimuthal, and radial following the
rocedure presented in Andrych et al. ( 2023 ). 
The linear brightness profiles reflect the symmetry of the disc

long its major and minor axes (see Section 4.2 for the details on
etermining disc orientation). These profiles are shown in the top row
f Fig. 9 . We note that both V - and I ′ -band linear brightness profiles
long the minor axis of the resolved disc surface reveal substantial
symmetry, with the northern side of the disc appearing brighter than
he southern side. Additionally, the V -band polarimetric image also
xhibits slight but statistically significant asymmetry between the
astern and western sides of the disc. 

The azimuthal brightness profile reflects the asymmetries along the
losest resolved part of the circumbinary disc to the central binary
‘ring’). This profile was computed using bilinear interpolation of the
ntensity of the four nearest pixels at evenly spaced intervals along the
llipse fit in the Q φ image (see Section 4.2 for details). Starting from
he eastern end of the major axis and proceeding counterclockwise,
he profile traces the variations in azimuthal brightness. The resulting
rightness profiles are presented in the middle row of Fig. 9 . We
ote that both V - and I ′ -band azimuthal brightness profiles exhibit
rightness peaks along the major axis of the resolved disc surface
 ∼ 0 ◦ and 180 ◦ in positional angle along the disc surface). This
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Figure 10. Resolved disc substructures in V - (left) and I ′ - (right) bands. The 
top row presents Q φ 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 × 5 pixel region of each Q φ image is a reduction bias caused by 
o v er-subtracting of unresolved central polarization (Section 3.2.4 ). 
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henomenon is commonly attributed to polarization being most 
f fecti ve at scattering angles close to 90 ◦, which aligns with the sides
f the major axis for inclined discs. Ho we ver in I ′ -band azimuthal
rightness profile, we also observe an increase in disc brightness 
rom 20 ◦ to 90 ◦ in positional angle along the disc surface. We
rgue that this increase is caused by the forward scattering peak, 
uggesting that the northern part of the disc is inclined closer to
he observer. Additionally, a similar phenomenon is observed in the 
 -band azimuthal brightness profile, although the asymmetry is less 
ronounced. 
The radial brightness profile describes the variation of the scattered 

olarized emission with the distance from the central binary. To 
onstruct this profile, we calculated the mean brightness per pixel for
adially tabulated annuli of the Q φ images in both V - and I ′ -bands.
onsidering the impact of disc orientation on the radial intensity 
istribution, we first reconstructed how the disc might look from the 
ace-on (projected) position based on the estimated inclination of 
he resolved disc surface for both V - and I ′ -bands (see Section 4.2
or details on the inclination and Andrych et al. ( 2023 ) for more
nformation on the methodology). The deprojected Q φ images were 
hen subdivided into radially tabulated annuli, with the width of the 
nnuli increasing proportionally to 

√ 

r , where r is the corresponding 
adius (similar to the methodology used by Avenhaus et al. ( 2018 )
or PPD polarimetric observations). The resulting radial brightness 
rofile was plotted as the mean brightness per pixel of an annulus
gainst the separation from the post-AGB binary. These calculations 
ere performed only for the statistically significant region of each 
 φ image based on the SNR (see Section 3.2.6 ). 
To estimate the noise, we used the variance in the same annuli of

he U φ image as U φ is mainly devoid of signal, with the net U φ not
xceeding 5 % of the Q φ . Although this method may overestimate
he noise if any astrophysical signal is present in the U φ image, it
till allows us to establish an upper limit. The resulting deprojected 
 φ images and radial brightness profile of IRAS 08544–4431 are 

resented in the bottom row of Fig. 9 . We note that in both V - and
 

′ -bands the radial brightness profiles show only the main peak that
orresponds to the bright ‘ring’. 

.3.3 Detection of substructures 

he SPHERE/IRDIS near-IR study revealed asymmetrical substruc- 
ures in the IRAS 08544–4431 circumbinary discs (Andrych et al. 
023 ). To investigate these substructures, we followed a similar 
ualitative analysis methodology to detect and characterize potential 
ubstructures in the circumbinary disc in V - and I ′ -band polarimetric
maging. To define any real features in our Q φ images (such as
rcs or gaps), we combined the estimated SNR, the orientation 
f the polarization vector (AoLP), and the brightness of the disc 
ubstructures. 

First, we focused on regions of statistical significance in the 
 φ polarimetric images using the calculated SNR (SNR ≥ 5, see 

ection 3.2.6 ). Next, we examined the AoLP for the resolved 
ubstructures (see Section 3.2 ), which reflects the orientation of the 
olarization vector in each region. In the top row of Fig. 10 , we show
he local angles of linear polarization o v er the resolv ed structures in
he deconvolved Q φ images. The clear centrosymmetric distribution 
f polarization vectors suggests low residual noise in these areas, 
onfirming that the polarimetric signal predominantly arises from 

he single scattering of stellar light on the disc surface. Finally, we
omputed the percentage of total polarized intensity per resolved 
ubstructure excluding the unresolved central polarization (as shown 
n the bottom row of Fig. 10 ), which provided the brightness of the
isc substructures relative to other disc parts. 
Based on the findings abo v e, we found reliable substructures in

olarimetric images of the IRAS 08544–4431 circumbinary disc 
n both V - and I ′ -bands. Notably, the substructures are more
ronounced in the I ′ -band, accounting for 13.6 % of the polarized
isc brightness, compared to only 2.5 % in the V -band. 

.4 Inv estigating wav elength dependency of disc polarimetry 

n this section, we investigate the wavelength dependency of the 
RAS 08544–4431 circumbinary disc polarization, examining its 
agnitude and resolved morphology. 

.4.1 Measuring polarimetric disc colour 

olarimetric observations provide an estimate of the amount of 
ight polarized by the disc surface layers, thereby offering a lower
imit for the reflected light from the disc surface (e.g. Benisty
t al. 2022 ). Ho we ver, accurately characterizing the dust in the
isc via polarimetry, particularly for distant targets like post-AGB 

ircumbinary discs, poses challenges due to factors such as small 
ngular disc size, instrumental effects, and the not fully established 
isc geometry. Nevertheless, we can measure the total polarized disc 
rightness across different wavelengths. Assuming similar scattering 
eometries across these wavelengths, the observed differences in the 
olarized signal are primarily caused by the scattering and absorption 
roperties of the dust in the disc. Therefore, the wavelength depen-
ence of polarized disc brightness serves as an excellent indicator 
or investigating dust properties (e.g. Ma et al. 2023 , 2024 ). 
MNRAS 535, 1763–1777 (2024) 
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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. 
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To establish the wavelength dependence of the disc-polarized
ntensity, we combined results from this study in the V - and I ′ -bands,
long with SPHERE/IRDIS H -band observations (see Fig. 11 ).
e note that the disc-polarized brightness discussed in Andrych

t al. ( 2023 ) was not adjusted for the PSF smearing effect (see
ection 3.2.5 ). Therefore, we performed the additional correction
f the H -band polarimetric results to ensure a consistent comparison
ith the disc-polarized brightness in both the V - and I ′ -bands.
o quantitatively characterize the wavelength dependence of the
olarized disc brightness, we use the logarithmic wavelength gradient
f the polarized reflectivity between two wavelengths as a measure
f disc polarimetric colour: 

λ2 /λ1 = 

log(Q φ/ I tot ) λ1 − log(Q φ/ I tot ) λ2 

log( λ2 /λ1 ) 
, (3) 

here λ1 < λ2 , and −0 . 5 < η < 0 . 5 is classified as grey colour
Tazaki et al. 2019 ; Ma et al. 2023 ). 

We found that IRAS 08544–4431 shows ηV /I = 0 . 24 ± 0 . 72 and
V /H 

= −0 . 24 ± 0 . 34 which is consistent with grey disc colour. 

.4.2 Wavelength dependence of disc morphology 

n addition to the wavelength dependence of the polarized disc bright-
ess, we observed slight variations in the resolved disc morphology
ith wavelength. To investigate this effect, we initially compared the
tting parameters for the closest resolved section of the circumbinary
isc to the central binary (bright ‘ring’). We found that the resolved
isc surface appears more elliptical towards lower wavelengths (see
ig. 8 and Table 2 ), resulting in a higher estimation of the inclination
f the resolved disc surface (see Section 4.2 ). 
Furthermore, we noticed that the polarimetric observations of

he IRAS 08544–4431 circumbinary disc show a more extended
tructure with longer wav elengths ev en though the polarized disc
rightness is lower in near-IR. To investigate this, we combined Q φ

mages of IRAS 08544–4431 in V - and I ′ -band (from this study),
long with the Q φ image of the system in SPHERE/IRDIS H -
and (adapted from Andrych et al. ( 2023 )). The Q φ images were
orrected for the separation-dependent drop-off in illumination by
ultiplying by r 2 and accounting for the system inclination defined

or the resolved disc surface in each band (see Table 2 ). In Fig. 12 ,
e present the final combined Q φ images of IRAS 08544–4431 in
 -, I ′ - and H -band. Additionally, we use an inverse hyperbolic scale
nd a discrete colour map to highlight the intensity change along the
isc. 
NRAS 535, 1763–1777 (2024) 
To investigate the lack of extended structure in the V - and I ′ -
ands compared to previous H -band observations, we compared
adial brightness profiles with the expected r −2 illumination drop-
ff, typical for scattered light signals due to the dissipation of stellar
llumination (see Fig. 9 ). We found that in both V - and I ′ - bands,
tarting from ∼ 0 . 04 arcsec , the radial brightness profiles drop off
ore steeply than expected. This suggests that the disc is either

maller than previously thought (which contradicts previous H- band
bservations), exhibiting a significant drop in the surface dust density
r shadowed beyond the point where we detect polarized signal at
 particular wavelength (e.g. P ́erez et al. 2018 ). We found the latter
xplanation to be more plausible, especially considering the lower
pacity of the dust for longer wavelengths. We discuss possible
auses of this effect in Section 5 . 

 DI SCUSSI ON  

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

.1 Effect of the interstellar polarization 

s IRAS 08544–4431 is located in the Galactic plane at distance
f ∼ 1600 pc (Bailer-Jones et al. 2021 ), the observed polarized
ntensity 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 08544–4431 in V -, I ′ -, and H -bands presented o v er polarization 
image of the system in SPHERE/ZIMPOL I’ - band. See Section 5.1 for more 
details. 
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he diffuse interstellar medium. The interstellar polarization arises 
rom differential extinction by aligned dust grains and depends on 
he degree of alignment with the local magnetic field, the angle 
etween the local magnetic field and the line of sight, and the degree
o which the direction of the magnetic field varies along the line
f sight (Draine 2003 ). Moreo v er, Ma et al. ( 2023 ) showed that
or the nearby PPD, such as RX J1604 ( ∼ 100 pc), the unresolved
olarization is compatible with the interstellar polarization. 
During the data-reduction process (see Section 3.2.4 ), we com- 

uted the unresolved central polarization in our data and subtracted 
t from the final polarized images used for further analysis. Interstellar
olarization has little to no impact on the integrated azimuthal 
olarization of the resolved disc surface, as it adds a butterfly-like 
attern to Q φ images with a net effect close to zero. However, this in-
erstellar polarization is included in the measured unresolved central 
olarization. To determine whether this signal primarily originates 
rom interstellar polarization or the unresolved disc component, we 
ompared the unresolved central polarization with measurements 
f polarization from stars within a few degrees and roughly at 
he same distance as IRAS 08544–4431 ( ∼1.5–2 kpc, Bailer-Jones 
t al. 2021 ). Galactic interstellar polarization surv e ys (Heiles 2000 ;
ersteeg et al. 2023 ) indicate that stars within this range exhibit a
egree of polarization in the range of 0.6–1.8 % in V -band and a
olarization angle of 85 ◦−130 ◦. 
We found that the angle of unresolved central polarization for 

RAS 08544–4431 does not show significant rotation with wave- 
engths (see Fig. 13 ). Although the measured unresolved central 
olarization for IRAS 08544–4431 falls within the range of observed 
nterstellar polarization in the region (see Table 1 ), the calculated 
easurements do not align with the typical wavelength dependence 

xpected for interstellar polarization (e.g. Serko wski, Mathe wson & 

 ord 1975 ). Moreo v er, we found that the wav elength dependence of
esolved polarized disc brightness and unresolved central polariza- 
ion for IRAS 08544–4431 is very similar, providing further evidence 
or a common origin of the signal. Therefore, we conclude that the
nresolved central polarization measured for IRAS 08544–4431 is 
redominantly caused by the unresolved part of the circumbinary 
isc rather than polarization in the diffuse interstellar medium along 
he line of sight. 

.2 Characterizing the dust properties on the disc surface 

he intensity and polarization degree of reflected stellar light, along 
ith the angular dependence of these measures (phase functions), and 

heir wavelength dependency, encode details about the properties of 
he dust within the circumstellar disc (e.g. Benisty et al. 2022 ). 

Based on SPHERE polarimetric imaging observations of 
RAS 08544–4431, we observed substantial polarization (up to 
.5 %) of the resolved disc surface in the optical and near-IR
avelengths. We also note that these values represent only lower 

imits due to the subtraction of unresolved central polarization (see 
ection 3.2.4 ). This places the IRAS 08544–4431 circumbinary disc 
mong the brightest PPDs in terms of polarized intensity, with typical
olarized intensity across the entire disc being approximately 10 −2 

f the stellar intensity (e.g. Fukagawa et al. 2010 ; Avenhaus et al.
018 ). Although direct measurement of the polarization efficiency 
f the IRAS 08544–4431 circumbinary disc is challenging due to 
he domination of the stellar PSF in the SPHERE total intensity
mage and the lack of resolved scattered light disc intensity (see
ppendix A ), we can assume that its polarization efficiency is
ot less than the typical value for PPDs. Additionally, we found
 clear brightness asymmetry in the forward and backward polarized 
cattering intensity in V - and I ′ -bands (see Section 4.3.2 ). This
symmetry suggests the presence of dust grains or aggregates with 
izes at least in the micron range, exhibiting anisotropic scattering, 
ontrary to isotropic Rayleigh scattering observed for dust grains 
maller than the observing wavelength (e.g. Ginski et al. 2023 ).
urthermore, the IRAS 08544–4431 circumbinary disc appeared to 
ave a grey colour in optical and near-IR polarimetry. 
Recent theoretical studies on the relation between disc scattered- 

ight (total intensity, polarized intensity, and colours) and dust 
roperties (size and structure; e.g. Mulders et al. 2013 ; Tazaki et al.
019 ; Tazaki & Dominik 2022 ) have shown that significant forward
cattering, high polarization efficienc y, and gre y colour of the disc
n optical and near-IR polarimetry can be best explained by large
orous aggregates composed of submicron-sized monomers. 
In conclusion, optical and near-IR SPHERE polarimetric obser- 

ations of IRAS 08544–4431 are compatible with the prevalence of 
arge porous aggregates composed of submicron-sized monomers in 
he surface layers of the circumbinary disc. This characterization of 
ust scattering parameters paves the way for comparative analyses 
ith PPD systems around young stars and provides insights into dust

volution and disc dynamics. 

.3 Investigating the complex disc morphology of 
RAS 08544–4431 

ptical ( V - and I ′ -band) polarimetric imaging of the full disc
ost-AGB system IRAS 08544–4431 reveals a bright ‘ring’ with 
dditional substructures (see Fig. 8 and Section 4.2 ), which aligns
ell with our previous study using H -band polarimetric observations 

Andrych et al. 2023 ). Ho we ver, our analysis re veals that the
ring’ appears more eccentric towards shorter wavelengths, resulting 
n a higher estimated disc surface inclination (see Section 4.3 ).
urthermore, we noted a difference in the extended structure of 

he disc between various wavelength bands, with the near-IR H -
and observations revealing a more extended structure compared 
o the optical V - and I ′ -bands (see Fig. 12 ). As we discussed
n Section 5.2 , polarimetric observations of IRAS 08544–4431 are 
MNRAS 535, 1763–1777 (2024) 
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ompatible with the pre v alence of large porous dust aggregates
omposed of submicron-sized monomers in the surface layers of the
ircumbinary disc. Studies of the optical properties of porous dust
ggre gates rev eal that dust opacity decreases from optical to near-
R wavelengths. This decrease potentially allows SPHERE near-IR
olarimetric imaging to access slightly deeper disc layers than those
ccessible in the optical or to probe regions that were ‘shadowed’
n optical observations by low dust density clumps abo v e the disc
id-plane (Kirchschlager & Wolf 2014 ; Tazaki & Tanaka 2018 ). The

bo v e arguments lead us to speculate that the wavelength-dependant
orphological differences observed for the IRAS 08544–4431 disc

ould be explained by slightly misaligned or warped disc segments
bscuring the extended disc structure at the shorter wavelengths (see
ig. 10 ). Recent observational studies of circumstellar discs around
SOs (e.g. P ́erez et al. 2018 ; Benisty et al. 2022 ) hav e rev ealed that
isc warping is a common phenomenon. Warped segments of the
isc can lead to shadows on the disc surface observed in scattered
ight. Numerical simulations suggested that disc warping may arise
rom gravitational interactions with an inclined binary system (Young
t al. 2022 , 2023 ), or from the influence of an inclined planet
ltering the disc structure (Nealon et al. 2019 ). Ho we ver, additional
igh-resolution observations of dust continuum and gas emission
re required to further explore the mid-plane of the IRAS 08544–
431 circumbinary disc and to better constrain the underlying disc
tructure and associated physical mechanisms. In our future study,
e plan to use ALMA molecular line observations to investigate the
elocity map structure, which could provide additional evidence of
arping. 

.4 Comparison of discs around post-AGBs with 

rotoplanetary discs around YSOs 

dvances in high-contrast imaging o v er the last decade have fa-
ilitated systematic observational studies of PPDs around YSOs,
evealing a wide range of brightness, flux distribution, and disc
 xtent (e.g. Av enhaus et al. 2018 ; Garufi et al. 2020 ; Ginski et al.
021 ). Moreo v er, the y hav e led to more precise modelling results,
roviding insights into dust properties (Tazaki et al. 2019 ; Tazaki &
ominik 2022 ). As mentioned in Section 1 , post-AGB circumbinary
iscs appear remarkably similar to PPDs in terms of Keplerian
otation, IR excesses in the SED, disc dust mass, chemical depletion,
ust mineralogy, and grain evolution, despite significant differences
n formation history and lifetime ( ∼ 10 5 yr for post-AGB discs
ompared to a few million years for PPDs). 

Pilot high-angular resolution and polarimetric studies of post-
GB discs have revealed complex morphologies with arcs, gaps, and
avities, similar to those observed in PPDs (Ertel et al. 2019 ; Andrych
t al. 2023 ). Moreo v er , it has been found that post-A GB discs exhibit
 similar level of near-IR polarized brightness relative to the stellar
ntensity ( ∼ 10 −2 ) as pre viously sho wn for PPDs (e.g. Avenhaus
t al. 2018 ; Ma et al. 2024 ). Using SPHERE/ZIMPOL polarimetric
maging data, we found that IRAS 08544–4431 demonstrates a
imilar order of values for polarized brightness of the disc in optical
avelengths as well ( V - and I ′ -bands, see Section 4.3.1 ). Further-
ore, employing the methodology presented by Garufi et al. ( 2014 ,

017 ), we estimated the polarized contrast of the IRAS 08544–4431
isc to be ∼ 22 × 10 −3 in the optical, positioning this system among
he brightest PPDs (see Section 4.3.1 ; Benisty et al. 2022 ; Garufi et al.
022 ; Ginski et al. 2024 ). Ho we ver, it is important to note that the
olarized contrast values presented in these studies should be treated
s lower limits, as the reduction process did not include correction for
NRAS 535, 1763–1777 (2024) 
ome instrumental effects such as PSF smearing effects (see Section
.2.5 ). 
To compare our results for IRAS 08544–4431 with existing accu-

ate multiwavelength measurements of PPD, we refer to the results
f Ma et al. ( 2024 ) for a sample of T Tauri and Herbig stars. In their
tudy, authors focused on precise quantitative polarimetric analysis
nd considered the same instrumental effects as we do in this paper,
nsuring a consistent comparison for the disc-polarized brightness
see Section 3.2 ). In Fig. 14 , we present the polarized brightness
f the post-AGB system IRAS 08544–4431 alongside a sample of
erbig and T Tauri stars. We note that the results for IRAS 08544–
431 align well with those of the brightest PPDs. Furthermore, we
bserve a significant similarity in the wavelength dependence of
isc polarization between IRAS 08544–4431 and the T Tauri system
W Hya. 
TW Hya is a YSO surrounded by a gas-rich face-on PPD (Bergin

t al. 2013 ; Mac ́ıas et al. 2021 ). High angular resolution studies
f the disc in thermal emission (Nomura et al. 2016 ; Mac ́ıas et al.
021 ) and scattered light (van Boekel et al. 2017 ) have revealed
ultiple gaps in the disc. Additionally, observations of scattered

ight have unveiled an azimuthal variation in disc brightness caused
y shadows cast by optically thick disc structures such as warps
r misaligned rings (Teague et al. 2022 ; Debes et al. 2023 ). While
irect confirmation of existing planets in the TW Hya disc is pending,
ecent observational and modelling studies suggest that the ring
ubstructures within the circumstellar disc may serve as ideal sites
o trigger the streaming instability and form new generations of
lanetesimals (e.g. Mentiplay, Price & Pinte 2019 ; Mac ́ıas et al.
021 ). 
We note that both IRAS 08544–4431 and TW Hya systems ex-

ibit similar grey colours in optical and near-IR disc polarimetry.
oreo v er, I ′ -band (this study) and H -band (Andrych et al. 2023 )

olarimetric images revealed the asymmetric extended disc structure
f IRAS08544–4431, suggesting further similarities. Although the
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istance to IRAS 08544–4431 ( ∼ 1 . 5 kpc, Bailer-Jones et al. 2021 )
rohibits us from studying the system at the same detailed level 
s TW Hya, the noted similarities provide further evidence that 
ost-AGB circumbinary discs may be more similar to PPDs than 
reviously thought. 

 C O N C L U S I O N S  

e present a multiwavelength polarimetric imaging study of the 
ost-AGB binary system IRAS 08544–4431 using the VLT/SPHERE 

nstrument. The aim of our study was threefold: to investigate the 
olarimetric properties and surface morphology of the disc across 
ifferent wav elengths, to e xplore the corresponding dust properties 
ncoded in both the intensity and degree of polarization of the 
cattered light and to compare our findings with those of PPDs. 

We successfully resolved the extended disc structure of the 
RAS 08544–4431 circumbinary disc in optical V - and I ’-bands,
onfirming the complex disc morphology previously observed in 
ear-IR polarimetric study. Despite the small angular size typical of 
ost-AGB discs, IRAS 08544–4431 exhibits significant brightness 
n azimuthal polarization at optical wavelengths, reaching up to 
 . 5 × 10 −2 (or 1.5 %) of the total system intensity. Moreo v er, po-
arized observations of IRAS 08544–4431 reveal significant forward 
cattering in optical polarimetry, suggesting that the northern part of 
he disc is closer to the observer. Additionally, we found that the disc
hows a grey polarimetric colour in both optical and near-IR. These 
ndings are consistent with theoretical models suggesting large 
orous aggregates of submicron-sized monomers as the dominant 
ust composition. Moreo v er, we found a variation in the e xtended
tructure of the disc across different wavelengths, with the near-IR H- 
and observ ations re v ealing a more e xtended disc surface compared
o the optical V - and I ’-bands. 

Our study revealed similarities between the post-AGB circumbi- 
ary disc of IRAS 08544–4431 and PPDs around YSOs. These 
imilarities include comparable levels of disc-polarized brightness, 
olarimetric colour, dust grain size, and composition. We also suggest 
hat a variation in the extended structure of the disc across different
avelengths could result from potential disc warping, similar to 
hat has been proposed for certain PPDs. Ho we ver, additional high-

esolution observations of dust continuum and gas emission are 
equired to further explore the mid-plane of the IRAS 08544–4431 
ircumbinary disc and better constrain the underlying disc structure 
nd associated physical mechanisms. 

In our following study, we will use both cameras of the SPHERE
nstrument to expand our multiwavelength analysis to a larger sample 
f post-AGB binary systems. We aim to systematically investigate the 
avelength-dependent dust scattering and polarization properties, 
ultiwavelength disc morphology, and estimate the dominant dust 

rain size on the circumbinary disc surface. This polarimetric study 
ith SPHERE is part of a much larger observational campaign that 

ncludes optical, near-IR, and sub-mm interferometric observations, 
s well as spectral monitoring. This approach will enable us to better
haracterize the second-generation circumbinary discs around post- 
GB binary stars, which is essential for studying disc dynamics 
cross different stages of stellar evolution. Additionally, it offers a 
o v el opportunity to investigate the potential formation of second- 
eneration planets within dusty discs surrounding evolved stars. 
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PPENDI X:  PRESENCE  O F  DISC  S I G NA L  IN  

H E  TOTA L  INTENSITY  I MAG E  

he total intensity frames of the IRAS 08544–4431 ( I tot ) include both
he stellar intensity and a minor contribution from the disc scattered
ight. Tschudi & Schmid ( 2021 ) demonstrated the possibility of
isentangling the disc intensity from the stellar signal by fitting
he total intensity radial profile of the science target with a linear
ombination of the total intensity profile of a reference star and the
olarized intensity profile of the disc. They noted that successful
xtraction of the disc intensity is feasible in cases where the disc
xhibits a bright, narrow ring positioned sufficiently far from the star
o ensure clear separation, yet remains within the strong speckle ring
t r ≈ 100 pixels (control radius of the AO system; Schmid et al.
018 ). 
To investigate whether a similar disentanglement is achie v able for

ur post-AGB binary system, we computed the radial brightness pro-
les for the total intensity ( I tot ) of IRAS 08544–4431 and reference
ingle star HD 83878 (see Section 4.3.2 for methodology details).
he resulting profiles were normalized to the maximum intensity of
ach target and are presented in Fig. A1 . Additionally, we provide
he radial polarized brightness profile ( Q φ), as it accurately traces
he location of the disc. 

Our analysis reveals that the radial profile of total intensity for
RAS 08544–4431 closely aligns with that of the reference star.
herefore, we conclude that the intensity image is strongly dominated
y the variable PSF of the star, and the disc intensity is too weak to
e detected. 
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Figure A1. Radial profiles of normalized total intensity ( I tot /max( I tot )) for IRAS 08544–4431 (orange circles) and reference star HD 83878 (blue squares), 
and normalized polarized intensity ( Q φ/max( Q φ)) for IRAS 08544–4431 (green stars). See Appendix A for details. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© 2024 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/2/1763/7831680 by guest on 15 D
ecem

ber 2024

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 TARGET DETAILS
	3 DATA AND OBSERVATIONS
	4 ANALYSIS AND RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX: PRESENCE OF DISC SIGNAL IN THE TOTAL INTENSITY IMAGE

