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Abstract

Second-generation circumbinary discs around evolved binary stars, such as post-Asymptotic Giant Branch (post-AGB) binaries, provide insights
into poorly understood mechanisms of dust processing and disc evolution across diverse stellar environments. We present a multi-wavelength
polarimetric survey of five evolved binary systems — AR Pup, HR 4049, HR 4226, U Mon, and V709 Car — using the Very Large Telescope
SPHERE/ZIMPOL instrument. Post-AGB discs show significant polarimetric brightness at optical and near-IR wavelengths, often exceeding
1% of the system’s total intensity. We also measured a maximum fractional polarisation of the scattered light for AR Pup of ~0.7 in the I’-band
and ~0.55 in the I-band. To investigate wavelength-dependent polarisation, we combine the SPHERE/ZIMPOL dataset with results from
previous SPHERE/IRDIS studies. This analysis reveals that post-AGB discs exhibit a grey to blue polarimetric colour in the optical and near-IR.
Along with high fractional polarisation of the scattered light and polarised intensity distribution, these findings are consistent with a surface dust
composition dominated by porous aggregates, reinforcing independent observational evidence for such grains in post-AGB circumbinary discs.
We also find evidence of diverse disc geometries within the post-AGB sample, including arcs, asymmetries and significant variations in disc size
across optical and near-IR wavelengths for some systems (U Mon, V709 Car). Combining our findings with existing multi-technique studies,
we question the classification of two systems in our sample, HR 4226 and V709 Car, which were originally identified as post-AGB binaries based
on their near-IR excess. On comparing post-AGB discs to circumstellar environments around AGB stars and YSOs, we found that post-AGB
systems exhibit a higher degree of polarisation than single AGB stars and are comparable to the brightest protoplanetary discs around YSOs.
Overall, our results reinforce the importance of polarimetric observations in probing dust properties and complex circumbinary structures. We
also highlight the importance of combining multi-wavelength and multi-technique observations with advanced radiative-transfer modelling to

differentiate between the various evolutionary pathways of circumbinary discs.
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1. Introduction actions, often resulting in the formation of dusty circumbinary

discs during the AGB and early post-AGB phases (van Winckel,

At the end of their lives, low- to intermediate-mass stars (0.8-
8M) experience significant mass loss as they evolve along
the asymptotic giant branch (AGB). This mass loss plays a key
role in the chemical enrichment of the interstellar medium,
although the details of how mass-loss occurs are not yet fully
understood (Habing & Olofsson, 2003; Khouri et al., 2020). In

binary systems, mass loss can be amplified through stellar inter-

2003; Kamath et al., 2015). Studying these second-generation
circumbinary discs around post-AGB binary stars provides
insights into the still-mysterious processes that govern dust
processing and the binary interactions that terminate the giant

evolutionary phase of these stars.

Observational studies have revealed key parameters regard-
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ing the structure and dynamics of circumbinary discs in post-
AGB systems. These binary stars display a distinctive spectral
energy distribution (SED) profile, with dust emission peaking
in the near-infrared (near-IR, e.g., de Ruyter et al., 2006; van
Winckel et al., 2009; Kamath et al., 2014, 2015; Gezer et al.,
2015; Kluska etal., 2022). Near-IR excess is typically attributed
to circumstellar dust and gas within a stable disc with an inner
rim near the dust sublimation radius. These discs are generally
found to exhibit Keplerian rotation, with angular sizes rang-
ing from roughly 0.5” to 17 (100 to 500 AU) as inferred from
12co position-velocity mapping (e.g., Bujarrabal et al., 2015;
Gallardo Cava et al., 2021). High-resolution near-IR interfer-
ometric studies have spatially resolved the hot dust inner rim
in post-AGB discs, verifying that it is predominantly located
at the 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. (2023a)
confirmed the presence of ‘transition’ post-AGB discs with the
dust inner rim up to 7.5 times larger than the theoretical dust
sublimation radius. Pilot high-resolution imaging studies of
9 post-AGB circumbinary discs with VLT/SPHERE revealed
their complex morphologies and large diversity in terms of
disc size and orientation at larger angular scale (> 30 mas; Ertel
et al,, 2019; Andrych et al., 2023). The latter study also identi-
fied significant polarised brightness of post-AGB circumbinary
discs in near-IR wavelengths, reaching up to 2% of the total

system intensity.

Recently, a detailed multi-wavelength polarimetric imag-
ing study of the post-AGB binary IRAS 08544-4431 revealed
a relatively consistent polarised brightness across optical and
near-IR wavelengths, along with substantial forward scatter-
ing in optical polarimetry (Andrych et al., 2024). These re-
sults align with theoretical models that propose large, porous
aggregates of submicron-sized monomers as the main dust
components in the disc surface layers. Furthermore, Andrych
et al. (2024) observed wavelength-dependent variations in the
[RAS 08544-4431 disc structure, with the near-IR H-band
revealing a more extended disc surface compared to the optical
I/ and I-bands. The authors suggested that this structural vari-

ation across wavelengths could indicate potential disc warping.

Moreover, the presence of a circumbinary disc significantly
influences the chemical composition of the post-AGB binary,

often leading to a phenomenon known as photospheric chemi-

cal depletion of refractory elements (usually traced with [Zn/Ti];

Waters et al., 1992; van Winckel, 1995; de Ruyter et al., 2005).
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This depletion arises from the re-accretion of chemically frac-
tionated gas and dust in the circumbinary disc (Kama et al.,
2015), resulting in unique elemental abundance patterns ob-
served in these systems (Oomen et al., 2019; Kluska et al., 2022;
Mohorian et al., 2024). The observed orbital parameters of
post-AGB binary systems, including their high eccentricities
and wide range of orbital periods, do not align with predictions
of binary evolution theory (e.g., Nie et al., 2012). Long-term
radial velocity monitoring studies have shown that their typical
orbital periods range from a hundred to a few thousand days
(Oomen et al., 2018; van Winckel et al., 2009). The formation
and interaction of circumbinary discs in these systems remain
poorly understood, particularly in relation to their influence

on the binary evolution of the central stars.

Despite distinct formation histories and lifetimes, post-
AGB circumbinary discs (with a lifetime of ~ 10% - 10
years, Bujarrabal et al., 2017) and protoplanetary discs (PPDs)
around young stellar objects (YSOs; with disc lifetime of up
to a few Myr, Benisty et al., 2022) share many characteristics.
Both disc types show comparable IR excesses, dust disc masses
(~ 1073 Mg, Corporaal et al., 2023b), chemical depletion pat-
terns (Kluska et al., 2022; Mohorian et al., 2024), and dust
mineralogy (Gielen et al., 2011; Scicluna et al., 2020). These
discs also exhibit similar polarimetric brightnesses and mor-
phologies (Andrych et al., 2023, 2024). Radiative transfer (RT)
modelling efforts for circumbinary discs around post-AGB
binaries (e.g., Corporaal et al., 2023b) show that high-angular
resolution interferometric data for these systems can be accu-
rately reproduced by using passively irradiated disc models
initially developed for PPDs around YSOs.

In this paper, we present multi-wavelength polarimet-
ric imaging results for five evolved binary systems (AR Pup,
HR 4049, HR 4226, U Mon, and V709 Car) observed with
VLT/SPHERE adaptive optics (AO) instrument. We aim to
investigate the consistency of polarimetric properties, surface
morphologies, and dust composition across the post-AGB sam-
ple and to compare these with findings from AGB and YSO
systems. In Section 2, we present our target sample and rele-
vant observational details collected from the literature, as well
as the observing strategy. In Section 3, we introduce our data
reduction methodology. In Section 4, we present the analysis
of the VLT/SPHERE-ZIMPOL data and corresponding re-
sults. In Section 5, we discuss the dust properties of post-AGB
circumbinary discs and highlight similarities and differences

between circumstellar environments of AGB stars, circumbi-
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nary discs around post-AGB binaries, and PPDs around YSOs.

In Section 6, we present our conclusions.

2. Target sample and observations

In this paper, we present multi-wavelength, high-angular-
resolution polarimetric observations of the circumbinary discs
surrounding a diverse sample of five post-AGB binary systems.

This section provides an overview of the sample and the data.

2.1 Target details

In this study, we focus on five binary systems that are consid-
ered to host circumbinary discs: AR Pup, HR 4049, HR 4226,
U Mon and V709 Car. These targets were selected from the
mid-infrared interferometric survey for discs around 19 post-
AGB stars using VLTI/MIDI (Hillen et al., 2017). The final
selection was based on objects that are observable for Spectro-
Polarimetric High-contrast Exoplanet Research/Zurich Imag-
ing Polarimeter (Rmag < 11; SPHERE/ZIMPOL, Schmid et al.,
2018) and have warm disc diameters greater than 40 mas in
near-IR. Initially, all targets were classified as post-AGB binary
stars based on their strong near-IR excesses in the SEDs, typi-
cally attributed to circumstellar dust near the dust sublimation
temperature (de Ruyter et al., 2006). In Table 1, we present
selected observational parameters of our target sample relevant
to this study, including their corresponding IRAS names, Gaia
DR3 distances, SED characteristics, orbital parameters, and
interferometric disc sizes. We also present additional details
on individual targets, along with the findings of this study, in
Section 4.7.

In summary, our target sample displays diverse properties,
particularly regarding atmospheric parameters and elemental
abundances of the primary star, as well as binary orbital char-
acteristics and disc orientation. By analysing the polarimetric
and interferometric data for these systems, we aim to provide
a comprehensive understanding of how binary interactions

influence the circumstellar environments of evolved stars.

2.2 Observations

The data for this study were obtained using the Zurich Imag-
ing Polarimeter (ZIMPOL, Schmid et al., 2018) of the extreme
AQ instrument SPHERE (Beuzit et al., 2019) as part of ESO ob-
servational program 0101.D-0752(A) (PI: Kamath). To effec-
tively resolve the scattered light around the post-AGB binary
stars and ensure the best accuracy for the multi-wavelength
characteristics, we used SPHERE/ZIMPOL in its polarimetric
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Table 1. Stellar and orbital properties of post-AGB binary stars in our target sample relevant to this study.
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Notes: The distances to the targets were adopted from Gaia DR3 (Bailer-Jones et al., 2021). However, these distances are uncertain because: i) targets are too far away and therefore not

flagged as astrometric binaries ii) the orbital motion of the binary results in an angular displacement comparable to the parallax. Lir/L+ represents the infrared luminosity adopted from
Kluska et al. (2022). E(B-V) indicates the total reddening, and T4 represents stellar effective temperature derived from SED fitting (Hillen et al., 2017). RVb represents the presence of

RVb phenomenon with ’y’ indicating 'yes’ and ’'n’ indicating 'no’. P y,;.. represents the orbital period in days. R, represents theoretical dust sublimation radius and Dyjr represents

the outer disc diameter as estimated from geometrical modelling of mid-IR interferometric data (Hillen et al., 2017). The disc inclination, i, was derived from near-IR interferometric

observations (Kluska et al., 2019) for all targets except AR Pup. For AR Pup the disc inclination was estimated using high-resolution imaging (Ertel et al., 2019). Disc type represents disc

category based on SED and IR-excess features (Kluska et al., 2022). We note that * indicates that for HR 4226 we infer the disc type from SED shape only, as it had previously remained
uncategorized due to the lack of precise infrared photometric observations with Wide-field Infrared Survey Explorer (WISE). More details on the tabulated information can be found in

the individual studies mentioned as superscripts in column ’Name’: 1 - Oomen et al. (2018), 2 - Kiss et al. (2007), 3 - Kiss & Bodi (2017), 4 - Giridhar et al. (2000), 5 - Maas et al. (2003), 6 -

van Winckel (1995), 10 - B4di & Kiss (2019), 11 - Hillen et al. (2017), 12 - Ertel et al. (2019), 13 - (Gonzalez et al., 1997).
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Table 2. Observing setup and seeing conditions for SPHERE/ZIMPOL data

Target Rmag Vmag Referencestar Observingnight  Filters oI NDIT  NDfilter Seeing Wind
[s] [ [m/s]

AR Pup 9.5 9.6 HD 75885 08 Apr 2018 V, N_I 10 2 ND_3.5 0.30-0.98 0-4.8

HR 4049 5.5 5.5 HD 96314 07/08 Jan 2019*  V, Cnt820 1.2 16 ND_3.5 0.37-0.95 1.73-8.8

HR 4226 6.3 6.3 HD 98025 08 Apr 2018 V, Cnt820 1.2 16 No 0.30-0.98 0-4.8

U Mon 6.8 6.0 HD 71253 29 Dec 2018 V, Cnt820 1.2 16 ND_3.5 0.38-1.71 1.05-7.68

V709 Car 9.3 11.3 HD 94680 03 Mar 2018 V, N_I 10 2 ND_3.5 0.33-1.2 0.43-6.28

Notes: Observations were conducted using SPHERE/ZIMPOL in P1 mode without a coronagraph. We note that * indicates that HR 4049 was observed twice, on
7th and 8th January, due to non-ideal conditions. The detector integration time (DIT) and number of detector integrations (NDIT) were chosen based on the
target brightness and neutral density filter (ND filter) configuration. DIT x NDIT is the integration for one out of four half-wave plate position angles of a

polarimetric cycle, and 20 polarization cycles were taken per target resulting in a total integration time of 40 x DIT x NDIT per data set. See Section 2.2 for more

details.

P1 mode without a coronagraph. This mode provides high
polarimetric sensitivity and calibration accuracy by averaging
out instrumental effects as the sky field rotates with respect to
the instrument and telescope pupil (Schmid et al., 2018). In
addition to the target systems, reference stars were observed as
part of a program. These stars were selected for their similar
brightness, colour, and location to the corresponding binary
systems. Reference stars were observed immediately after each
target, allowing their data to serve as a point-spread function

(PSF) during the reduction process.

We obtained data in both the V"-band and I’-band for all
targets in our sample. Specifically, the 1/-band observations
were conducted using the ZIMPOL "V’ filter (A\g = 554 nm,
AM = 80.6 nm), while I’-band data were obtained using either
the *Cnt820’ filter (\g = 817.3 nm, AA = 19.8 nm) or the 'N_-
I filter (\g = 816.8 nm, AA = 80.5nm), with broader 'N_I’
filter used for fainter targets. For consistency, we refer to
both *Cnt820’ and "N_TI" as the I’-band throughout the text
and figures, while their exact names are specified in the tables.
In total 20 polarimetric cycles were taken for each target and
10 polarimetric cycles for reference stars. Each observational
frame contained ~ 10° — 10° counts, ensuring non-saturated
observations (Schmid et al., 2018). In Table 2 we present

additional observational details for each target.

In addition to SPHERE/ZIMPOL data, we also include
results of near-IR polarimetric observations using the Infra-
Red Dual-beam Imaging and Spectroscopy camera (IRDIS,
Dohlen et al., 2008) of the same instrument for two targets
(HR 4049 and U Mon, Andrych et al., 2023).
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3. Datareduction

The SPHERE/ZIMPOL polarimetric datasets were reduced
following the methodology presented in Andrych et al. (2024).
Here, we provide only a brief overview of data reduction
process, highlighting relevant modifications and target-specific
details.

3.1 Standard Polarimetric differential imaging (PDI) reduc-
tion

The initial calibration procedures (bias subtraction, flat fielding,
frame centring, polarimetric beam shift correction) and calcu-
lation of the Stokes vectors Q and U, were performed using
the High-Contrast Data Centre (HC-DC, formerly SPHERE
Data Centre) pipeline? (Delorme et al., 2017). Instrumental po-
larisation was accounted for using the sz-pipeline developed
at ETH Zurich, which applies corrections based on instru-
mental calibration data Schmid et al. (2018). In Appendix
2, we provide details of the measured fractional polarisation
(Q/Itor, Ulleor, where Iior is the total intensity of the target) be-
fore and after correction for each observation cycle, alongside
the corresponding telescope polarisation data for each target.
Further processing included our custom Python pipeline. To
enhance image quality, we retained only the top 75%P of
frames in each dataset, selected based on peak-normalised total
intensity (Iror). This selection helped suppress variability from
atmospheric conditions and adaptive optics performance, re-

sulting in an improved signal-to-noise ratio in the final stacked

This pipeline builds on the core SPHERE ESO software and incorporates
additional routines such as improved centring algorithms, automatic frame
sorting, and analysis tools for systematic SPHERE data processing.

bThis value was selected to balance between excluding frames with poorer
instrumental performance while still keeping enough frames to benefit from
mean combining and improve the data peak signal-to-noise ratio (SNR). This
selection resulted in an improvement of peak SNR by ~3 to 15% for all targets.
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images. Then, we computed azimuthal Stokes parameters Qg,
and Uy, (following the formalism of de Boer et al., 2020),

total polarised intensity I}, and the Angle of Linear Polari-

ol
sation AoLP. Positive Q: indicates linear polarisation in the
azimuthal direction, while negative Qg, indicates radial po-
larisation. Ug, represents linear polarisation rotated by +45°
relative to these directions, and AoLP defines the local orienta-

tion of the polarisation vector.

3.2 Additional data reduction steps

Given the compact angular size of the targets and the unre-
solved separation between disc features and the central binary,
we implemented additional reduction steps specifically aimed
at removing the unresolved polarised signal from the final po-
larimetric images, enhancing the visibility of disc substructures
through PSF deconvolution, and recovering the total resolved
polarised intensity attenuated by PSF smearing. Unless stated
otherwise, all images presented in this paper were processed
using the standard PDI reduction and two additional steps:
correction for unresolved polarisation (except in the case of
AR Pup, where the correction could not be reliably applied),
and PSF deconvolution. The correction for polarimetric can-
cellation due to PSF smearing was applied solely for estimating
the total polarised flux and was not used in analyses focused
on disc substructures, to avoid introducing artificial features

or biases.

3.2.1 Correction of the unresolved central polarised signal
The reduced linearly polarised images for each target display
typical signatures of a bright but spatially unresolved section
of the circumbinary disc (e.g., Keppler et al., 2018), includ-
ing a bucterfly pattern in Qg, and a halo in the I, images
(see top row of Figure 10, 11,12, 13, 14 in Appendix 1). To
remove this unresolved polarisation component, we used the
approach presented by van Holstein et al. (2020), measuring
the degree and orientation of unresolved component using a
circular aperture with a 6-pixel diameter (~ 22 mas)¢ centred
on the stellar position (see Table 3).

To assess the origin of the unresolved signal, we compared
measured degree of unresolved central polarisation with the
values obtained for reference stars at the same wavelengths
(see Figure 1), as well as with predictions from Galactic inter-
stellar polarisation maps (Heiles, 2000; Versteeg et al., 2023).

“Similar to Andrych etal. (2023), the 6-pixel aperture was chosen to reliably

correct for the unresolved polarised signal while minimizing contributions
from the resolved signal.
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This comparison helps to determine whether the unresolved
signal is primarily caused by interstellar polarisation or the
disc itself (Andrych et al., 2024). We found that for HR 4049
and HR 4226 the degree of the unresolved polarisation compo-
nent closely aligns with the estimated interstellar polarisation.
In contrast, for AR Pup, V709 Car, and UMon, it is signifi-
cantly higher, indicating that the unresolved polarisation is
primarily driven by the unresolved portion of the circumbi-
nary disc rather than the polarisation from the diffuse inter-
stellar medium along the line of sight. Where feasible, we
subtracted the estimated unresolved signal from the Q and U
frames prior to re-deriving Qg and Ipol' In AR Pup, which is
observed nearly edge-on, this subtraction could not be reliably
performed without affecting the resolved disc morphology.
A known side effect of this correction is an artificial decrease
in signal within the central 5x5 pixel region of the image.
This area was masked in all subsequent analysis steps (see Sec-
tion 3.3.3). The resulting polarised images are presented in

Figure 2.

Table 3. Characteristics of the unresolved central polarisation.

Name Band DoLP, % AolLP, °
AR Pup Vv 2.440.2 57+2
N_I 3.740.2 6942
HR4049 \Y 0.1140.07 57+25
Cnt820  0.23+0.04 6349
H* 0.1740.06 79+12
HR4226 v 0.154+0.06  168+62
Cnt820  0.16+0.04 16146
U Mon v 0.524+0.05 1614+3.4
Cnt820 0.77+£0.04 167+1.5
H* 1.63+0.07 178450
V709 Car V 1.740.16  13940.9
N_I 2.61+0.1 1404-0.6

Notes: 'DoLP’ represents the degree of linear polarisation, ’AoLP’
represents the predominant angle of linear polarisation for the
unresolved central polarisation. See Section 3 for details. We
note that for AR Pup the orientation of the disc likely leads to
a significant overestimation of the unresolved polarized signal
(see Section 4.7.1).

3.2.2 Deconvolution
To retrieve the spatially resolved substructures, we deconvolved
the resulting linearly polarised images with the reference PSF

using the Richardson-Lucy deconvolution algorithm (Richard-
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Figure 1. Characteristics of unresolved central polarisation for scientific targets and polarised intensity of reference stars as a function of wavelength. The left
panel shows the degree of unresolved polarisation (solid lines) relative to the total intensity of each target and the polarised intensity relative to the total
intensity for each reference star (dashed lines). The right panel displays the corresponding orientation of unresolved polarisation (AoLP) for the targets (solid
lines) and reference stars (dashed lines). Each target binary system and its corresponding reference star are indicated by matching colours. See Section 3 for

more details.

son, 1972; Lucy, 1974). We note that the deconvolution pro-
cess converged within 30 iterations for all targets in both the
V- and I’-bands, with pixel-to-pixel changes between succes-
sive iterations falling below 1.5%. However, we note that the
same amount of iterations was overcorrecting the AR Pup and
V709 Car images (subtracting not only the unresolved polar-
isation but also part of the resolved disc signal), resulting in
degenerate results. Therefore, for AR Pup and V709 Car, we
stopped iterations when we achieved pixel-to-pixel variation
of 5% (~ 10 iterations). We present the final deconvolved

polarised images in Figure 2.

3.2.3 Correction of PSF smearing effect

To accurately measure the total polarised flux from the cir-
cumbinary disc, we also corrected resolved Qo and Ipol images
for polarimetric cancellation due to PSF smearing with the
instrument PSF, following the methodology proposed by Ma
et al. (2024). This method uses the observed PSF and the
known disc geometry (inclination and position angle) to con-
struct a two-dimensional correction map that estimates the
amount of polarised flux lost due to convolution with the in-
strumental PSF. The resulting map is then used to rescale
the observed Qg, and Ipol distributions, enabling recovery of

the intrinsic polarised intensity with relative errors typically
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below 10% Ma et al. (2024). As this correction significantly
increases the strength of the polarised signal, particularly in the
inner disc regions where cancellation is strongest, it is essen-
tial for accurately recovering the total polarimetric brightness
in compact or barely resolved systems (Andrych et al., 2024).
However, since this correction can also amplify noise and in-
troduce artefacts near the unresolved central binary, it was
applied only to estimate the total polarised intensity of targets
and was deliberately omitted from analyses of disc orientation

and morphological features.

3.3 Data quality and artefact analysis

This section evaluates the quality of the reduced polarimetric
data, with particular focus on the limitations imposed by spatial
resolution and unresolved emission. We assess the reliability
of the Qg, quantity, provide an estimation of SNR to define
statistically significant regions, and describe image artefacts
arising from instrumental and reduction effects rather than

physical disc structures.

3.3.1 Evaluating the reliability of Qg as a measure of po-
larised intensity
For low-inclination (i < 40°) and optically thick discs, single

scattering of stellar light on the disc surface produces polarisa-
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tion vectors oriented azimuthally to the central star, making
Q¢ a reliable measure of polarised flux while minimizing noise
(Schmid et al., 2006; Canovas et al.,
2015; Simmons & Stewart, 1985). To evaluate this approach

biases compared to Ly

for our data, we calculated the ratio of integrated polarised sig-
nal Qg to I, within a circular aperture of 3" diameter. Two
out of five targets in our sample (HR 4049 and HR 4226) show
Q11> 85%, indicating the dominance of single scattering
and resolved circumstellar polarisation (see Table 4). For the
remaining targets, lower Qd)/lpol values limit the reliability
of Q¢ as a measure of polarised intensity and indicate that
the contribution of unresolved polarisation is relatively high.
For AR Pup, the decrease in the Qop/Iyol value is likely due to
the disc’s nearly edge-on orientation. The significantly lower
Qop/Ipol values in U Mon and V709 Car (<70%) suggest higher
disc inclinations and potential multiple scattering, which could
alter the orientation of the polarisation vector. Furthermore,
we examined the mean flux distribution in Uy, in the radial
annuli, similar to the analyses of Avenhaus et al. (2018) and
Andrych et al. (2023). Although all targets showed signs of
an astrophysical signal in Ug,, separating it from instrumental
residuals remains challenging. For all targets except HR 4049
we found that the net Uy, signal accounts for more than 5%
of Qg supporting the use of Lol for further analysis. For
HR 4049, however, we will use Qg.

3.3.2 Estimation of the SNR

To identify the statistically significant area in the final reduced
images, we measured the background noise using an annular
aperture of the reduced Lo image without the target signal.
Based on this, we defined the areas of Ipol with a SNR of
> 3 as statistically significant (see second and fourth columns
of Figure 2). We also estimated the spatial resolution of the
data to be ~ 30mas for all targets except AR Pup (with ~
40 mas, likely due to slightly worse observing conditions or
suboptimal selection of the reference star), which is consistent
with SPHERE/ZIMPOL specifications (Schmid et al., 2018).

3.3.3 Data reduction artefacts

Some of the features observed in the resulting polarised images
(see Figure 2) are data reduction artefacts rather than real disc
substructures. Below, we describe these artefacts and their
possible causes.

During data reduction, we correct for the unresolved cen-

tral polarisation to retrieve the polarised intensity of the re-
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solved disc (see Section 3.2.1). However, this method produces
an unrealistically low intensity in the central 5x5 pixel region
of the Lol and Qg, images, and any intrinsic Q¢, component
remains undetectable due to limited spatial resolution (see Fig-
ure2). Therefore, we exclude this region from further analysis,
noting that this discrepancy is an artefact of the reduction pro-
cess. In addition, the final reduced V’-band image of UMon
shows a bright ring, while the I’-band image shows two arcs
separated by a dark strip. This dark strip is also an artefact of
the unresolved central polarisation subtraction, which inadver-
tently removes some polarised emission from the disc.

For AR Pup, we do not apply the correction for the unre-
solved central polarisation due to the inability to clearly sepa-
rate it from the resolved signal, given the edge-on orientation
of the disc (see Section 3.2.1). However, the overlapping of
differently oriented polarisation vectors from the unresolved
intensity and the resolved disc structure creates two linear
‘shadows’ within 20 mas of the central binary, perpendicular
to the disc midplane. We emphasise that these shadows are
not physical features of AR Pup but rather artefacts of the
observational technique and data reduction.

Additionally, the reduced IP01 images of HR 4226, HR 4049,
and V709 Car exhibit a thin cross-shaped decrease in polarised
intensity, particularly visible in the 1’-band data for HR 4226.
This pattern is not a genuine feature, but rather a reduction
artefact, as it is also seen in reference star data for these targets.
While the exact cause of this effect is unclear, we emphasise
these are not physical characteristics of the circumbinary discs

of HR 4226, HR 4049, and V709 Car.

4. Analysis and Results

In this section, we present the analysis of reduced linearly
polarised images and discuss the results for each target individ-
ually, following the approach described in Andrych et al. (2023,
2024). The analysis includes measuring the fractional polar-
isation, determining the orientation of the disc, quantifying
the relative disc brightness in polarised light, and examining
the wavelength-dependent behaviour of both the polarised

intensity and the resolved structure of the circumbinary discs.

4.1 Measuring fractional polarisation

To investigate geometric variations in the circumbinary discs
of our five targets, we analysed how fractional polarisation
(/Itor, Ullior) varies with distance from the central binary

using aperture polarimetry. This method offers insights into
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Figure 2. Total polarised intensity of all targets in /- and I’—bands. The first and third columns display polarimetric images after standard PDI reduction and
correction of unresolved polarisation (except for AR Pup, where the correction could not be reliably applied), while the second and fourth columns show
images after additional deconvolution with PSF. White contours outline regions of statistically significant polarised intensity (SNR=3). White circles in the
lower-left corner of each image indicate the size of the resolution element. All images are presented on an inverse hyperbolic scale and oriented North up and
East to the left. See Section 3 for more details.
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the unresolved disc component contributing to the detected
central polarisation. Significant tearing or misalignment in
the disc would manifest as abrupt shifts in the Q/Ior — U/Lio¢
plane(e.g., Nixon et al., 2013; Kraus et al., 2020).

We measured total fractional polarisation Q/Izoc and U/l
using a series of circular apertures with radii increasing from
0.004" to 0.11" (extended to 0.25" for AR Pup), in increments
of 0.0036" (corresponding to 1 pixel). The resulting data
(see Figure 16 in Appendix 3) reveal a smooth and gradual
variation in fractional polarisation as a function of aperture size
for all targets. However, the curves for AR Pup, HR 4226, and
U Mon exhibit a more complex shape, likely due to changes in
the orientation of the scattering surface relative to the binary,
which affects the resulting polarisation vector. Additionally,
interstellar polarisation contributes to the unresolved central
polarisation, impacting the fractional polarisation closer to the
binary. This effect could explain the changes in polarisation
orientation, particularly for HR 4226 and U Mon, given their
small disc sizes. We discuss these factors in more detail for each

target in Section 4.7.

4.2 Measuring the polarised disc brightness

To estimate the polarised disc brightness relative to the total
intensity of the system, we calculated the ratio of the resolved
polarised emission from the disc to the total unpolarised in-
tensity of each target. The polarised signal was measured
within the region with SNR> 3 for each observation, while
the total intensity was integrated over a broad 3" aperture.
To minimise systematic biases, we used the azimuthal, total
polarised, and unpolarised intensity maps (Qg,. Lol and o)
prior to PSF deconvolution, while incorporating corrections
for PSF smearing effects during the observations (see Section
3). We note that the resulting values for polarised disc bright-
ness represent a lower limit due to the partial subtraction of
the disc polarised signal during data reduction. The final po-
larised disc brightness ratios (Qd)/l and IPOI/I, where [ is the
total integrated system intensity) for both the V' and I’-bands
across all targets are presented in Table 4. For reference, we
also provide the polarised disc brightness value without PSF
smearing correction (I;)‘Ol/l).

To ensure an accurate comparison of the available SPHERE/
/ZIMPOL and SPHERE/IRDIS data for our targets, we also
applied a similar correction for PSF smearing to the H-band
SPHERE/IRDIS data of HR 4049 and U Mon, which were
previously analysed and presented by Andrych et al. (2023).
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4.3 Determination of disc orientation
The final reduced polarised images reveal a bright resolved
‘ring’ structure in both I’ and I’-band observations for HR 4049,
HR 4226, U Mon and V709 Car (see Figure 2). However, for
V709 Car, the ‘ring’ is not fully resolved and the target shows
lower polarised intensity compared to the other targets (see
Table 4), so it should be interpreted with caution. Additionally,
no ‘ring’ is observed for AR Pup due to the nearly edge-on
disc orientation (see Sec. 2.1 for details). Although we refer
to the brightest resolved structure as a ‘ring’, it is important
to clarify that it represents the smallest resolved section of the
circumbinary disc close to the central binary rather than the
physical dust inner rim of the circumbinary disc, which is too
small to be resolved by the SPHERE instrument for post-AGB
systems (see Section 3.3.3).

Following the methodology outlined in Andrych et al.
(2023, 2024), we used the deconvolved linearly polarised im-

ages (I

pol> OF Qd) in case of HR 4049, see Section 3) to estimate

the orientation of the resolved disc surface. To do this, we
fitted an ellipse to the positions of peak brightness along the
‘ring’ and determined the corresponding semi-major and semi-
minor axis lengths, as well as the position angle (PA)? of the
disc. Interferometric studies in the near-infrared (e.g., Kluska
et al., 2019; Corporaal et al., 2023a) have shown that in post-
AGB circumbinary discs, the dust inner rim typically coincides
with or lies beyond the expected dust sublimation radius, rather
than being shaped by binary truncation. Given the spatial res-
olution limits of SPHERE, the inner rim remains unresolved
for all targets in our sample, and the observations instead trace
the disc’s outer surface layers at larger separations from the
central binary. As a result, the disc can be reasonably modelled
as intrinsically circular, with its apparent ellipticity (see second
and fourth columns of Figure 2) originating from projection
effects due to disc inclination. Following this assumption, we
estimated the corresponding disc inclination for each target
using the semi-major and semi-minor axes of the ellipse. The
most plausible position and orientation of circumbinary discs,
resolved in 1 and I’-bands for each target, are presented in
Figure 3 and Table 4.

4.4 Exploring the extended disc morphology
In this section, we investigate the extended disc morphology of

our targets by analysing the disc brightness profiles and exam-

dThe PA is measured counterclockwise from the vertical axis (North) to
the first principal radius (major axis), with 180° ambiguity in the disc PA on
the sky.
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Table 4 . Summary of derived properties for all targets in V and I’-bands.

Name Band a b i PA . o/l Qg/l Lo/ L/
[mas]  [mas] [°] [°] (%] [%] [%] (%]

ARPup V 80 - 75+£10  50+5 - ~75 44403 44403 3.040.2
N_I 80 - 75+10  50+£5 - ~80 5.140.3 5.240.2 3.640.2

HR4049 V 292 25*2 29", 10937 05 >85 1.140.3 1.240.3 0.540.1
Cnt820 29*13 2774 237, 138 04 >85 0.95+0.1 0.95+0.1  0.51+0.05

H** 3743 352 1714 17438 0.29 - 0.6+0.157 0.6+0.157 0.340.15

HR4226  V 20 1337 51'2 104730 0.77 >85 1.840.1 1.940.1  0.5140.03
Cntg20 234 17’ 40'S 106’13 0.64  >85 1.6£0.06  1.75+0.06  0.61+0.02

U Mon v 19 13'] 48'9 12812 075 ~57 1.240.1 1.8+0.2  0.5440.05
Cnt820 227 17} 4173 1313 065  ~65 1.054+0.05  1.4+0.07  0.55+0.03

H** 327 29'2 2571 144710 0.42 - 0.574+0.15T  0.66+0.157  0.34+0.15

V709 Car V 1977 167 2747 121'3 047 ~68 0.540.06 0.6+0.09  0.29+0.03
N_| 267 23t 28777 150" 047  ~80 0.40+£0.04  0.49+0.07  0.25+0.03

Notes: a and b represent the major and minor half-axes of the disc in mas, i indicates the inclination, e represents the eccentricity. Q¢>/Ipol
represent the ratio of azimuthal to total polarized disc brightness of the target. Qg,/I and Lyol/I represent the azimuthal and total polarized
disc brightness relative to the total intensity of the target. I;ol/l represents the total polarized disc brightness without correction for the
PSF smearing (see Section 3). The position angle (PA) is presented in degrees and rises counterclockwise from the vertical axis (North) to
the first principal radius (major axis). See Section 4 for more details.

** indicates the data adopted from Andrych et al. (2023)

HR4226 V709 Car
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. The low intensity of the central 5x5 pixel region of each image is a reduction bias caused by over-correction of the unresolved central polarisation (Section 3).
Note: all images are presented on an inverse hyperbolic scale.

Figure 3. Disc orientation results based on the polarimetric images of all targets (see Section 4.3 for more details). The red ellipses illustrate the most plausible

PA and inclination of discs, while the dashed orange line highlights a significant substructure for HR 4049 (see Section 4.4.2). The red cross in the centre of the
images represents the centre of the fitted ellipse, while the white cross represents the approximated position of the binary based on the PSF
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ining the resolved substructures in both the /= and I’-bands.

4.4.1 Brightness profiles

To explore the complexity of the resolved disc surface and re-
veal the spatial distribution of polarised intensity, we calculated
linear, azimuthal, and radial brightness profiles following the
methodology of Andrych et al. (2023, 2024).

The linear brightness profiles trace the distribution of po-
larised intensity along the disc major and minor axes, providing
insight into its symmetry. The azimuthal brightness profile
captures intensity variations along the brightest resolved part
of the circumbinary disc (‘ring’), starting from the eastern end
of the major axis and proceeding counterclockwise. The ra-
dial brightness profile describes the variation of disc polarised
intensity with distance from the central binary. To account
for the impact of projection effects due to disc orientation on
the radial intensity distribution, we deproject observed discs to
a’ face-on’ view using the estimated inclination of the resolved
disc surface for both the /= and I’-bands (see Section 4.3 for
details on the inclination and Andrych et al. (2023) for more
information on the methodology). However, we note that
we do not perform the deprojection for AR Pup (due to the
nearly edge-on orientation of the disc) and V709 Car (due to

not fully resolved ‘ring’, see Section 4.3).

We also compared the radial brightness profiles to the ex-
pected 2 illumination drop-off, typical of scattered light emis-
sion, to determine whether the extent of the observed emission
is influenced by disc morphology or limited by observational
sensitivity (see bottom row of Figure 17, 18, 19, 20, 21 in Ap-
pendix 4). For HR 4049, HR 4226, and U Mon, we found that
beyond ~ 0.03 - 0.05”, the radial brightness profiles drop off
more steeply than the r2 trend in both the V- and I’~bands,
suggesting a significant reduction in surface dust density or
a shadowing effect beyond this region at the observed wave-
lengths (e.g., Pérez et al., 2018). In contrast, V709 Car profile
follows the 2 illumination, indicating sensitivity limitations
in fully resolving the disc’s surface. For AR Pup, the orienta-
tion of the system significantly impacts the radial brightness

profile, accounting for the deviation from the 2 trend.

Three types of brightness profiles for each target are pre-
sented in Appendix 4, with individual discussions of the results

in Section 4.7.
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4.4.2 Detection of substructures

To identify real features in the linearly polarised images (such
as arcs or gaps) we used two criteria: i) the estimated SNR> 3
for the final deconvolved polarimetric images, and ii) the cen-
trosymmetric orientation of the polarisation vector (AoLP, see
Figure 22 of Appendix 5). Using these criteria, we identified
reliable substructures, in addition to the bright elliptic ‘ring’, in
the polarimetric images of the circumbinary disc for all targets
in both the I and I'-bands. To quantify the brightness of these
substructures, we calculated the percentage of total polarised
intensity corresponding to the extended disc substructures and
the central ring, excluding the unresolved central polarisation
(as shown in Figure 4). Notably, the substructures appear more
pronounced in the I’-band compared to the V"-band for all

targets.

4.5 Disc scattering morphology

The total intensity frames (Iror) for each target in the sample
include both the stellar intensity and scattered light from the
disc. Tschudi & Schmid (2021) proposed a method to disentan-
gle the direct stellar light from the scattered disc component,
which requires a clearly resolved separation between the bright
inner disc rim and the central star. However, this condition is
not met for any of our systems due to the small angular size of
the disc’s inner rim. To assess whether disentangling of stellar
intensity and scattered light is feasible for our binary systems,
we computed radial brightness profiles for the total intensity of
each post-AGB system and its corresponding reference single
star (see Section 4.4.1 for methodology details). The resulting
profiles were normalised to the maximum intensity of each
target. For four out of five targets (HR 4049, HR 4226, U Mon,
and V709 Car), the radial intensity profiles closely match those
of the reference star, indicating that the image is strongly dom-
inated by the variable PSF of the star. The small angular size
of the resolved discs confines their scattered-light signal to
regions very close to the PSF core, where it is too faint to be
distinguished. As a result, the total intensity images are over-
whelmingly dominated by the stellar contribution, and any
disc signal remains undetectable under the given PSF halo and
seeing conditions. However, this is not the case for AR Pup.
The radial brightness profile for Iroc of AR Pup is less steep than
that of the reference star (see Figure 5). In this system, the
disc obscures the central binary (see Section 2 and Figure 2),
improving the contrast and allowing the disc to be resolved in

total intensity.
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Figure 4. Percentage of total polarised disc intensity per resolved structure for all targets in I/~ (top row) and I’ (bottom row) bands (see Section 4.4.2). All
images are presented on an inverse hyperbolic scale and oriented North up and East to the left. The low intensity of the central 5x5 pixel region of each image
is a reduction bias caused by over-subtracting of unresolved central polarisation (Section 3).
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Moreover, we computed the degree of linear polarisation
(DoLP) map of the resolved scattered emission by calculating
the pixel-to-pixel ratio of polarised intensity to the total inten-
sity of the system (Ipol/ltot). While the total intensity (Lor) of
AR Pup is dominated by direct stellar light close to the central
binary, we were able to analyse dust polarisation efficiency
at larger separations from the stars. To carefully retrieve the
scattered morphology of the disc we also deconvolve the re-
sulting Iroc and DoLP map of AR Pup with the observational
PSF (see Section 3 for details). The final total intensity image
and DoLP map of AR Pup in V—and I’-bands are presented in
Figure 6. From the DoLP map of scattered light, we directly
measured the maximum DoLP of the resolved disc structures
(fractional polarisation of the scattered light), finding values
of ~ 0.7 in the V-band and ~ 0.55 in the I’-band. These
values fall within the broad range of theoretical DoLP values
for porous dust aggregates, which can span from ~0.1 to 0.9
at optical wavelengths depending on a complex combination
of grain size, porosity, and composition (Tazaki & Dominik,
2022). However, we note that similar polarisation degrees
could likely also result from a combination of scattering angles
differing from 90° and a size distribution of monomers with
sizes comparable to the observed wavelengths(Min et al., 2012;
Tazaki et al., 2019). A more detailed discussion of these results

is presented in Sections 4.7.1 and 5.1.
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4.6 Wavelength-dependent polarised intensity and struc-
ture of circumbinary disc

Polarimetric observations enable estimation of the fraction of
stellar light scattered and polarised by the surface layers of cir-
cumbinary discs, thereby providing a lower limit on the total
reflected light from the disc (e.g., Benisty et al., 2022). How-
ever, accurately constraining dust properties in distant post-
AGB discs through polarimetry remains challenging. These
difhculties arise from their compact angular size, limitations of
current instrumentation, and uncertainties in disc geometry.
Despite these constraints, it is still possible to measure the total
polarised brightness of the disc at different wavelengths. As-
suming that the scattering geometry remains approximately
constant across wavelengths, variations in the polarised signal
can be attributed primarily to the scattering and absorption
characteristics of the dust grains. Consequently, the wave-
length dependence of polarised brightness serves as a valuable
tool for probing the physical properties of the dust (e.g., Ma
et al., 2023, 2024).

To investigate how the disc polarised intensity varies with
wavelength, we combined the I/~ and I’-band polarimetric
results from this study with H-band data available for HR 4049
and UMon (Andrych et al., 2023). The polarised brightness
values reported in Andrych et al. (2023) were not corrected
for PSF smearing, which are known to attenuate the polarised
flux. Therefore, to ensure consistency across wavelengths, we

applied a PSF smearing correction to the H-band data, fol-
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Table 5 . Disc polarimetric colours.

Target nyi NyvH
AR Pup 0.44+0.3 -

HR 4049 -04+1 0.6+0.5
HR 4226 -0.3+£0.2 -

U Mon -0.6+04 -0.940.3
V709 Car -0.540.7 -

Notes: 1y, quantifies the polarimetric colour between the V- and I’-bands,
while 1 represents the polarimetric colour between the I/- and H-bands.
We note that -0.5 < 1 < 0.5 is classified as grey colour, 1 < 0.5 as blue and
n > 0.5 as red (Tazaki et al., 2019; Ma et al., 2023). See Section 4.6 for more

details.

lowing the procedure described in Section 3. The resulting
wavelength dependence of both the total (,1/I) and azimuthal
(Qg /1) polarised intensity for each system is presented in Fig-
ure 7. In most cases, the two ratios (Qg,/I and Ipol/l) are consis-
tent within uncertainties. An exception is U Mon, where Lo/
decreases more rapidly with wavelength than Qo1 although
the overall trend remains qualitatively similar.

To quantitatively characterise the wavelength dependence
of the polarised brightness, we computed the logarithmic gradi-
ent M, of the polarised intensity between two bands (either
both optical or optical and near-IR). This gradient provides a

measure of the disc’s polarimetric colour:

lOg(Q(b /IfOl)N - log(Qd) /Itot))\z
log(?\2/7\1) ’

(1)

o =

where A; < Ay, and =0.5 < 1 < 0.5 is classified as grey
colour, 1 < =0.5 as blue and n > 0.5 as red (Tazaki et al., 2019;
Ma et al., 2023).

The resulting optical () and optical-IR () polari-
metric colour for each target binary system are presented in
Table 5. Notably, three out of the five post-AGB systems
(HR 4226, V709 Car, and AR Pup) exhibit results consistent
with a grey disc colour, while UMon and HR 4049 display
borderline blue colour.

A multi-wavelength polarimetric imaging study of the
post-AGB system IRAS 08544-4431 revealed variations in disc
size and morphology across different wavelengths (Andrych
et al., 2024). To investigate whether similar effects are present
in our targets, we first compared the morphology of the small-
est resolved section of the circumbinary disc close to the central
binary (the bright ‘ring’). Unlike the results for IRAS 08544-
4431, we did not find any significant variation (beyond the

uncertainty) in the apparent inclination of the discs with wave-
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length (see Figure3 and Table 4).

We also combined polarimetric images of all our targets in
the VV and I’-band data (from this study), along with H-band
data for HR 4049 and U Mon (adapted from Andrych et al.,
2023). For consistency, the Lol images (or Qg in the case of
HR 4049; see Section 3) were normalised to the correspond-
ing total intensity of each system. In Figure 8 we present the
combined polarimetric images for all targets across the V, I’,
and H bands, where available. To highlight spatial variations
in brightness along the discs, we used an inverse hyperbolic
scaling and a discrete colour map. We find that substructures
are generally more pronounced in the I’-band compared to
the "—band for HR 4049, AR Pup, and HR 4226, but a no-
ticeable difference in disc size is observed only for V709 Car,
where the disc appears more extended in the I’-band. Addi-
tionally, while comparing SPHERE/ZIMPOL optical results
with SPHERE/IRDIS near-IR images, we found that UMon
shows a more extended disc in the near-IR, whereas HR 4049
does not exhibit any change in size. We further discuss the

results for each binary system individually in Section 4.7.

4.7 Individual case studies

In this section, we provide a comprehensive analysis of the
SPHERE/ZIMPOL polarimetric imaging results for each evolved
binary system in our sample. For each target, we present de-
tailed observational findings, including the resolved disc struc-
tures and their scattering and polarisation properties, which are
also summarised in Tables 4, 5. We also compare our results,
where possible, with previous studies based on high-resolution
imaging data, IR and radio interferometry. While this section
focuses on presenting the results, their broader implications

are discussed in Section 5.

4.7.1 ARPup

AR Pup was the first post-AGB binary for which the extended
disc structure was resolved with SPHERE (Ertel et al., 2019).
However, that study lacked polarimetric data, as the SPHERE
polarimetric mode was not available at the time. Here, we
present the first multi-wavelength polarimetric results for this
target.

Similar to other targets in the sample, the polarimetric im-
ages of AR Pup include contributions from unresolved central
polarisation, which arises from both the unresolved portion of
the disc and interstellar polarisation (see Section 3). Although

we estimated the degree and orientation of the unresolved
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Figure 6. Resulting images of AR Pup in V- (left column) and I’ (right col-
umn) bands. The top row shows total polarised images with highlighted
disc midplane (white ellipse) and flared disc scattering surfaces (dashed
orange line). The middle row shows deconvolved total intensity images with
highlighted disc midplane and scattering surfaces. The bottom row shows
a deconvolved DoLP map (see Section 4.5) with contours marking regions
with polarimetric efficiency of 15% (black), 30% (white) and 50% (orange).
Polarised and total intensity images are presented on an inverse hyperbolic
scale. Allimages are oriented North up and East to the left. See Section 4.7.1
for details.
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Figure 7. Azimuthal (Qg/1I, dashed line) and total (Ipo]/l, solid line) polarised
disc brightness relative to the total intensity as a function of wavelength for
all targets. See Section 4.6 for more details.

component (see Table 3), the orientation of the disc leads to a
significant overestimation of the unresolved polarised signal.
This complicates the subtraction of unresolved polarisation
without affecting the resolved disc structure. Therefore, we
did not apply the correction for unresolved polarisation for this
data. We note that both the radial and linear brightness profiles
of AR Pup polarimetric images (Ipol) exhibit clear peaks at the
position of the central binary, corresponding to the unresolved
polarisation, as well as additional peaks associated with the
extended disc polarimetric emission (see Figure 21, Appendix
4).

AR Pup displays the highest polarimetric disc brightness
in our sample (4.440.3% in the V'-band and 5.1+0.2% in the
I'-band, see Table 4), likely due to its disc orientation, which
partially obscures the host binary and leads to an underestima-
tion of the stellar intensity. This aligns with AR Pup’s known
RVb phenomenon, a long-term periodic variation in mean
magnitude (period of 1194 days, Kiss & Bédi, 2017), typically
explained by an inclined circumbinary disc that periodically
obscures the pulsating primary star (Vega et al., 2017; Man-
ick et al., 2017). AR Pup is the only target in the sample for
which the polarimetric disc brightness slightly increases with
wavelength. However, this increase may be attributed to the
greater number of scattered photons reaching the observer

due to the decrease in dust absorption at longer wavelengths
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Figure 8. Combined Qg, polarised disc morphology for all targets using I and I-band data from this study, along with the SPHERE/IRDIS H-band results for
HR 4049 and U Mon (adapted from Andrych et al., 2023). The white dot represents the position of the binary star. Before combining the Qg, images in each
band, they were normalised to the total intensity. The white contour represents the disc model obtained by geometrical modelling of mid-IR interferometric
data with VLT/MIDI (Hillen et al., 2017). Images are presented on an inverse hyperbolic scale and normalised to highlight the intensity change along the discs.

See Section 4.6 for more details.

(Kirchschlager & Wolf, 2014; Tazaki & Tanaka, 2018), rather
than an increase in polarimetric efficiency. Investigating the
deconvolved DoLP map of the resolved scattered emission of
AR Pup (see bottom panel of Figure 6 and Section 4.5 for the
details) we found a maximum degree of resolved polarisation
to be ~ 0.7 in V-band and ~ 0.55 in I’-band, in both cases
the peak was located to the east from the position of the binary.
For the northwestern disc surface, the polarisation reaches
~ 0.2 in V=band and ~ 0.3 in I’-band.

Ertel etal. (2019) presented the first SPHERE high-resolution

imaging of AR Pup, revealing a distinct ‘double-bowl’ struc-
ture separated by a dark band. They interpreted this resolved
morphology as an edge-on flared disc with an optically thick
mid-plane, where the two ‘bowls’ correspond to the disc sur-
faces scattering stellar light. Their study also found that the
southeastern disc surface appears brighter than the northwest-
ern one, suggesting that the southeastern side is oriented to-
ward us, allowing starlight to scatter directly into our line of
sight, while the northwestern surface is partially obscured by
the disc itself. Our results support these findings and interpre-
tations, as AR Pup exhibits the same ‘double-bowl’ structure

in both V- and I’-band polarimetric images as well as in total
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intensity frames (see Figure 6). From the location of the disc
mid-plane in our polarimetric images, we estimate its size to
be approximately 80 mas, with an inclination of 75 + 10°
and a PA of 50 £ 5°, consistent with the values reported by
Ertel et al. (75 & 15° and 45 =+ 10°, 2019). In addition to con-
firming the disc geometry, our observations provide further
insight into the polarisation properties of the system. We ar-
gue that the disc orientation proposed by Ertel et al. (2019)
explains why the northwestern *bowl” appears significantly
dimmer in azimuthally polarised Qg, images compared to total
polarised intensity frames, whereas the southeastern ‘bowl’
remains consistently bright. If the northwestern surface is
oriented away from us, the stellar light scattered there likely
undergoes multiple scattering through the disc material, dis-
rupting the polarisation orientation and reducing the expected
azimuthal Qg, signal typically seen after single scattering. The
suggested disc orientation is further supported by the fact that
the northwestern ‘bowl’ is brighter in the I’-band than in the
V=band. This pattern is consistent with the behaviour of light
as it passes through the disc, where dust absorption decreases

with increasing wavelength, allowing more light to penetrate.

We also note that the brightness asymmetry within the
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southeastern disc surface differs between our 2018 observations
and those from 2016 presented in Ertel et al. (2019) (see Fig-
ure 23 in Appendix 6). In the earlier observations, the brighter
arc extended along the southern side of the ‘bowl’, whereas in
our data, it appears more prominent on the eastern side. This
change is consistent with the binary’s orbital motion, which,
over the two-year interval between observations, would have
moved the post-AGB star by approximately 60% of its orbit
(orbital period of ~ 1200 days; see Table 1). This result high-
lights the potential for high-resolution imaging to trace the

dynamic response of the circumbinary disc to stellar motion.

4.7.2 HR 4049
HR 4049 was observed twice, on January 7 and 8, 2019, due

to not ideal weather conditions during the first observation.
To increase the signal-to-noise ratio, we initially reduced the
polarimetric cycles from each observation separately, selecting
the highest-quality images before combining them. We then
mean-combined all frames after reduction and performed the
analysis on the combined set.

We found that HR 4049 shows the smallest unresolved po-
larisation component in the sample (see Table 3, Section 3).
This can be attributed to HR 4049’s position above the Galactic
midplane, which reduces polarisation from the diffuse interstel-
lar medium along the line of sight. Additionally, geometrical
modelling of near-IR interferometric data for HR 4049 re-
vealed a binary and Gaussian ring with inner rim diameter of
~ 16 mas (Kluska et al., 2019), suggesting that the unresolved
portion of the disc is relatively small. Moreover, the unresolved
central polarisation we measured for HR 4049 falls within the
uncertainty range of the total polarisation detected from the
reference star (HD96314), both in value and orientation (see
Figure 1). Therefore, we conclude that the unresolved central
polarisation observed for HR 4049 is predominantly caused by
interstellar polarisation rather than the unresolved portion of
the circumbinary disc.

We measured a borderline blueish polarimetric colour in-
dex of resolved disc brightness for the system (ny; =-0.4 £ 1
and Ny = 0.6 £ 0.5). The unusually large uncertainty in ny;
is primarily due to a ‘cross-shaped’ observational artefact in
polarimetric intensity observed in the V- and (to less extent)
I'-bands (see Section 3.3.3). This intensity drop also disrupts
the azimuthal brightness profiles in both 1/~ and I’-bands (see
Figure 17, Appendix 4).

HR 4049 shows a bright resolved disc surface in both I’
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and I’-bands. We obtained a disc inclination of ~ 29° and 23°,
with PA of 109° and 138° in - and I’-bands, respectively (see
Section 4.3). These values align with previously identified disc
orientations in near-IR H-band polarimetric imaging (inclina-
tion of 17° and PA of 174°, Andrych et al., 2023), suggesting
a nearly face-on disc orientation. However, this low inclina-
tion contradicts the observed RVb phenomenon of HR 4049
(Waelkens et al., 1991) and also differs from the results of IR
interferometric studies (inclination of 49°, PA of 63°, Kluska
et al., 2019). While we cannot fully explain this discrepancy,
we suggest that the RVb phenomenon may be caused by a
high disc scale-height, a potentially misaligned inner part of
the disc, or other unresolved dynamical processes closer to the
central binary. We did not detect any significant change in
the size of the resolved disc of HR 4049 across the V-, I'—, and
H-band polarimetric data, with extended resolved emission
observed up to ~ 80 mas from the central star (see Figure 8).
Although the V- and H-band polarimetric images do not re-
veal any significant substructures, the I’-band images display
an arc-like feature to the northeast of the binary position. To
determine whether this substructure might be an observational
artefact, we compared separately reduced observations from
January 7 and 8, 2019, and found that this structure is consis-
tently visible in both datasets. While additional observations of
the disc midplane, such as dust continuum observations with
ALMA, are necessary to draw definitive conclusions about the
physics of this feature, we speculate that it may be part of a

spiral structure.

4.7.3 UMon

For U Mon, we measured an unresolved polarisation degree of
0.52 £ 0.05% in the V-band and 0.77 £ 0.04% in the I’-band,
both of which exceed the polarised intensity measured for the
reference star (see Figure 1). Since UMon is located in the
Galactic plane, we expect a quite significant effect of interstel-
lar polarisation for this system (see Section 3). However, the
reference star HD71253 lies above the Galactic midplane and,
therefore, cannot serve as a reliable estimate of interstellar po-
larisation for U Mon. Thus, we cannot determine the relative
contributions of the unresolved circumbinary disc polarisation
and interstellar polarisation for UMon.

We measured the polarised disc brightness of UMon to be
1.840.2% of the total intensity in the I’-band and 1.4+0.07%
in the I’-band, resulting in a blueish polarimetric colour index
of Ny = -0.6 + 0.4 and gy = -0.9 + 0.3.
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U Mon shows a clear bright ‘ring’ in F’~band and two arcs
separated by a dark strip in I’-band. However, we note that
this dark strip is an artefact from the subtraction of unresolved
central polarisation, including some polarised emission from
the disc. We estimated a disc inclination of ~ 45° and PA of
~ 130° in both V- and I’-bands (see Section 4.3). While the
PA of the disc aligns with the previously identified value from
near-IR H-band polarimetric imaging (~ 140°), our inclina-
tion estimate is significantly higher (previously estimated at
25° in the H-band, Andrych et al., 2023). However, the higher
inclination value based on V- and I’-band data is consistent
with values obtained from geometric modelling using near-IR
interferometric observations (~ 45° Kluska et al., 2019) and
with the observed RVb phenomenon (Kiss & Bodi, 2017). We
note that the north-western side of the disc appears brighter
than other areas in both the I/~ and I’-bands (see Figure 19).
We suggest that this brightness peak is likely caused by the
forward scattering of stellar light on dust grains that are com-
parable in size to the observational wavelength (e.g., Ginski
et al., 2023). This effect also indicates that the northern part of
the disc is inclined toward the observer. While an asymmetric
dust distribution could, in principle, produce such a bright
region, generating a feature this prominent would likely re-
quire significant disc disruption (such as from a companion or
localised instability) and should leave detectable signatures in
other observations, such as infrared interferometry. To our
knowledge, no such features have been reported for UMon.

While we do not observe any significant change in the
resolved disc size or morphology across the }/- and I’-band po-
larimetric data, we note that the near-IR H-band polarimetric
image reveals a more extended disc (see Figure 8). A similar
effect has been reported for the post-AGB system IRAS 08544-
4431 (Andrych et al., 2024). As suggested for IRAS 08544-
4431, we propose that the larger apparent disc size and lower
estimated inclination in H-band polarimetric images may re-
sult from SPHERE probing slightly deeper disc layers at longer
wavelengths, as dust opacity decreases from optical to near-IR
(Kirchschlager & Wolf, 2014; Tazaki & Tanaka, 2018).

4.7.4 HR4226

HR 4226 is located in the Galactic plane, however, we mea-
sured a relatively low degree of unresolved polarisation for this
target, with DoLP of 0.15+0.06% in I’~band and 0.16+£0.04%
in I’-band (see Section 3). Although the degree of unresolved

polarisation is similar to that detected from the reference star
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(HD98025), the orientation differs (see Figure 1). Thus, we
cannot determine the relative contribution of the unresolved
circumbinary disc polarisation and interstellar polarisation for
HR 4226.

For the resolved disc brightness in polarised light of HR 4226,
we measured 1.940.1% of the total intensity in the I"-band
and 1.75+0.06% in the I'-band, resulting in a grey polari-
metric colour index of ny; = 0.3 & 0.2. We also note that
similarly to HR 4049, the I’-band polarimetric observations of
HR 4226 suffer from a reduction artefact. Although the effect
is less pronounced, it causes a ‘cross-shaped’ intensity decrease
that disrupts the azimuthal brightness profile of the disc (see
Figure 17 and Section 3).

HR 4226 shows a clear bright ‘ring’ in both /- and I’-bands.
We estimated a disc inclination of 51° and 40°, with PA of 104°
and 106° in V- and I’-bands, respectively (see Section 4.3).
We did not detect any significant change in the size of the
resolved disc of HR 4226 across the V-, I’-band polarimet-
ric data with the extended emission of up to ~ 90 mas from
the central star (see Figure 8). We also note that azimuthal
brightness profiles of the disc show two distinct peaks along
the major axis (see middle panel of Figure 18, Appendix 4),
commonly attributed to the projection of an inclined circular
disc onto the sky. These findings complement geometric mod-
elling results based on IR interferometric data, which trace
emission from warm dust closer to the central binary. A near-
IR interferometric study with VLTI/PIONIER found that the
circumbinary material was over-resolved, resulting in a binary
model without a detectable ring (Kluska et al., 2019). Geomet-
ric modelling of mid-IR interferometric data from VLT/MIDI
revealed a ring-like structure, with a half-light radius of 18 £ 1
mas and an outer diameter of 58 4= 3 mas (Hillen et al., 2017).
To develop a more complete understanding of this system,
we conducted a thorough literature review, including spec-
troscopic studies and radial velocity (RV) monitoring results.
While no elemental abundance studies are currently available
for HR 4226, RV monitoring indicates an orbital period of
527 + 6 days with small velocity variations (AV ~ 1 km/s),
leading to an exceptionally low mass function of 1.4 x 107
(Maas, 2003). These results, combined with the results of our
SPHERE study, raise doubts on the nature of HR 4226, which

are further explored in Section 5.
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4.7.5 V709 Car

For V709 Car, we measured a high degree of unresolved polar-
isation with DoLP of 1.7 4= 0.16% in V"=band and 2.6 & 0.01%
in I’-band (see Section 3). These values are much higher than
polarisation detected from the reference star HD94680, located
closely in the Galactic plane. Therefore, we suggest that the
unresolved central polarisation measured for V709 Car is pre-
dominantly caused by the unresolved part of the circumbinary
disc rather than polarisation in the diffuse interstellar medium

along the line of sight.

We measured the resolved disc brightness in polarised light
of V709 Car to be the smallest in the sample (0.6£0.09% in the
V-band and 0.49+0.07% in the I’~band, see Table 4), resulting
in a borderline blueish polarimetric colour index of ny; =
-0.5 £ 0.8. We also note that the polarimetric observations
of V709 Car suffer from instrumental artefacts that disrupt
the azimuthal brightness profile of the disc (see Figure 20 and
Section 3.3.3). However, this effect is visible only in I’-band
data.

Similar to other targets in the sample, V709 Car also shows
a ‘ring’ structure in both V- and I’-bands, which we interpret
as a circumbinary disc surface. We estimated a disc inclination
of ~ 30° and PA of ~ 120° in both V= and I’-bands (see
Section 4.3). We also note that ’~band azimuthal brightness
profile of the disc shows two distinct peaks along the major
axis (see middle panel of Figure 20, Appendix 4), commonly
attributed to the projection of an inclined circular disc onto
the sky. V709 Car is the only target in our sample that shows
a significant difference in the size of the resolved extended
emission in reaching ~ 150 mas from the central star in I’-band
polarimetric image, while appearing much smaller in ’~band
(see Figure 4). However, we note that due to the low level of
resolved signal and alignment of the radial brightness profiles
with the expected r=2 illumination drop-off (see bottom panel
of Figure 18, Appendix 4), these values have to be treated with
caution. The resolved disc size is likely constrained by the
telescope’s sensitivity, as the scattered emission farther from
the central star may be too faint to detect, rather than being

limited by the disc’s true extent or shadowing effects.

Geometric modelling of near-IR interferometric data re-
veals a structure dominated by the primary star and a circumbi-
nary ring with remarkably high temperature of 7700 + 1900K
and outer radius of ~ 2 mas (Kluska et al., 2018). Geometric
modelling of mid-IR interferometric data with VLT/MIDI
indicates a ring with a half-light radius of 75 + 4 mas, ~ 115
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times larger than its near-IR size (Hillen et al., 2017). The
Spitzer survey of Gielen et al. (2011) indicates that the spec-
trum of this source is dominated by amorphous silicates with
no crystalline dust features. These literature results, combined
with outcomes of this study, raise questions about the evo-
lutionary stage of the primary star. We have explored this

further in Section 5.

5. Discussion

In this section, we interpret the obtained results to better un-
derstand the morphology and dust characteristics in post-AGB
circumbinary discs. We accomplish this by: i) characterising
the dust properties on the disc surfaces within our sample,
ii) comparing the circumstellar environments of AGB and
post-AGB systems, iii) examining the similarities between cir-
cumbinary discs around post-AGB binaries and PPDs around
YSOs and iv) investigating two targets whose evolutionary

nature is unclear.

5.1 Dust properties and disc morphology of post-AGB bina-
ries

The appearance of circumstellar discs in scattered light de-
pends on their geometry and the optical properties of the dust
particles within them. These characteristics can be inferred by
analysing the intensity and polarisation degree of reflected stel-
lar light, as well as its brightness distribution and wavelength
dependencies (e.g., Tazaki et al., 2023; Benisty et al., 2022).

Four of five evolved systems in our sample (AR Pup, HR 4049,

HR 4226, and U Mon) exhibit high polarimetric disc bright-
ness, with more than 1% of the total intensity of the system
in optical wavelengths (I and I’-bands). For AR Pup, we
also directly measured the maximum degree of resolved po-
larisation of ~ 0.7 in the VV-band and ~ 0.55 in the I’-band
(see Section 4.5). We interpret the brighter region in U Mon
resolved disc surface located to the northwest of the binary
as evidence of forward scattering, which would be similar to
findings for the post-AGB system IRAS 08544-4431 (Andrych
et al., 2024) and is indicative of anisotropic scattering. How-
ever, forward scattering signatures are less evident for HR 4049
and HR 4226, likely due to their orientation, instrumental arte-
facts, and limited spatial resolution. The optical polarimetric
colour across the sample tends toward grey or slightly blue
My1 ~ =0.610 — 0.3), except for AR Pup, which exhibits a
borderline grey-red colour (Ny; ~ 0.4). In AR Pup, total po-

larimetric brightness slightly increases with wavelength, likely


https://doi.org/10.1017/pasa.2025.10079

20

due to dominant dust absorption effects caused by the high

inclination of the system and significant disc flaring (see Fig 6).

Numerical models by Tazaki et al. (2019) show that the de-
gree and colour of scattered polarised light are sensitive to dust
grain structure. Single monomers, which are small compared
to the scattering wavelength, produce highly blue optical to
IR polarimetric colours (~ —2.4), while highly porous aggre-
gates (composed of such monomers but large compared to
the wavelength) produce more moderate colours (~ 0.5 to
-0.2), and compact (less porous) aggregates tend toward grey
or reddish colours (~ 0 to 0.9). These results suggest that
the observed grey or slightly blue colours in our sample are
consistent with porous aggregates. Building on this, Tazaki &
Dominik (2022) conducted a detailed parameter study using
the T-matrix method to compute the DoLP of light scattered
by such aggregates. Their results show that the DoLP strongly
depends on parameters such as monomer size, aggregate size,
porosity, and dust composition, with porous aggregates pro-
ducing maximum polarisation degrees in a broad range from
~10% to ~90% at optical wavelengths. In this context, our
measured maximum DoLP values for AR Pup fall within this
theoretical range. Our measurements are also consistent with
expectations for aggregates composed of amorphous carbon
with moderate porosity (~0.5-0.7), which typically exhibit
a decrease in maximum DoLP with increasing wavelength
across the optical regime (~ 5-20% from the V- to I’-band,
Tazaki & Dominik, 2022). Radiative transfer (RT) models by
Min et al. (2012) illustrate that polarimetric intensity distribu-
tions in inclined discs with porous dust grains align well with
the polarimetric morphology observed in AR Pup’s disc. While
these polarimetric observations are consistent with porous dust
aggregates, we acknowledge that they do not uniquely indicate
this grain structure. Similar observables could also arise from
a size distribution of compact grains or monomers with sizes
comparable to the observed wavelengths. To place our results
in a broader context, we refer to mid- and far-infrared stud-
ies of post-AGB discs. High-resolution Spitzer spectra of 21
Galactic post-AGB systems analysed by Gielen et al. (2008) re-
veal strong dust processing and grain growth, with irregularly
shaped grains and typical sizes exceeding 2pum. These findings
were reinforced by Gielen et al. (2011), who analysed a larger
sample of 57 systems in both the Galaxy and the Large Mag-
ellanic Cloud, detecting high crystallinity fractions (20-60%)
and large grain sizes through spectral fitting of Spitzer infrared
spectra (5-37pum). Additionally, Scicluna et al. (2020) analysed
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far-infrared and sub-mm fluxes of 46 post-AGB discs, find-
ing shallow spectral indices (2.5 < « < -2.0) indicative of
grain size distributions extending to several hundred microns.
Radiative transfer modelling of near- and mid-IR VLTI inter-
ferometric data combined with SED fitting points to grains
up to millimetre sizes (Hillen et al., 2015) and a higher frac-
tion of large grains (>1um size) in the inner disc, consistent
with ongoing grain growth (Corporaal et al., 2023c). These
independent studies provide direct evidence for the presence
of large (micron- to millimetre-sized), irregular grains and
extensive grain processing in post-AGB discs. Taken together
with our polarimetric data, this multi-wavelength evidence
makes the presence of porous dust aggregates in the disc sur-
face layers more likely than a population dominated solely
by monomers. Nevertheless, our conclusions from polarimet-
ric data are based on qualitative comparisons with theoretical
models rather than direct constraints on dust grain properties.
A definitive determination of grain sizes and structures would
require detailed radiative transfer modelling across a broad
parameter space, which is beyond the scope of this study.
Polarimetric imaging of all observed post-AGB systems re-
veals a bright central disc region and more extended emission
with resolved substructures in both /- and I’-bands. We note
that substructures appear brighter in the I’-band. A compari-
son with SPHERE/IRDIS near-IR imaging results shows that
U Mon shows a larger disc size in near-IR compared to optical,
similar to IRAS 08544-4431 (Andrych et al., 2024). In contrast,
HR 4049’s disc size remains consistent across studied wave-
lengths. These variations and a range of resolved substructures
in the post-AGB discs indicate a diversity in disc geometries,
orientation and potentially dust composition within our sam-
ple. Additionally, we note that all targets studied to date with
SPHERE in multi-wavelength polarimetric imaging belong
to the ‘full disc candidate’ category (with dust inner rims likely
located at the theoretical dust sublimation radius based on the
IR excess of SED, see Section 1). To thoroughly investigate the
dust properties and geometry of post-AGB circumbinary discs,
future multi-wavelength polarimetric imaging observations
should also include ‘transition’ discs, which contain large inner

cavities (Corporaal et al., 2023a).

5.2 Post-AGB discs in the broader context of circumstellar
evolution

Advances in high-contrast imaging over the last decade have

enabled direct observations of dusty circumstellar environ-
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ments across various evolutionary stages. These include erup-
tive stars (e.g., Zurlo et al., 2024), planet-forming discs around
YSOs (e.g., Garufi et al., 2024), debris discs (e.g., Esposito et al.,
2020; Crotts et al., 2024), as well as environments around AGB
stars (e.g., Khouri et al., 2020), and post-AGB binary systems
(Ertel et al., 2019). These studies provide critical insights into
the complex processes of dust formation, evolution, and the
dynamical interactions between the star and its circumstellar
material throughout stellar evolution. While systematic ob-
servational studies have extensively explored the circumstellar
environments of YSOs (e.g., Avenhaus et al., 2018; Garufi et al.,
2020; Ginski et al., 2021), fewer high-resolution polarimetric
studies have focused on the later evolutionary stages. To bridge
this gap, we compare polarimetric observations of post-AGB
circumbinary discs with those of AGB stars and YSOs, pro-
viding new insights into the evolution of dust and scattering

properties in these environments.

5.2.1 Parallels with circumstellar environments around YSOs

To facilitate a direct comparison between post-AGB circumbi-
nary discs and well-characterised PPDs, we refer to the results
of Ma et al. (2024), who conducted a precise quantitative po-
larimetric analysis of T Tauri and Herbig stars. Their study
accounted for the same instrumental effects as ours, ensur-
ing consistency in the assessment of disc-polarized brightness
(see Section 3). In Figure 9, we present the polarised bright-
ness and polarimetric colour of post-AGB systems from this
study, alongside post-AGB binary IRAS 08544-4431 (Andrych
et al., 2024) and a sample of T Tauri and Herbig stars. Despite
their smaller angular sizes in scattered light (~0.2-0.6" for
post-AGB discs compared to ~1-10" for YSOs), post-AGB
discs exhibit significant polarimetric brightness at optical and
near-IR wavelengths, often exceeding 1% of the system’s total
intensity. This places post-AGB discs among the brightest
PPDs in terms of relative polarised flux.

While PPDs around YSOs typically display grey to red po-
larimetric colours, post-AGB discs show slightly blue to grey.
However, our observations reveal comparable wavelength-
dependent polarimetric behaviour between post-AGB cir-
cumbinary discs and certain PPDs, such as those surrounding
T Tauri stars like TW Hya, PDS 70, and PDS 66 (Ma et al.,
2024). This resemblance suggests that similar dust-scattering
processes play in both environments, even though the dust
in post-AGB systems has never undergone the icy (~10 K)

conditions of a molecular cloud, potentially leading to funda-
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mentally different dust properties. Red polarimetric colours in
some PPDs may also result from additional reddening caused
by dust absorption close to the central star — a scenario pro-
posed for GG Tau based on HST observations (Krist et al.,
2005). Such reddening may be a relatively common feature
in PPDs. In contrast, this mechanism is likely suppressed in
post-AGB systems due to disc clearing around the central bi-
nary and efficient dust-gas separation, as evidenced by the
spectroscopic depletion of refractory elements in the primary
star’s photosphere (see Section 1). Overall, variations in po-
larimetric colour among PPDs are likely driven by a complex
interplay of dust composition, grain structure, and local en-
vironmental conditions. However, current studies have not
yet identified specific system parameters that fully account for
these differences (Ma et al., 2024).

The complex morphologies observed in some post-AGB
circumbinary discs, including arcs, cavities, and flared disc
surfaces (this study; see also Ertel et al., 2019; Andrych et al.,
2023, 2024), resemble those commonly found in protoplane-
tary discs (Benisty et al., 2022). These structural similarities,
along with their shared polarimetric properties, suggest post-
AGB circumbinary discs as valuable analogues for studying
disc evolution across stellar evolutionary stages. However, the
greater distances towards post-AGB binaries limit the achiev-

able spatial resolution.

5.2.2 Parallels with circumstellar environments around AGBs

Polarimetric studies of AGB and post-AGB systems provide
crucial insights into the evolution of circumstellar dust and
the role of binarity in shaping these environments. A recent
SPHERE/ZIMPOL study by Montarges et al. (2023), which
examined 14 single AGB stars, revealed that their dusty circum-
stellar environments are clumpy, with isolated dust features.
The observed maximum degree of polarisation does not exceed
~0.4 and decreases with wavelength, suggesting the presence
of small (0.01-0.1 um) or possibly intermediate-sized (0.01-1
{m) grains.

Our study finds that post-AGB circumbinary discs exhibit
higher maximum degree of resolved polarisation (~0.7 in the
IV-band and ~0.55 in the I’-band) However, we note that
our values are based on PSF-deconvolved images, whereas
Montarges et al. (2023) did not apply PSF correction in their
analysis. The maximum DoLP for AR Pup post-AGB disc in
non-deconvolved images reaches ~0.3 in the }/-band, placing

it among the highest in the Montarges et al. (2023) sample.
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Figure 9. Comparison of polarised disc brightness (left panel) and colour (n, right panel) measurements for the post-AGB sample (from this study and Andrych
et al., 2024) and a sample of young stellar objects (T Tauri and Herbig stars, Ma et al., 2024). In the left panel, post-AGB targets are represented by squares with
solid lines, while T Tauri star discs are marked with x and Herbig star discs with V. For a given disc, the results for different wavelength bands are connected
with lines. In the right panel, post-AGB targets are positioned above the black horizontal dashed line, while young stellar objects are located below it. Orange
points indicate colours in the visible wavelength, while black points represent colours between visible and near-IR bands. The shading represents the used
definition of blue, grey, and red disc polarimetric colour. See Section 5.2.1 for more details.

Only one AGB star in their study (W Agl) shows a higher
DoLP (0.39 in the V'-band). Authors note that W Agl also
exhibits the strongest mid-infrared excess and most spatially
extended polarised emission, suggesting especially efficient
dust production due to grain size, composition, or distribution.
It is also important to note that AR Pup is viewed at a high
inclination, and the full scattering surface of the disc is not
resolved in scattered light. As a result, the measured DoLP

likely represents a lower limit.

The presence of a companion during the AGB phase can
also lead to disc formation, as observed in the highly inclined
AGB binary system L2 Pup (Kervella et al., 2015). L2 Pup hosts
a dusty disc with a maximum degree of polarisation of 0.46
in the V"-band and 0.61 in the R-band. We note that the disc
configuration of L2 Pup is remarkably similar to that of post-
AGB binary AR Pup in this study, with both targets displaying
extremely flared disc surfaces. However, AR Pup shows a max-
imum degree of polarisation that decreases with wavelength,
whereas L2 Pup exhibits the opposite trend, increasing with
wavelength. This contrast may reflect differences between
AGB and post-AGB discs in dust properties (such as size and

porosity of dust grains) or disc characteristics (such as optical

depth).
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Similarities between binary AGB and post-AGB systems
emphasise a key open question: how quickly can a stable cir-
cumbinary disc be formed in evolved binary systems? Under-
standing the transition from an AGB wind-driven environ-
ment to a structured post-AGB disc is critical for constraining
disc formation timescales and the role of binary interactions. A
broader, systematic study of circumstellar environments across
AGB, post-AGB, and planetary nebulae evolutionary stages is
essential to address these questions. By probing dust formation,
processing, and the influence of characteristics of the host star
(such as stellar parameters and binarity), such research will pro-
vide a more complete picture of the life cycle of circumstellar

discs and their role in late stellar evolution.

5.2.3 Investigating targets whose post-AGB nature is unclear

As noted in Sections 4.7.4 and 4.7.5, the evolutionary status
of HR 4226 and V709 Car remains ambiguous. While both
systems show evidence of circumbinary discs and were initially
classified as post-AGB stars based on their near-IR excesses,
several of their properties deviate from those typically seen
in confirmed post-AGB binaries. In this section, we examine
their characteristics in more detail and explore the alternative

possibility that these stars could be in transition between AGB
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and post-AGB stages.

HR 4226 was initially classified as a post-AGB star based on
its SED and a ficted effective temperature of 4275"°%0-550 K
(Hillen et al., 2017), which is at the lower end of the post-AGB
range (typically ~4000-9000 K; Kamath et al., 2014, 2015).
Although near-IR interferometric observations showed only
over-resolved circumbinary material (Kluska et al., 2019), ge-
ometric modelling of mid-IR interferometric data revealed a
resolved ring-like structure (Hillen et al., 2017). Our polari-
metric imaging reveals a well-defined disc structure with a
high degree of azimuthally polarised brightness (>1.5%; see
Table 4 and Section 4.7.4). This level of azimuthally polarised
signal is consistent with single scattering off circumstellar dust
and suggests an optically thick disc, similar to those found
around confirmed post-AGB binaries. Despite these indica-
tors, several aspects of HR 4226 are atypical for a post-AGB
binary. The radial velocity amplitude is exceptionally low
(~0.1 km/s), leading to a minimum mass function consistent
with a substellar companion (rv 8 Jupiter masses, assuming a
0.6 M® primary; Maas, 2003). This is significantly lower than
the typical companion masses observed in post-AGB binary
systems, which generally peak around 1 M® with a standard
deviation of 0.62 M® (Oomen et al., 2018). While the 572-day
period reported for HR 4226 (Maas, 2003) could, in theory,
be linked to Mira-like pulsations, the observed radial velocity
amplitude is much smaller than that typically seen in classical
Mira variables (>10 km/s; Nowotny et al., 2010). This strongly
suggests that the variability is more likely caused by orbital
motion than pulsations. Additionally, (Kiss et al., 2007) con-
ducted a photometric analysis, revealing that the V/-band light
curves exhibit considerable scatter, with two distinct minima
occurring approximately 260 days apart. HR 4226 characteris-
tics straddle both post-AGB binary and AGB binary scenarios,
possibly hinting at a system in transition between the AGB
and post-AGB phases. However, we need a comprehensive
spectroscopic analysis to accurately determine the stellar at-
mospheric parameters and elemental abundances, providing a

definitive conclusion on the target’s evolutionary nature.

Similar to HR 4226, V709 Car was initially classified as a
post-AGB star based on the near-IR excess in its SED. How-
ever, its effective temperature (3500 + 175 K, Hillen et al.,
2017; Kluska et al., 2022), derived from SED fitting, is lower
than the typical value for post-AGB systems and more consis-
tent with AGB stars. Moreover, spectroscopic analysis using

Spitzer survey indicates a lack of crystalline dust features in the
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circumstellar environment of V709 Car (Gielen et al., 2011),
which is an unusual composition for post-AGB discs. Although
a ~320-day orbital period has been proposed for V709,Car
based on radial velocity monitoring (Maas, 2003), the data
exhibit substantial scatter, preventing a reliable orbital solution
and making it difficult to confidently confirm the system’s
binary nature. Near-IR interferometric study of the target
reveals a high circumstellar temperature (> 7000 K), indicat-
ing that the observed emission is not thermal radiation from
dust (Kluska et al., 2019). Geometrical modelling of mid-IR
interferometric observations results in a ring with a half-light
radius of 150 + 8 mas (Hillen et al., 2017), ~ 115 times larger
than the near-IR size, revealing a striking discrepancy in spatial
scales. Our polarimetric imaging shows that V709 Car exhibits
notably lower resolved polarised brightness and more diffuse
polarised emission compared to other targets in our sample
(see Section 4.7). However, polarimetric observations alone
do not definitively distinguish this target from the rest of the
sample. Results of IR interferometric studies, combined with
the relatively low effective temperature of the primary star and
a lack of crystalline dust features in the circumstellar environ-
ment, suggest that V709 Car may still be in the AGB phase. If
this is the case, the observed polarimetric brightness and disc
morphology of V709 Car may be shaped by ongoing stellar
wind-driven mass loss rather than a well-defined, dense disc.
However, a definitive conclusion on the evolutionary stage
of V709 Car requires a comprehensive spectroscopic analysis
to accurately determine stellar atmospheric parameters and
elemental abundances, as well as optical photometry and radial

velocity measurements to better constrain its orbital properties.

6. Conclusions

We present a multi-wavelength polarimetric imaging study
of five evolved binary systems (AR Pup, HR 4049, HR 4226,
U Mon, and V709 Car) using the VLT/SPHERE instrument.
Our study aimed to i) assess whether the polarimetric proper-
ties and surface morphologies of circumbinary discs are consis-
tent across the post-AGB sample, ii) explore the dust properties
inferred from both the intensity and degree of polarisation of
the scattered light and iii) compare our findings with known
observations for AGB and YSO systems. This multiwavelength
study of post-AGB binary systems leads to several key conclu-

sions:

* All studied post-AGB systems exhibit high polarimetric
disc brightness of more than 1% of the total intensity in
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optical V- and I’-bands. For the post-AGB binary AR Pup,

we also resolved the circumbinary disc in non-polarised

scattered light and directly measured the maximum frac-
tional polarisation of the scattered light of ~ 0.7 in the

VV=band and ~ 0.55 in the I’-band.

The polarimetric colour across the sample tends toward

grey or slightly blue.

The observed high polarimetric brightness, colour, and

intensity distribution in post-AGB circumbinary discs are

consistent with theoretical models of porous aggregates

composed of small monomers as the dominant surface dust

composition. While similar polarimetric signatures could

also be produced by a distribution of compact grains with

sizes comparable to the observed wavelengths (submicron

size), the porous aggregate scenario is further supported

by multi-wavelength evidence of irregular, micron- to

millimetre-sized dust grains and extensive dust processing

in post-AGB discs, as revealed by infrared and sub-mm

spectroscopic studies (Gielen et al., 2008, 2011; Scicluna

et al., 2020). However, a definitive determination of dust

grain sizes requires detailed radiative transfer modelling,

which is beyond the scope of this study.

Comparing our results with SPHERE/IRDIS near-IR imag-
ing, we find that U Mon exhibits a larger disc size in the

near-IR compared to the optical, similar to IRAS,08544-
4431 (Andrych et al., 2024). In contrast, HR 4049 main-
tains a consistent disc size across wavelengths. These vari-
ations, along with the diverse resolved substructures in

post-AGB discs, indicate a range of disc geometries, orien-
tations, and potentially different dust compositions within

our sample.

The resolved size of the polarimetric emission for one sys-
tem in our sample (V709 Car) appears significantly larger in

the I’-band compared to the V/-band, potentially resulting

from self-shadowing effects due to higher dust absorption

at shorter wavelengths.

Post-AGB discs show a higher degree of polarisation com-
pared to typical values for single AGB stars. However,
binary AGB stars, such as L2 Pup, also show dusty discs

remarkably similar to those observed around post-AGB

binaries.

Our findings further support the similarities between post-
AGB circumbinary discs and PPDs around YSOs, includ-
ing complex disc morphologies, high polarimetric bright-

ness, comparable wavelength dependence of polarised emis-
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sion, and similar dust sizes and compositions.

+ Combining our findings with existing literature studies,
we question the classification of two systems in our sam-
ple, HR 4226 and V709 Car, as post-AGB binaries. Our
polarimetric observations alone are insufficient to confirm
their evolutionary stage, highlighting the need for detailed
spectroscopic analysis to accurately determine their stellar

atmospheric parameters and elemental abundances.

A comprehensive approach that integrates multi-wavelength
and multi-technique observations with advanced radiative-
transfer modelling will provide deeper insights into disc dy-
namics and evolution. This will further clarify the influence
of stellar parameters and binarity in shaping the dusty circum-
stellar environment, potentially facilitating planet formation
in evolved systems. Ultimately, this approach will enhance our
understanding of disc evolution across the Hertzsprung-Russell

diagram.
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Appendix 1. Data reduction results for all targets

In Figure 10, 11, 12, 13, 14, we present azimuthal (Qg,) and
total(L,|) polarised intensities for each target before (top row)
and after (bottom row) subtraction of the unresolved central
polarisation in I and I’ bands. More details on the methodol-

ogy are presented in Section 3.

Appendix 2. Telescope correction

In Figure 15, we present the fractional polarisation (Q/Izor
and U/ly) for each polarimetric cycle, both before and after
applying the telescope polarisation correction, in the I and
I'-bands for all targets in our sample. For further details, refer

to Section 3.

Appendix 3. Aperture polarimetry of fractional polarisa-
tion

In Figure 16 we present total fractional polarisation (Q/Ior, U/ltor)

as a function of distance from the central binary. The total
fractional polarisation was measured using circular apertures
with radii gradually increasing from 0.004” to 0.11” (0.25” for
AR Pup), with a step size of 0.0036” (1 pixel). Further details

on the methodology and results are provided in Section 4.1.

Appendix 4. Brightness profiles

In Figure17, 18, 19, 20, 21, we present three types of brightness
profiles in the I and I’ bands for each applicable target in our
sample: top panels represent the linear profiles along the major
and minor axes of the visible ‘ring’ structure, middle panels
represent the azimuthal brightness profiles along the ‘ring’
surface, and bottom panels represent the radial profiles of the
polarised disc intensity deprojected to a face-on orientation.

The linear brightness profiles were calculated for all 5 sam-
ple post-AGB systems. However, we note that for AR Pup we
use the estimation of the disc midplane orientation to define
the position of major and minor axes (see Section 4.7.1 for
details).

The azimuthal brightness profiles were computed using
bi-linear interpolation of the intensity from the four nearest
pixels along the fitted ellipse in the linearly polarised image
(see Section 4.3). These profiles trace variations in azimuthal
brightness starting from the eastern end of the major axis
and proceeding counterclockwise. We note that we do not
calculate azimuthal brightness profiles for AR Pup because it
does not show an elliptical ‘ring’ due to the orientation of the

system (see Section 4.3 for more details).
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The radial brightness profiles reflect variations in the ob-
served radial intensity distribution and are therefore affected
by disc orientation. To correct for this, we first reconstructed
a face-on’ view of the disc based on the estimated inclination
of the resolved disc surface for both the I’— and I’-bands be-
fore calculating the radial brightness profile (see Section 4.3
for details on the inclination). The deprojected polarised im-
ages were then subdivided into annuli, with widths increasing
proportionally to \/r, where r is the corresponding radius. Fi-
nally, to plot the radial brightness profile, we calculated the
mean brightness per pixel for these radially tabulated annuli,
focusing only on statistically significant regions based on the
SNR (see Section 3). To estimate the uncertainty, we used
the variance of the pixel values in the same annuli of the Uy,
image. Although this method overestimates the noise if any
astrophysical signal is present in the Uy, image (which is the
case for all targets in our sample, see Section3), it still allows
us to establish an upper limit. The resulting deprojected po-
larised images are presented alongside corresponding radial
brightness profiles in the bottom row of Figure 17, 18, 19
for HR 4049, HR 4226 and U Mon respectively. We also plot
similar profiles for AR Pup and V709 Car; however, we do not
perform the deprojection for these targets (Figure 20, 21).

Further details on the methodology are provided in Andrych
et al. (2023) and each target’s profile are discussed in Sec-
tion 4.7.

Appendix 5. Angle of Linear polarisation (AoLP)

In Figure22, we present the local angles of linear polarisation
(AoLP, in white) over the resolved structures in the decon-
volved Ip01 (Qq, for HR 4049, see Section 3) images for all
targets in our sample. All images are presented on an inverse

hyperbolic scale.

Appendix 6. Comparison of AR Pup total intensity images
In Figure22, we present SPHERE/ZIMPOL total intensity
images of AR Pup from this study and Ertel et al. (2019), both
taken in the I’-band with a consistent orientation (North up,
East to the left). These observations, separated by a two-year

timespan, are further discussed in Section 4.7.1.
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Figure 10. The polarised signal of HR 4049 before (top row) and after (bottom row) subtraction of the unresolved central polarisation in I/ (first and second
column) and I’ (third and fourth column) bands. Qg, represents azimuthal polarised intensity, while Ipol represents the total polarised signal. White circles in
the left corner of each image represent the size of the resolution element. All images are presented on an inverse hyperbolic scale and oriented North up and
East to the left. See Appendix 1 for more details.
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Figure 11. Same as Figure 10 but for HR 4226.
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Figure 12. Same as Figure 10 but for U Mon.
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Figure 13. Same as Figure 10 but for V709 Car.
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