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ABSTRACT

Context. Low- and intermediate-mass asymptotic giant stars and massive red supergiant stars are important contributors to the chemical enrichment
of the Universe. They are among the most efficient dust factories of the Galaxy, harboring chemically rich circumstellar environments. Yet, the
processes that lead to dust formation or the large-scale shaping of the mass loss still escape attempts at modeling.
Aims. Through the Atomium project, we aim to present a consistent view of a sample of 17 nearby cool evolved stars. Our goals are to unveil the
dust-nucleation sites and morphologies of the circumstellar envelope of such stars and to probe ambient environments with various conditions. This
will further enhance our understanding of the roles of stellar convection and pulsations, and that of companions in shaping the dusty circumstellar
medium.
Methods. Here we present and analyze VLT/SPHERE-ZIMPOL polarimetric maps obtained in the visible (645 − 820 nm) of 14 out of the 17
Atomium sources. They were obtained contemporaneously with the ALMA high spatial resolution data. To help interpret the polarized signal, we
produced synthetic maps of light scattering by dust, through 3D radiative transfer simulations with the RADMC3D code.
Results. The degree of linear polarization (DoLP) observed by ZIMPOL spreads across several optical filters. We infer that it primarily probes
dust located just outside of the point spread function of the central source, and in or near the plane of the sky. The polarized signal is mainly
produced by structures with a total optical depth close to unity in the line of sight, and it represents only a fraction of the total circumstellar dust.
The maximum DoLP ranges from 0.03-0.38 depending on the source, fractions that can be reproduced by our 3D pilot models for grains composed
of olivine, melilite, corundum, enstatite, or forsterite. The spatial structure of the DoLP shows a diverse set of shapes, including clumps, arcs, and
full envelopes. Only for three sources do we note a correlation between the ALMA CO 3 = 0, J = 2 − 1 and SiO 3 = 0, J = 5 − 4 lines, which
trace the gas density, and the DoLP, which traces the dust.
Conclusions. The clumpiness of the DoLP and the lack of a consistent correlation between the gas and the dust location show that, in the inner
environment, dust formation occurs at very specific sites. This has potential consequences for the derived mass-loss rates and dust-to-gas ratio in
the inner region of the circumstellar environment. Except for π1 Gru and perhaps GY Aql, we do not detect interactions between the circumstellar
wind and the hypothesized companions that shape the wind at larger scales. This suggests that the orbits of any other companions are tilted out of
the plane of the sky.
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1. Introduction

Cool evolved stars are among the most active chemical sites in
the Universe, with more than 100 molecules and 15 dust species
identified in their environment (Decin 2021). Their outflowing
winds contribute ∼ 85% of the gas (metals) and ∼ 35% of the
dust enrichment of the interstellar medium (Tielens 2005). As
the wind cools by moving farther away from the star, various
chemical processes occur, including uni-, bi- and ter-molecular
gas-phase reactions as well as cluster and grain formation (see,
e.g., Gobrecht et al. 2022). Initially proposed by Hoyle & Wick-
ramasinghe (1962), the concept of the low- and intermediate-
mass asymptotic giant branch (AGB) stellar wind driven through
radiation pressure on dust is now well established (e.g., Höfner
& Freytag 2019, and references therein). However, the driving
mechanism of the massive red supergiant (RSG) star wind is still
debated. Several scenarios have been proposed: radiation pres-
sure on molecular lines (Josselin & Plez 2007); chromospheric

Alfvén wave dissipation (Airapetian et al. 2000, 2010); and pho-
tospheric turbulent pressure (Kee et al. 2021). The latter model
allows for predictions of the mass-loss rate as a function of the
photospheric turbulent velocity. These processes would lift the
material from the photosphere, allowing dust to condense far-
ther from the star. Once sufficient dust particles have formed, as
for AGB stars, the wind is expected to be dust driven. So, the
interplay between the gaseous and the dusty components of the
circumstellar environment is at the core of the driving and chem-
ical processes in the wind of cool evolved stars.

High angular resolution spectro-imaging observations have
proven instrumental in unveiling the 3D structure, dynamics,
and chemistry of the wind of cool evolved stars in the past few
decades (e.g., Huggins 1987; Maercker et al. 2012; Homan et al.
2018; Montargès et al. 2019). Recent achievements have even
succeeded in imaging the photosphere of a sample of nearby gi-
ant (e.g., Paladini et al. 2018 and Khouri et al. 2016) and super-
giant stars (e.g., Ohnaka et al. 2017b and Montargès et al. 2021).
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In order to achieve a significant step forward in understand-
ing the dust nucleation from gas-phase precursors, we began
the Atomium project1: ALMA Tracing the Origins of Molecules
formIng dUst in oxygen-rich M-type stars. At the core of this
endeavor is an executed large program (2018.1.00659.L, PI L.
Decin & co-PI C. Gottlieb; see Gottlieb et al. 2022) during the
cycle 6 of the Atacama Large Millimeter Array (ALMA). The
project focuses on O-rich (C/O . 1) AGB and RSG stars. The
ALMA data provide essential information on the spatial distri-
bution of the molecules considered the most likely candidates to
form the first dust grains (gaseous TiO, TiO2, AlO, AlOH, and
SiO). From the observations we obtained multichannel molecu-
lar line emission maps, including the CO 3 = 0 J = 2 − 1, SiO
3 = 0 J = 6 − 5, J = 5 − 4, and HCN 3 = 0 J = 3 − 2 transitions.

These maps reveal the complexity of the circumstellar envi-
ronment of AGB stars, which is possibly linked to undetected
(sub)stellar companions. The shaping mechanism(s) of the wind
of AGB and post-AGB stars still represent(s) a missing piece
in our understanding of their mass loss, and ultimately the for-
mation of the structures seen in planetary nebulae (Decin et al.
2020). By combining spatially resolved observations of the cir-
cumstellar environment through several molecular transitions,
constraints are placed on the masses of the new companions
for both π1 Gru (. 1.1 M�; Homan et al. 2020) and R Hya
(& 0.65 M�; Homan et al. 2021). For the S-type star W Aql,
observations of halide molecules show that its AlF abundance
exceeds the solar fluorine abundance, confirming that fluorine
synthesized in situ is already brought to the surface of the AGB
star and expelled in its circumstellar environment (Danilovich
et al. 2021). In most cases, the ALMA observations do not re-
trieve spatially resolved information about the dust, because the
continuum maps are dominated by the central source. For this
reason, we obtained contemporaneous observations of the Atom-
ium sources with the SPHERE-ZIMPOL instrument installed at
the Very Large Telescope (VLT), which can localize dust through
polarized scattering in the visible, at an angular resolution that
matches the most extended configurations of ALMA (i.e., a
beam size of ∼ 20 mas).

SPHERE is the European Southern Observatory’s SPec-
tropolarimetric High-contrast Exoplanet REsearch instrument
(Beuzit et al. 2019). It is equipped with a high performance
adaptive optics (AO) system that compensates for most of the
atmospheric turbulence in the visible and the near-infrared. We
used its ZIMPOL (Zurich IMaging POLarimeter; Schmid et al.
2018) subunit, which operates in the visible. Although primarily
designed to detect exoplanets, ZIMPOL has already been used
to image stellar photospheres and pinpoint dust around nearby
cool evolved stars. This is the case for the AGB star L2 Puppis
during the science verification time, when its circumstellar disk,
both in the intensity images and polarized frames, was unveiled
(Kervella et al. 2015). Later on, warm spots were observed on the
photosphere of the closest AGB star R Dor (Khouri et al. 2016).
As for the well-studied binary star Mira (o Ceti), ZIMPOL traced
the circumstellar environments of both the primary and the sec-
ondary stars (Khouri et al. 2018). Ohnaka et al. (2016, 2017a)
observed the AGB star W Hya with ZIMPOL. They conclude
that Hα-emitting warm gas is coexisting with relatively small
(0.4− 0.5 µm) dust grains (Al2O3, Mg2SiO4, or MgSiO3) within
a thin layer at two to three stellar radii. Moreover, by comparing
several observation epochs, they saw the evolution of clumpy
dust structures in the range 1.4 to 2.0 R?, on a timescale of 10

1 https://fys.kuleuven.be/ster/research-projects/
aerosol/atomium/atomium

months. IK Tau was observed with ZIMPOL by Adam & Ohnaka
(2019); dust clumps were also observed surrounding this high
mass-loss rate AGB star, mostly in the range 3.5 − 25 R?, but
also as far out as 73 R?. ZIMPOL was also used on RSGs such
as Antares, the closest star of this class, to characterize a recently
ejected dust cloud (Cannon et al. 2021). The prototypical RSG
Betelgeuse was observed by Kervella et al. (2016), who resolved
its photosphere and found a dust cloud in polarization. More
recently, the exquisite angular resolution of SPHERE-ZIMPOL
was used to interpret the Great Dimming of this same star (Mon-
targès et al. 2021): the historic drop in its brightness was caused
by a cool photospheric patch that triggered dust nucleation in a
preexisting gas cloud in the line of sight (see also Dupree et al.
2022).

In this paper we present ZIMPOL observations of 14 out
of the 17 stars of the Atomium sample to provide a complete
overview and to identify potential similarities and trends in the
properties of the polarized light. In Sect. 2 we present the sample
selection, the observations, and the data-reduction procedure. In
Sect. 3 we analyze the intensity and polarized images. Section 4
is dedicated to the setup and analysis of numerical 3D radiative
transfer dust simulations. Section 5 discusses the simulations in
the context of the ZIMPOL stellar sample. Concluding remarks
are presented in Sect. 6.

2. Observations

2.1. The Atomium sample

The sources of the Atomium sample were chosen from oxygen-
rich cool evolved stars, representative of various pulsational
types and mass-loss rates (Table 1). Most distances come from
the newly released Gaia DR3 (Gaia Collaboration et al. 2022).
However, in the case of GY Aql and U Her we used the values
of Andriantsaralaza et al. (2022), who show that the Gaia esti-
mations for these two stars are unreliable.

In order to ensure the observability of the sources, both
with ALMA and the VLT, the Atomium sources were cho-
sen from stars observable during the Atacaman night in June-
August, when the large ALMA configurations (C43-8/C43-9)
were scheduled. This ensured that the same spatial scales (∼
25-30 mas) were observed quasi-simultaneously with ALMA
and VLT/SPHERE-ZIMPOL thanks to the Target of Opportunity
(ToO; see Sect. 2.2) triggers. The ZIMPOL observations were
carried out less than 10 days after the corresponding ALMA
large configuration observations. This is well below the charac-
teristic evolution time of 4.5 yr in a region of 100 mas at 200 pc,
with a radially expanding wind at ∼ 20 km s−1. Additionally, for
proper observations with VLT/SPHERE, we only chose sources
brighter than R = 11 mag, and with a photospheric angular diam-
eter of at least 3 mas, to allow the inner circumstellar environ-
ment to be spatially resolved. Further description of the Atom-
ium sample is available in Decin et al. (2020) and Gottlieb et al.
(2022).

2.2. Data acquisition and data reduction

Observations of the Atomium sources were performed with
VLT/SPHERE-ZIMPOL between 2019 April 7 and 2019 Octo-
ber 1. We used ESO’s ToO-soft mode to have the observations
executed within 10 days of the corresponding ALMA observa-
tions of the Atomium sources in the extended array configuration.
It allowed a quasi-simultaneous view of the dust (ZIMPOL) and
gas (ALMA) components of the inner and intermediate circum-
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Table 1. Main characteristics of the Atomium sources.

Target Stellar type Distance Angular diameter R maga Teff Mass-loss rated

(pc) (mas) (K) (M� yr−1)
S Pav AGB O-rich 174 ± 19 (1) 11.61b 7.60 ± 0.03 3100 (4) 8 × 10−8 (5)
T Mic AGB O-rich 186 ± 8 (1) 9.26b 7.30 ± 0.03 3300 (4) 8 × 10−8 (5)
U Del AGB O-rich 335 ± 11 (1) 7.90 ± 0.50 (2) 6.31 ± 0.04 3000 (19) 1.5 × 10−7 (5)
V PsA AGB O-rich 304 ± 11 (1) 11.4c 8.03 ± 0.04 2400 (5) 3 × 10−7 (5)
SV Aqr AGB O-rich 431 ± 13 (1) 5.7c 9.20 ± 0.03 3400 (4) 3 × 10−7 (5)
R Hya AGB O-rich 148 ± 10 (1) 23.7 ± 1.0 (2) 5.66 ± 0.04 2100 (6) 4 × 10−7 (6)
U Her AGB O-rich 270 ± 20 (20) 11.2 ± 0.6 (2) 8.83 ± 0.03 2100 (19) 5.9 × 10−7 (7)
π1 Gru AGB S-type 162 ± 12 (1) 18.37 ± 0.18 (3) 5.66 ± 0.04 2300 (6) 7.7 × 10−7 (8)
R Aql AGB O-rich 234 ± 9 (1) 10.9 ± 0.3 (2) 7.52 ± 0.03 2800 (19) 1.1 × 10−6 (7)
W Aql AGB S-type 374 ± 19 (1) 11.6 ± 1.8 (2) 10.09 ± 0.04 2800 (6) 3 × 10−6 (9)
GY Aql AGB O-rich 340 ± 30 (20) 20.46b 10.44 ± 0.04 3100 (4) 4.1 × 10−6 (10)
AH Sco RSG 2260 ± 190 (13) 5.81 ± 0.15 (14) 7.13 ± 0.04 3682 ± 190 (14) Unknown
KW Sgr RSG 2400 ± 300 (14) 3.91 ± 0.25 (14) 8.81 ± 0.04 3720 ± 183 (14) Unknown
VX Sgr RSG 1560 ± 110 (15) 8.82 ± 0.50 (16) 8.94 ± 0.04 3150 (17) [1 − 6] ×10−5 (6, 17, 18)
RW Sco AGB O-rich 578 ± 33 (1) 4.87b 13.13 3300 (4) 2.1 × 10−7 (12)
IRC-10529 AGB OH/IR 620 (6) 6.47b 19.17 2700 (6) 4.5 × 10−6 (6)
IRC+10011 AGB OH/IR 740 (11) 6.53b 18.68 2700 (6) 1.9 × 10−5 (6)

References. (1) Gaia Collaboration et al. (2022); (2) Richichi et al. (2005); (3) Paladini et al. (2018); (4) Marigo et al. (2008); (5) Olofsson et al.
(2002); (6) De Beck et al. (2010); (7) Young (1995); (8) Doan et al. (2017); (9) Ramstedt et al. (2017); (10) Loup et al. (1993); (11) Olivier et al.
(2001); (12) Groenewegen et al. (1999); (13) Chen & Shen (2008); (14) Arroyo-Torres et al. (2013); (15) Xu et al. (2018); (16) Chiavassa et al.
(2010); (17) Liu et al. (2017); (18) Chapman & Cohen (1986); Mauron & Josselin (2011); Gordon et al. (2018); Gail et al. (2020); (19) Decin et al.
(2020); (20) Andriantsaralaza et al. (2022).
Notes. The stars listed in the second part of the table were not observed with ZIMPOL due to their faint magnitude in the R band.
(a) The R magnitudes were obtained from the USNO-B catalog (Monet et al. 2003). (b) These angular diameters were derived from the bolometric
luminosity, effective temperature and distance (Decin et al. 2020). (c) These angular diameters were derived using the magnitude-color relation
of van Belle et al. (1999). (d) Mass-loss rates from references (5), (6), (7), (8), (9), (10), and (12) are derived from the 1D modeling of their CO
rotational line emission. For VX Sgr, in (17), the authors model the thermal emission from dust from the optical to the far-infrared, and assume
a gas-to-dust ratio of 200 from the litterature. (18) compiles various mass-loss diagnostics of VX Sgr: H2O and OH maser emissions, infrared
excess, and mid- and far-infrared photometry and imaging.

stellar environments of these stars. The detailed log of the ob-
servations is presented in Table A.1. Several filter configurations
were used to adapt to the R band magnitude of the sources. For
bright sources, we used three narrow band filters: CntHα (cen-
tered at 644.9 nm), Cnt748 (747.4 nm), and Cnt820 (817.3 nm).
Intermediate sources were observed with the N_R (645.9 nm)
and N_I (816.8 nm) filters. Finally, relatively faint sources were
observed with the VBB (735.4 nm) broadband filter only. The
complete characteristics of ZIMPOL’s filters are available on
ESO’s dedicated website2. Each target observation was followed
by the observation of a reference spatially unresolved star (usu-
ally a K giant), used as proxy of the point spread function (PSF).
We chose stars with R magnitudes close to the Atomium sources
in order to have a similar setup for the AO system.

The data were reduced through the SPHERE DataCenter
(Delorme et al. 2017; Galicher et al. 2018). Custom Python rou-
tines were applied to derive the polarimetric observables (Stokes
I, polarized flux, degree of linear polarization (DoLP), and po-
larization angle; see Kervella et al. 2015 for more details). How-
ever, Engler et al. (2017) state that the polarized flux (and the
DoLP) are affected by a systematic bias when the signal-to-noise
ratio (S/N) is weak. This comes from the squaring of Stokes U
and Stokes Q at low values when computing the polarized flux
P =

√
U2 + Q2. The authors suggest instead using the locally

2 https://www.eso.org/sci/facilities/paranal/
instruments/sphere/inst/filters.html

defined azimuthal and radial Uφ and Qφ parameters:

Qφ = −(Q cos 2φ + U sin 2φ) (1)
Uφ = −Q sin 2φ + U cos 2φ, (2)

where φ is the polar angle between north and the point of interest,
measured from the north over east. The polarized flux is then
directly P = |Qφ| under the assumption that the dust features
are optically thin, and that a single scattering occurs that leaves
the electric vector of the radiation field aligned tangentially with
respect to the central source. We verified that |Uφ| shows only
instrumental noise for our sources. The DoLP definition remains
unchanged: DoLP = P/I. The flux calibration was performed
with the PSFs calibrators, using the method outlined in Cannon
et al. (2021).

3. Data analysis

3.1. Intensity images

The intensity images of the Atomium sources are shown in Fig. 1
for the inner 500 mas. Besides the central star, few features are
visible. We note that U Del’s PSF calibrator, namely HD 195835,
is actually a binary system, which was suggested, after our ob-
servations were executed, by its high Gaia Early Data Release 3
(EDR3) renormalized unit weight error (RUWE) of 13.7 from
Kervella et al. (2022). We note that it is currently listed as
an interferometric calibrator in Bourgés et al. (2014); Cruza-
lèbes et al. (2019). The angular separation between the two
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centroids in the CntHα filter is 74.2 mas. With a parallax of
2.66 ± 0.23 mas (Gaia Collaboration et al. 2022), this translates
into a separation of 27.8 ± 2.4 au. From now on, and in subse-
quent Atomium-ZIMPOL papers, we will use R Hya’s PSF ref-
erence (HD 121758, observed three days earlier with the same
filter) instead if we need to deconvolve the intensity images.

To characterize the observed extension of the Atomium
sources and their PSF references, we fitted the intensity images
with a circular 2D Gaussian. The resulting derived full widths at
half maximum (FWHMs) are presented in Table 2. Their compa-
rability to the 20 mas theoretical angular resolution of an 8.2 m
telescope in the R band is a good proxy of the quality of the AO
correction (i.e., the Strehl ratio). In most cases (except U Del,
GY Aql, and SV Aqr), the size of the PSF calibrator is smaller
than the scientific source, and in the range 25-30 mas. In the
case of U Del (for which we fitted a two component PSF on
HD 195835) and SV Aqr, the PSF reference is slightly larger
than the main source, suggesting a slight evolution of Earth’s at-
mospheric conditions (hence the AO correction). SV Aqr’s PSF
calibrator (HD 220340) can still be used because the FWHM in-
crease is relatively small. For U Del we already decided to use
HD 121758 in future studies, as stated in the previous paragraph.
GY Aql’s PSF reference (HD 184413) has been observed under
very different atmospheric conditions than its main source, lead-
ing to a FWHM 1.7 times larger than GY Aql. Since HD 184413
has an angular diameter of 0.150 ± 0.003 mas (Bourgés et al.
2014, to be compared with GY Aql’s diameter of 20.46 mas; see
Table 1), we can conclude that the AO correction was poor dur-
ing this observation. Therefore, we replace GY Aql’s PSF cal-
ibrator with W Aql’s HD 180459, the closest observed in time
with the VBB filter.

It is difficult to determine whether an individual Atomium
source is spatially resolved when its FWHM is larger than the
one of its PSF reference. Indeed a significantly larger FWHM
can be caused by fluctuations of the atmospheric turbulence.
However, an inspection of Table A.1 shows that a significant
jump in the seeing value for the main source was only observed
in VX Sgr. It indicates a strong degradation of the atmospheric
turbulence during the observation sequence. Therefore, taking
into account the angular diameters of Table 1, we can con-
sider that ZIMPOL slightly spatially resolves the photospheres
of π1 Gru, and significantly R Hya.

Regarding the intensity images, we note that W Aql’s known
companion (Herbig 1965; Ramstedt et al. 2011; Mayer et al.
2013; Danilovich et al. 2015) is visible in the full field of view
of the ZIMPOL intensity image (Fig. 2) at (−270.00± 0.18 mas;
−417.60±0.18 mas) in (RA; Dec). The study of this system will
be the subject of a dedicated forthcoming paper (Danilovich et
al. in prep.). We checked for previously undetected companions
around other Atomium sources in the ZIMPOL field of view and
could find none.

3.2. Degree of linear polarization

The DoLP of each Atomium source is represented in Fig. 3. A 5σ
signal or higher is retrieved for all stars, except for SV Aqr and
KW Sgr. Beuzit et al. (2019) estimate the instrumental polariza-
tion to be ∼ 0.4%, well below what is observed on our Atomium
sources. For comparison, the DoLP of the PSF sources is pre-
sented in Fig. B.1. No significant polarization is present in any
of them.

Some instrumental artifacts are visible in the images of both
the main sources and the PSF calibrators. First, in all PSF
sources except HD 180459, HD 184413, HD 166031, and in only

Table 2. FWHMs of the observed sources resulting from the fit of the
ZIMPOL intensity images by a 2D circularly symmetric Gaussian.

Star Filter FWHM (mas)
S Pav N_R 34.3
HD 187807 N_R 26.9
T Mic N_R 31.7
HD 193244 N_R 26.9
U Del CntHα 24.4
HD 195835a CntHα 28.1
HD 195835b CntHα 28.6
V PsA N_R 33.1
HD 216556 N_R 26.5
R Hya CntHα 44.3
HD 121758 CntHα 26.0
U Her VBB 37.0
HD 153898 VBB 26.6
π1 Gru CntHα 30.7
HD 214987 CntHα 26.4
R Aql N_R 30.0
HD 174350 N_R 29.3
W Aql VBB 37.7
HD 180459 VBB 33.0
GY Aql VBB 31.3
HD 184413 VBB 52.0
SV Aqr VBB 31.4
HD 220340 VBB 36.0
AH Sco N_R 36.6
HD 152473 N_R 30.4
KW Sgr VBB 31.3
HD 163105 VBB 29.4
VX Sgr VBB 39.3
HD 166031 VBB 28.2

Notes. Each named Atomium source is followed by its PSF reference
star (designated by its HD number), observed in the same sequence.

the Atomium sources S Pav, T Mic, U Del, V PsA, R Hya, and
π1 Gru, the DoLP shows the imprint of the AO correction ring
as well as a cross oriented north-south and east-west (see Figs. 3
and B.2). It is visible as a brighter area in the intensity images
(see example on W Aql in Fig. 2) and as lower DoLP regions.
Secondly, SV Aqr and AH Sco show some unusual low DoLP
patterns (a cross for the former and two inverted brackets to the
east and west for the latter, Fig. 3). Figure B.2 represents the
original DoLP, with a lower S/N, derived from the computation
of the polarized flux directly from Stokes parameters U and Q. It
shows that these isolated artifacts are introduced from the Uφ/Qφ

calculation. Since the improvement in S/N exceeds the degrada-
tion caused by the artifacts for all other sources, we continue
with the Uφ/Qφ data processing.

In Fig. B.3 we plot the DoLP for all observed filters for
stars that have multi-filter observations. The DoLP we observe
spreads across several wavelengths. In line with results from
Kervella et al. (2016) and Cannon et al. (2021) for RSGs, we at-
tribute this observation to circumstellar dust scattering the light
anisotropically. Table 3 shows the maximum value of the DoLP
in the inner 400 mas (inside the adaptive optics correction ring),
for the different sources across filters. Both Fig. B.3 and Ta-
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Fig. 1. Intensity images of the 14 Atomium sources observed with SPHERE-ZIMPOL. The first and third columns correspond to the science
sources, and columns two and four correspond to their respective PSF references. The filter used is indicated in the bottom-left corner of each
science source. The color scale represents W m−2 µm−1 arcsec−2.
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Fig. 2. Full intensity image of W Aql in the VBB filter. The logarithmic
color scale represents W m−2 µm−1 arcsec−2.

ble 3 show a similar trend: the DoLP decreases for the longest
wavelengths, compared to the shortest ones. This could be due
to decreased instrumental sensitivity (although to our knowledge
none has been reported) but it is also consistent with the trend ob-
tained from the radiative transfer simulation discussed in Sect. 4.
In the following, because of the very narrow field of view of
SPHERE-ZIMPOL, we will not consider additional scattering
on the line of sight from the outer circumstellar environment that
could lower the DoLP.

The only feature that is present in all the DoLP images is
the dark central area corresponding to the star (the DoLP is the
polarized flux divided by the total intensity, this implies a close
to zero central disk corresponding to the bright star intensity im-
age). The DoLP in the circumstellar environment displays very
diverse shapes, from clumps (U Her and U Del) and arcs (S Pav,
AH Sco, π1 Gru, and GY Aql) to full envelopes (W Aql and
V PsA). These signals are compared to the ALMA observations
in Sect. 5.2. In Sect. 5.3 we detail the signal detected on specific
sources we deem most interesting.

4. Polarization signature modeling using RADMC3D

In order to evaluate the effect of the dust properties and distri-
bution on the DoLP measured by ZIMPOL, we ran 3D dust ra-
diative transfer simulations. We used the publicly available code
RADMC3D3 (Dullemond 2012). The DoLP in the vicinity of the
Atomium sources shows very diverse values (between a few per-
cent and ∼ 40%) and morphologies. It is beyond the scope of
the present study to attempt to reproduce in detail the DoLP for
each individual star. Instead, we aim to characterize the effects of
the various circumstellar parameters on the polarized signal. We
computed the simplest model possible: a spherical dust clump
placed around a typical AGB star from the Atomium sample.
Using this common model, we interpret the observations of the
Atomium sample as a whole in Sect. 5.

3 https://www.ita.uni-heidelberg.de/~dullemond/
software/radmc-3d/

4.1. RADMC3D general setup

In the simulations, the central star was modeled using PHOENIX
atmospheres (Husser et al. 2013) with an effective temperature
of 2800 K, log g = 0.0, solar metallicity, located at 200 pc with
an angular diameter of 16 mas (R = 344 R�). We chose this set
of parameters to be representative of the Atomium sample (see
Table 1). Some of the Atomium sources have an effective tem-
perature that differs by up to 600 K from the value we chose.
However, since the DoLP is the ratio between the polarized flux
from scattering and the total intensity at a given pixel, the tem-
perature dependence is negligible. The main consequence will
be a change in the dust onset radius, which should be evaluated
individually, for instance by combining the SPHERE-ZIMPOL
and ALMA observations in future papers.

The numerical grid was built using spherical coordinates
centered on the star center. According to the RADMC3D manual,
the star has to be outside the grid. Therefore, we set its exten-
sion from the mean radius between the stellar photosphere and
the location of the edge of the clump closest to the photosphere,
to 1.5 times the radial coordinate of the outer edge of the clump.
For the longitudinal direction (θ) the grid explored the range (0,
π), and for the azimuthal direction (φ) it ranged between 0 and
2π. The grid had (20, 40, 40) initial cells, linearly spread, in the
(r, θ, φ) directions. If dust were present in a cell, the cell size was
refined up to three times using an adaptive mesh refinement. In
the following we discuss the clump position in a Cartesian coor-
dinate system (RA, Dec, z) with RA (resp. Dec) the relative right
ascension (resp. declination) with respect to the star center, and
z the position on the line of sight with respect to the star center.

We used the full anisotropic scattering functionality of
RADMC3D to produce the three Stokes parameters (I, Q, U),
which were then combined to produce the ZIMPOL observables.
Because we were only interested in the dust induced polariza-
tion, we did not consider gas in these simulations. We did not
use any smooth stellar wind either (dust or gas), because the fea-
tures observed on our sources (Fig. 3) are not consistent with
such an outflow. The dust properties were taken from the Jena
Database of Optical Constants for Cosmic Dust4. The follow-
ing five dust species – commonly found in the environment of
cool evolved stars – were input individually in separate simula-
tions with the RADMC3D code: glassy MgFeSiO4 (olivine, Jaeger
et al. 1994; Dorschner et al. 1995), glassy Ca2Al2SiO7 (melilite,
Mutschke et al. 1998), Al2O3 (corundum, Zeidler et al. 2013),
amorphous MgSiO3 (enstatite, Jäger et al. 2003), or amorphous
Mg2SiO4 (forsterite, Jäger et al. 2003). The RADMC3D code pro-
vides a Python interface to transform the optical constants to op-
tical opacities as a function of wavelength (using Mie theory)
when the appropriate specific mass, and chosen grain-size range
and distribution are provided. We set 30 grain sizes that were
logarithmically spread over the interval. We used randomly ori-
ented dust grains. According to the RADMC3Dmanual, if all grains
are randomly oriented and without any preferential helicity, for
each particle shape there are equal numbers of particles with that
shape and with its mirror copy shape.

The RADMC3D simulation computes the dust temperature (as-
suming radiative equilibrium) and traces the light scattering be-
fore producing images and/or spectra at the requested wave-
length.

As state above, we used a spherical clump with homoge-
neous density distribution (the simplest geometric setup) in order
to assess the DoLP that can be recovered from the simulations.

4 https://www.astro.uni-jena.de/Laboratory/OCDB/
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Fig. 3. DoLP observed with VLT/SPHERE-ZIMPOL for the Atomium sources. For each star the image taken with the filter at the shortest available
wavelength is shown. The white contours correspond to the 5σ (and 30σ for W Aql) level, the red cross indicates the star position, the dashed
cyan circles correspond to distances of 10 and 20 R? from the star center. The field of view is 1 arcsec x 1 arcsec for each source. The write ruler
at the bottom of the image defines the size scale. North is up, and east is to the left. We note that the color scale has been adapted to each source
to highlight the polarization signal.

Table 3. Maximum DoLP observed on the Atomium sources for the different ZIMPOL filters in the inner arcsec2.

Filter names & central wavelengths (nm)
Source CntHa N_R VBB Cnt748 N_I Cnt820

644.9 645.9 735.4 747.4 816.8 817.3
S Pav - 0.06 - 0.05 - 0.06
T Mic - 0.06 - 0.06 - 0.05
U Del 0.12 - - 0.13 - 0.09
V PsA - 0.06 - - 0.04 -
SV Aqr - - 0.04 - - -
R Hya 0.06 - - 0.04 - 0.03
U Her - - 0.06 - - -
π1 Gru 0.20 - - 0.13 - 0.12
R Aql - 0.09 - 0.10 - 0.06
W Aql - - 0.39 - - -
GY Aql - - 0.18 - - -
AH Sco - 0.20 - 0.21 - 0.16
KW Sgr - - 0.07 - - -
VX Sgr - - 0.18 - - -

Notes. We consider the uncertainty to be 0.004 on each measurement, from the instrumental polarization.
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We ran several parameter studies (changing the clump character-
istics and dust properties) whose results are assessed below, after
an investigation of the PSF convolution effect.

4.2. Effect of the PSF convolution on the polarization

For these preliminary tests we used a clump of 4 au in radius,
with a constant dust density of 10−17 g cm−3 (a value in the
range derived for clumps offset cool evolved stars; e.g., Cannon
et al. 2021; Montargès et al. 2021). The clump was located at
10 au from the star center, exactly to the east in the plane of the
sky through the center of the star. For this setup, the dust con-
sisted only of olivine, with grain sizes ranging between 0.01 and
0.1 µm.
RADMC3D produces images in the three Stokes parameters (I,

Q and U). To allow a meaningful comparison with observational
data, these images needed to be convolved with the PSF. The ac-
companying Python module radmc3dPy provides tools to per-
form the PSF convolution by a 2D Gaussian or an Airy pattern
corresponding to a circular aperture with a central obscuration
(caused by the secondary mirror). Once the convolution was per-
formed on the Stokes parameters, the DoLP could be derived.
The synthetic PSF references of RADMC3D produce very sharp
DoLP features with a level that is always higher than the ac-
tual data, regardless of the input parameters (Fig. 4, top right).
The DoLP also spreads beyond the actual clump extension. The
resulting maps are unrealistic. Another possibility is to use the
observed PSF calibrator from ZIMPOL in intensity, to be con-
volved with each one of the three Stokes parameters (Fig. 4, bot-
tom left). This produces maps with a low S/N. The asymptotic
value of the DoLP reaches more than 1%, which is inconsis-
tent with the observed instrumental polarization of 0.4% (Beuzit
et al. 2019).

Because of the relatively sharp edges of its kernel and the
absence of instrumental noise, the convolution with a synthetic
PSF reference preserves a strong DoLP and cause it to spread
well beyond the clump physical extension. In contrast to this, the
convolution of Stokes I, Q, and U by the observed PSF calibrator
destroys most of the polarized signal due to the asymptotic noise
level and AO correction features it contains.

To derive a polarized signal consistent with the ZIMPOL ob-
servations, we used a procedure inspired by the way the Stokes
parameters are obtained from the ZIMPOL reduced frames. In-
deed, the ZIMPOL pipeline delivers Stokes +Q and Stokes +U,
as well as their opposite values −Q and −U, leading to the fol-
lowing polarization processing (Kervella et al. 2015):

I =

√
I2

Q + I2
U (3)

Q =
+Q − (−Q)

2
(4)

U =
+U − (−U)

2
. (5)

This implies a lower systematic bias for the final Q and U than
for I, since they are derived from the subtraction of +Q/-Q and
+U/-U. RADMC3D only gives us the Q and U frames directly. The
convolution of these maps was performed using the following
procedure: we convolved the Q and U frames with a synthetic
Gaussian with a FWHM of 30 mas (corresponding to the aver-
aged values of the observed PSF references; see Table 2), and the
I frame with the observed PSF intensity. This results in the DoLP
map shown in the bottom-right panel of Fig. 4, which shows a
signal contained at the clump position, which is consistent with
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Fig. 4. Example of DoLP maps obtained with RADMC3D with different
PSF convolutions. All the other parameters of the simulation remain
the same. The observation wavelength is 644.9 nm. The color scale is a
power law with an exponent of 0.25. The red circle indicates the stellar
angular diameter, the white circle corresponds to the PSF reference’s
FWHM, and the light blue circle corresponds to the physical localiza-
tion of the dust clump. Top left: Original RADMC3D DoLP. Top right:
Resultant DoLP after convolution of Stokes I, Q, U signals with a syn-
thetic Gaussian beam of 30 mas FWHM. Bottom left: Resultant DoLP
after convolution of Stokes I, Q, U with an observed PSF calibrator by
ZIMPOL (HD 220340). Bottom right: Resultant DoLP after convolu-
tion of the Stokes I with the observed PSF reference, and Stokes Q and
U with the synthetic Gaussian.

the observations for a large range of the input parameters. Hence-
forth, we use this “mixed” convolution approach.

4.3. Parameter studies

We performed several simulations for different characteristics of
the dust clump, in order to determine their effect on the polar-
ized signal. In the following, all parameters were left untouched,
but for the one being probed. Only the maximum DoLP of the
model (after PSF convolution) is discussed, but the information
is extracted from images such as the one presented in the bottom-
right panel of Fig. 4.

Scattering angle. As in Sect. 4.2, we set the spherical clump ra-
dius to 4 au, and its homogeneous density is set to 10−17 g cm−3.
The dust was composed of olivine, with the dust grain size rang-
ing from 0.01 to 0.1 µm. We put the clump center position at
15 au (∼ 9 R?) from the star center. Fig. 5 shows how the max-
imum DoLP from the clump changes, as we explored the full
range of possible scattering angles (from 0◦ directly in front of
the star to 180◦ directly behind it). As expected, the maximum
DoLP is reached for a scattering angle of 90◦, when the clump
is in the plane of the sky. The wavelength dependence will be
discussed in the dust properties paragraph.

Clump distance from the star. In a next step, we set the clump
in the plane of the sky, exactly to the east of the star (null relative
declination). The clump center position was placed in the range
from 7 to 50 au from the star center (see Fig. 6). The DoLP in-
creased when we moved the clump away from the star intensity
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ent ZIMPOL filter.
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Fig. 6. Maximum DoLP for a dust clump placed at distances (X) be-
tween 7 and 50 au from the star center.

halo. It reached a plateau at 0.12± 0.03 (depending on the wave-
length) when the clump center was at 17 au from the star center
(i.e., the inner edge of the clump was at 13 au from the center).
This translates to 85 and 65 mas, respectively, at 200 pc. The
DoLP decreased after its center passed the 25 au position, imply-
ing that its inner edge reached the 21 au distance from the star
center (i.e., at 125 mas and 105 mas, respectively, at 200 pc). In
this regime, the polarized flux decreases because from the clump,
the star appears within a smaller solid angle. Simultaneously, the
total scattered light decreases in the same way, causing a con-
stant DoLP in the clump. However, in the observed images of
the PSF reference stars (used in the convolution), the total inten-
sity reaches a floor due to the instrumental noise. This causes the
decreasing polarized flux to be divided by a roughly constant in-
tensity, hence a decreasing DoLP with increasing distance. Con-
sequently, the sensitivity to scattered dust will decreases over the
field of view, until reaching the AO ring limit at ∼ 360 mas (=
72 au at 200 pc), after which the AO decreased performance pre-
vents any detection. To summarize, our SPHERE observations
have the highest sensitivity to the dust polarized signal just out-
side the PSF halo (from 85 to 125 mas).
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Fig. 7. Maximum DoLP for a dust clump placed at 15 au from the star
center as a function of the clump density.

Dust density. The clump was set at 15 au from the star,
center to center, in the plane of the sky, exactly in the east-
ern direction. We kept a grain size distribution in the range
0.01− 0.1 µm. Only the clump dust density was allowed to vary,
from 10−19 to 10−16 g cm−3, using logarithmically spaced val-
ues. The simulations explored the effect of dust optical depth
on the polarized signal. Fig. 7 shows that the DoLP increases
as the clump contains more and more dust, until approaching
8 × 10−18 − 10−17 g cm−3 (depending on the wavelength). At
these densities, we find that the clump is optically thick. In this
new regime, less and less dust contributes to the emergent polar-
ized signal through light scattering, implying that the maximum
DoLP decreases when the clump density increases.

Dust properties. In this final setup, we used a dust density
of 10−17 g cm−3 and we explored the various dust composi-
tions described earlier: olivine, melilite, corundum, enstatite, and
forsterite, for three grain size ranges: 0.01 to 0.1 µm, 0.1 to 1 µm,
and 0.01 to 1 µm. In Fig. 8, we observe very different trends
depending on whether large grains (0.1 to 1 µm) are included.
In the small grain regime (0.01 to 0.1 µm), that is, where the
wavelength is smaller than the observed wavelength, enstatite
and forsterite produce the stronger DoLP (up to 45-60%) at any
wavelength. For the three other species, the DoLP is maximized
at the shorter wavelength (644.9 nm). For large grains, the DoLP
remains relatively constant and weak over the observed wave-
length range. For this reason, in the previous parameter studies
we opted for the small grain-size distribution. Additionally, the
ZIMPOL observations were obtained close to the stars, where
we expect dust nucleation to start. For this smallest grain sizes
on the order of 0.01 µm considered in this study, we note that
finite size effects like large surface-to-volume ratios and atomic
segregation can impact the structure of the grain. As a conse-
quence these small size grain properties, including their optical
constants, could be different from those in the Jena database.
Overall, the wavelength dependence of the DoLP appears related
to the grain size, at a given dust composition. With a broader
wavelength baseline (e.g., extending to the infrared), it would
be possible to discriminate this dust parameter. Regarding dust
composition, our observations do not allow us do draw decisive
conclusions: when taking the other parameters studied in the pre-
vious paragraphs into account, it appears that olivine and corun-
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dum, or forsterite and enstatite, produce rather similar signals.
However, we only tested five representative dust species among
many others that could be present, which prevents us from es-
tablishing the composition of the dust in the star sample. We
also decided to keep the grains spherical. Indeed, we have no
measurement of the magnetic field around the Atomium sources,
which would be the only way to privilege a specific grain ori-
entation. In this case the nonspherical shape of the grains would
enhance the polarized signal.

5. Discussion

5.1. The degree of linear polarization and its link with the
dust distribution

Figure B.3 and Table 3 establish that the observed polarization
can be traced through several filters, thereby confirming that
the signal arises from anisotropic scattering on dust grains, and
not scattering off molecules. Moreover, for V PsA, R Hya, and
π1 Gru we observe a decrease of the DoLP with increasing wave-
length hinting at the presence of small grains in the circumstel-
lar environment (see Sect. 4.3). For the other stars observed with
several filters (S Pav, T Mic, U Del, R Aql, and AH Sco), the sit-
uation is not as clear, with the maximum DoLP remaining con-
stant between two or three filters, which might imply that a wider
range of grain sizes is present in their circumstellar dust (Fig. 8).
Only with polarized imaging extending toward the near-infrared
can this be clarified.

From Fig. 5, it is clear that any DoLP observed from the
Atomium sources has the highest probability of originating from
a 90◦ scattering angle, that is, from dust located in the plane of
the sky through the center of the star. This does not mean that
dust is only present in the plane of the sky, or is only present in
the location where the DoLP is significant: there could be dust
features elsewhere, unable to produce a significant DoLP. For
those sources where the spatial extent of the DoLP – originat-
ing most probably from the plane of the sky (see Sect. 4.3) – is
limited (clumps, arcs), it seems reasonable to assume that this
is also the case in the line-of-sight direction. Consequently, for
those targets this would imply that the observed dust features are
confined close to the plane of the sky. Significant exceptions are
W Aql and VX Sgr, which show nearly complete shells spatially
extended in the plane of the sky. These may also extend outside
this plane along both directions in the line of sight.

In Fig. 9 we show the radial extension of the DoLP as a func-
tion of the distance of the star from Earth. In order to compute
the radial extension, we derived the cumulative DoLP as a func-
tion of the radial distance in the image by summing the DoLP
through radial bins. To avoid the areas dominated by noise, we
defined the DoLP extension as the radial range where 10 and
95% of the maximum cumulative DoLP are reached. We ex-
cluded SV Aqr and KW Sgr from this analysis because they do
not display a DoLP above the 5σ limit. It appears that the inner
extension of the DoLP is limited by the PSF core, which cre-
ates a weak DoLP zone at the center of the image (any polarized
signal from this region is rendered insignificant by the high in-
tensity of the central star core). The only exceptions appear to be
W Aql and VX Sgr. In the case of VX Sgr, this is most proba-
bly due to the adverse seeing conditions during the observations
(Table A.1). For W Aql, the greater inner extension of the DoLP
appears physical and not an instrumental artifact. However, we
stress that this does not imply that there is no dust closer to the
central star: dust could be present without efficiently producing a
polarized signal due to its location, grain shape or size, density,

etc. In most cases (with the exception of W Aql and VX Sgr),
the AO correction ring limit that is visible in the intensity im-
ages (and represented in Fig. 9) is farther than the largest radial
distance at which a significant DoLP is observed. This implies
that the upper limit of the DoLP extension of the polarized sig-
nal is due to the dust configuration around the star, and is not an
instrumental artifact.

To summarize, in most cases the inner extension of the DoLP
of our sample is instrumental and comes from the PSF core.
In contrast, the outer limitation is mostly physical. Between the
PSF core and the AO correction ring, the DoLP provides a reli-
able estimation of the dust distribution close to (or in) the plane
of the sky. However, we saw in Sect. 4.3 and Fig. 6 that the DoLP
decreases when the dust is farther away from the star, regardless
of the position of the AO correction ring of ZIMPOL.

We compared the dust detected via polarization close to the
star with the spatially unresolved detection of the thermal emis-
sion of warm dust for our sources. In Fig. 10, we plot the aver-
age DoLP in the inner 50 R? for each source as a function of the
mid-infrared (MIR) excess, that is, the difference between the
Infrared Astronomical Satellite (IRAS) observations at 12 µm
(Helou & Walker 1988) and the blackbody emission of each
star derived from its effective temperature (Table 1). The IRAS
12 µm signal probes the thermal emission of warm dust. We ex-
pect the narrow field of view of SPHERE-ZIMPOL to closely
match the expected extent of the 12 µm excess. First we note
that for U Del, V PsA, and SV Aqr the MIR excess is nega-
tive. This is unphysical and could arise from erroneous estimates
of their angular diameter or their effective temperature, or from
variability of their photometry. Most stars are in a single group,
whatever their MIR excess is: they show a mean DoLP of 0.01
to 0.04. This indicates that whatever their warm dust content is,
the observed dust in polarization (i.e., in the plane of the sky)
in the inner and intermediate circumstellar environments is sim-
ilar (and relatively low in density, producing an optical depth
close to unity) among these sources. This may imply that the
ZIMPOL data are catching newly formed dust. In this inner re-
gion, dust likely forms only in favorable (density, temperature,
pressure) areas. This could explain the clumpy shapes that are
observed in most ZIMPOL DoLP maps. Such hypotheses were
tested by Liljegren et al. (2018) who used the CO5BOLD con-
vective photospheres (Freytag et al. 2017) as inner boundaries
for their Darwin simulations. They successfully reproduce wind
velocities and mass-loss rates for typical AGB stars, as well as
density variations along the wind. A notable outlier in the Atom-
ium sample is KW Sgr, a distant RSG (Table 1 and Fig. 9) for
which the dust-onset region is not probed by the ZIMPOL data,
because it is smaller than our angular resolution. For this star,
the circumstellar dust is not located in a place or does not have
a density suitable to produce a detectable polarized signal. The
two RSGs AH Sco and VX Sgr produce a stronger averaged
DoLP, but owing to their greater distance (Table 1 and Fig. 9)
we are probing a region farther away in their environment than
for AGB stars. Combined with their high MIR excess, the prob-
ability of detecting dust in a favorable position for producing a
strong DoLP is higher. The real outlier is W Aql, which has the
highest averaged DoLP (see Fig. 10). We conclude that W Aql
(one of two S-type stars in our sample, the other is π1 Gru) has
produced circumstellar dust that is very efficient at producing
a polarized signal, possibly owing to a peculiar dust species or
grain size.
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5.2. Comparison with ALMA data

Through molecular emission lines, ALMA is sensitive to the
gas content of the circumstellar environment. In the continuum,
the maps are dominated by the central star but are also sensitive
to warm dust close to the star. Except for π1 Gru (Homan et al.
2020), there is no detection of spatially resolved dust features
in the Atomium ALMA continuum maps. Here we compare
the DoLP detections with ZIMPOL, with the rotational lines
observed with ALMA. We chose to focus our discussion on the
CO 3 = 0, J = 2− 1 and SiO 3 = 0, J = 5− 4 lines. Owing to its
low dipole moment (Chołuj & Bartkowiak 2016), CO is mostly
insensitive to any radiation field. da Silva Santos et al. (2019)

10 1 100 101

MIR excess (fraction of 12 m photospheric flux)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

M
ea

n 
Do

LP

AH Sco

GY Aql
U HerU Her

pi1 Grupi1 Gru

VX Sgr

R HyaT MicS Pav
KW Sgr

R Aql

W Aql
AGB
RSG

Fig. 10. Average DoLP in the inner 50 R? for each source, as a function
of the MIR excess expressed as the fraction of the 12 µm photospheric
blackbody flux. The RSG stars are in red, and the AGB stars are in blue.
We used the filter at the shortest wavelength observed for each star.

state that infrared pumping of ground or vibrationally excited
states should be minimal in the inner regions of AGB envelopes
– therefore the high gas densities close to the star ensure
that CO is mainly excited through collisions. Consequently,
CO is a good tracer of density (when it is optically thin) and
temperature (when it is optically thick). Owing to its higher
Einstein coefficient (Schöier et al. 2005; Müller et al. 2013),
the SiO rotational transition is more sensitive to de-excitation
effects, which makes it an efficient probe of the wind dynamics
close to the photosphere. However, because it participates in
the formation of silicate grains, it can be depleted farther out,
particularly around O-rich stars. In Sect. 5.1 we show that, for
a given dust density, composition and distance to the star, the
dominant contribution to the DoLP is from the plane of the
sky. Although the geometry may be complex, for this particular
systematic comparison, we assumed the null velocity channel
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to trace the gas within the plane of the sky through the star
center. This assumption would be totally correct if the bulk of
the motion would be radial. Therefore, in Figs. 11 and 12 we
plot the DoLP contours versus the null velocity channel map
of each star (where the local standard rest velocity of each star
is taken from Decin et al. 2020) and the moment 1 map (which
shows the average velocity at a given pixel, weighted by the
brightness in the different spectral channels), for the CO and
SiO transitions, respectively. The ALMA maps were centered
using the photocenter of the corresponding continuum maps
(Gottlieb et al. 2022). The SPHERE-ZIMPOL DoLP contours
were centered using the intensity maps. We used the maps
produced by combining the different ALMA configurations,
because they provide the sharpest angular resolution with the
best S/N.

In most cases, no correlations are observed either in the null
velocity or the moment 1 maps. However, there are some notable
exceptions:

S Pav. The DoLP corresponds to the CO emission in the rest
frame of the star, indicating that in the plane of the sky, the dust
and gas are colocated in S Pav.

GY Aql. The two lobes of the DoLP observed with ZIMPOL
correspond to the onset of two spiral arms in the moment 1 map
of CO. The spirals are detected at larger scales in the images ob-
tained in the mid-configuration in the Atomium program (Decin
et al. 2020). However, it is difficult to attain a clear interpreta-
tion of the correlation between the observations of GY Aql with
ALMA and ZIMPOL, owing to the complexity of the environ-
ment in this star. Several spiral arms overlap at various positions
along the line of sight, and each arm probably hosts dust and gas.
The dominant contribution to the DoLP is in the plane of the sky
(Sect. 5.1), but this implies that the correlation of the DoLP with
the moment 1 maps is accidental, whereas there is no correlation
with the null velocity channel map.

AH Sco. The DoLP coincides with a blueshifted zone of the
CO line, surrounded by a red shifted area in the moment 1 map.
We observe a similar configuration to GY Aql, except that the
extended emission is not visible in the null velocity map of CO
in AH Sco, possibly owing to an accidental correlation between
the moment 1 map and the DoLP.

π1 Gru. This is the only star in which there is a remarkable
coincidence between the SiO emission and the DoLP. In π1 Gru,
the coma-shaped DoLP contour corresponds to the blueshifted
area of the SiO moment 1 map, and appears to arise from the
rotating disk around the AGB star described by Homan et al.
(2020). According to the scenario from Homan et al., the DoLP
could be a dust tail formed in the wake of the companion as it
moves in our direction, hence the blueshifted SiO area.

From these comparisons – except for S Pav, π1 Gru, and per-
haps GY Aql – it is not possible to state a definite colocation
between the dust detected with ZIMPOL, and density enhance-
ments in the gas detected by ALMA. We have seen in Sect. 5.1
that the DoLP was mainly sensitive to polarization created by
light scattering off small dust grains, in the plane of the sky
through the star, with features close to an optical depth of unity.

So the conclusion from the comparison with the ALMA maps is
that dust regions that meet these criteria do not coincide with the
highest gas densities observed with ALMA in the plane of the
sky.

The main conclusion of Decin et al. (2020) is that the pro-
cesses leading to the shaping of planetary nebulae are already at
work in the wind of AGB stars observed in the Atomium large
program. The most probable mechanism invoked is the interac-
tion with (sub)stellar companions. The possibility of shaping the
AGB star mass loss are maximized when the semimajor axis of
their orbit is in the range 3 − 500 au. This includes the region
where most companions are detected around AGB stars (& 20 au,
Moe & Di Stefano 2017), and the region examined by the ZIM-
POL observations. Table 4 shows the result from the proper mo-
tion analysis in the Gaia EDR3 (Gaia Collaboration et al. 2021)
compared to the Hipparcos 2 data release (van Leeuwen 2007)
for the Atomium sources, extracted from Kervella et al. (2022).
The S/N of the proper-motion anomaly is an estimator of the
probable presence of a detectable companion around the central
AGB star (probable if > 3). We do not discuss the data on the
three RSGs (AH Sco and KW Sgr because their Hipparcos par-
allax is negative, and VX Sgr because its Gaia EDR3 parallax is
most certainly biased). We note that for the AGB stars the S/N
of the proper motion anomaly is larger than 3 only for R Hya,
π1 Gru, R Aql, and GY Aql. π1 Gru’s companion is detected by
Homan et al. (2020), which allows us to identify the coma shape
of the DoLP as a dust tail formed in the wake of the companion’s
motion. For GY Aql, we saw a correlation between the ALMA
maps and the DoLP, which suggests that the dust we detect is at
the head of spiral arms, implying that there might be structures
that are created by an as-yet undetected companion. For R Hya
and R Aql, no feature can be conclusively associated with the
presence of a potential companion either in the ZIMPOL obser-
vations or in the ALMA data.

5.3. Individual cases

In this section we highlight sources of interest for which the
DoLP presents features that can be identified or are remark-
able. This implies that the dust in their inner and intermediate
circumstellar environments has the characteristics to produce a
significant polarized signal as seen from Earth. However, other
sources may have interesting dust features, only visible through
their thermal emission (e.g., in the MIR).

5.3.1. W Aql

W Aql is one of two S-type stars of the Atomium sample. The
Gaia DR3 (Gaia Collaboration et al. 2022) puts it at 374 ± 9 pc.
We saw that the main component, the AGB star, is orbited by a
companion (Fig. 2) that was previously observed (Herbig 1965;
Ramstedt et al. 2011; Danilovich et al. 2015). As we saw in
Sect 5.1, W Aql exhibits one of the strongest MIR excess and
the strongest DoLP (both in terms of the averaged value, and
the spatial extent), implying that W Aql produces dust grains
that are the most efficient in our sample at producing a polarized
signal owing to grain sizes and/or composition and/or dust loca-
tion. Because π1 Gru, the second S star in the sample, has a much
weaker signal, we deduce that the peculiar DoLP characteristics
of W Aql do not arise solely because it is an S-type star.

Ramstedt et al. (2011) have already imaged the inner circum-
stellar environment of W Aql through polarization in the R band
(see their Fig. 6 for images through their coronagraph). They re-
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Fig. 11. Comparison between the ZIMPOL DoLP and the ALMA CO J = 2 − 1 observations (combined configurations; see Gottlieb et al. 2022).
The ZIMPOL DoLP contours correspond to 5σ (violet or blue), 6σ (pink or green), and 7σ (yellow). The maps in the first and third columns show
the 0 km s−1 channel map in the star reference frame. The second and fourth columns show the moment 1 maps.
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Fig. 12. Comparison between the ZIMPOL DoLP and the ALMA SiO 3 = 0, J = 5 − 4 observations (combined configurations; see Gottlieb
et al. 2022). The ZIMPOL DoLP contours correspond to 5σ (violet or blue), 6σ (pink or green), and 7σ (yellow). The maps in the first and third
columns show the 0 km s−1 channel map in the star reference frame. The second and fourth columns show the moment 1 maps.
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Table 4. Inferred companion presence and mass from the Gaia EDR3 proper motion analysis for the Atomium sample (Kervella et al. 2022).

Star Parallax RUWEa S/N Prop. Mot. R1
b M1

c M2 @ 5 aud

Hipparcos 2 Gaia EDR3 anomaly
(mas) (mas) Hip2 - Gaia EDR3 (R�) (M�) (M�)

S Pav 5.44 ± 1.27 5.758 ± 0.704 4.191 1.86 710 ± 36 1.93 ± 0.39 0.12+0.06
−0.05

T Mic 4.75 ± 1.01 5.435 ± 0.283 2.059 0.90 722 ± 37 2.19 ± 0.44 0.04+0.04
−0.03

U Del 2.08 ± 0.72 3.031 ± 0.115 1.060 2.23 449 ± 23 1.46 ± 0.07 0.05+0.03
−0.02

V PsA - - - - - - -
SV Aqr - - - - - - -
R Hya 8.05 ± 0.69 6.761 ± 0.532 2.913 4.60 845 ± 43 0.73 ± 0.04 0.14+0.05

−0.03

U Her 4.26 ± 0.85 2.402 ± 0.088 1.320 2.12 1111 ± 59 2.37 ± 0.47 0.08+0.03
−0.03

pi1 Gru 6.13 ± 0.76 6.202 ± 0.512 2.908 18.44 737 ± 37 0.64 ± 0.03 0.42+0.13
−0.05

R Aql 2.37 ± 0.87 4.323 ± 0.183 1.439 4.16 551 ± 29 0.65 ± 0.03 0.07+0.03
−0.02

W Aql - - - - - - -
GY Aql 4.48 ± 4.02 1.528 ± 0.190 1.479 4.45 1836 ± 102 2.07 ± 0.41 0.52+0.19

−0.11

AH Sco −0.09 ± 0.57 0.608 ± 0.091 0.961 4.08 1427 ± 168 11.29 ± 2.26 7.62+2.45
−0.96

KW Sgr −2.43 ± 0.94 0.485 ± 0.083 1.094 0.30 1166 ± 158 12.07 ± 2.41 0.6+0.29
−0.24

VX Sgr 3.82 ± 2.73 0.080 ± 0.214 2.451 6.58 20772 ± 2136 23.79 ± 4.76 256.67+82.44
−31.62

Notes. Note that for VX Sgr the values are meaningless due to the much-biased value of the Gaia EDR3 parallax. We also saw in Sect. 2 that the
Gaia measurements for U Her and GY Aql were not reliable.
(a) The RUWE is the Gaia EDR3 renormalized unit weight error. (b) R1 refer to the radius of the primary star. (c) M1 refer to the mass of the primary
star. (d) M2 refer to the mass of a companion with semimajor axis of the orbit of 5 au.

port a northeast to southwest elongation of the polarized signal
that we do not observe in our own observations. This suggests a
change in the dust distribution between their observations with
PolCor in 2008 and ours with SPHERE-ZIMPOL in 2019.

5.3.2. π1 Gru

The other S-type star in the sample, π1 Gru, is located at
162 ± 12 pc (Gaia Collaboration et al. 2022). In addition to the
main AGB star, it is known to have a secondary G0V companion
(separated by 2.8"), creating a spiral arm observed with the Pho-
todetector Array Camera and Spectrometer (PACS) of the Her-
schel mission by Mayer et al. (2014). These authors, and both
Chiu et al. (2006) and Doan et al. (2017), claim that there is a
second, fainter and closer companion. This is suggested by: (1)
the tilting of the inner circumstellar disk that does not coincide
with the inclination of the orbit of the G0V companion; (2) the
closure phase measured by the Astronomical Multi-BEam com-
bineR (AMBER) of the VLT Interferometer (VLTI) that differs
from 0◦ or 180◦; and (3) a photocenter displacement measured
by Hipparcos. The companion is imaged in the Atomium project
by Homan et al. (2020) through its ALMA continuum emission.
It is located at ∼ 40 mas from the central AGB star (∼ 6 au),
which corresponds to the inner DoLP detection in our maps
(Fig. 3). We propose that this dust could be formed from the
interaction between the companion identified by Homan et al.
(2020) and the AGB outflowing wind, which will be discussed
in details in a forthcoming paper (Montargès et al. in prep.)

5.3.3. GY Aql

GY Aql is an O-rich (C/O<1) AGB star, located at 340 ± 30 pc
(Andriantsaralaza et al. 2022). This source shows a potential cor-
relation between the DoLP and the moment map 1 of the CO

J = 2 − 1 line (Sect. 5.2), indicating that we may be able to ex-
amine the dust nucleation or initial growth of the dust grains
within the spiral. In this particular case, the ALMA channel
maps (Decin et al. 2020) will be of great help in determining the
morphology of the dust distribution, on the assumption that the
gas and the dust are colocated. This would eliminate one of the
most constraining uncertainties in trying to reproduce the polar-
ized signal through radiative transfer simulations, which results
from the confinement of the DoLP to the region near the plane
of the sky (Sect. 4.3).

6. Conclusion

We presented the observations of 14 stars (out of the 17) of the
Atomium sample with VLT/SPHERE-ZIMPOL. Owing to the
AO system of SPHERE, we were able to obtain polarization
maps of the inner and intermediate circumstellar environments
of these cool evolved stars in the visible. The observations were
performed a few days after the same sources had been observed
with the extended configuration of ALMA. This allowed us to
compare observations of the gas (ALMA) and of the dust (ZIM-
POL) at the same spatial scale and within the same time frame.

The DoLP observed with ZIMPOL reveals dusty circumstel-
lar environments that are mainly clumpy, with isolated dust fea-
tures, although there are a few exceptions: in GY Aql and π1 Gru,
there is a hint of larger-scale organization (spirals). In the RSG
VX Sgr, a nearly complete shell is observed. The S star W Aql
prominently stands out with a strong DoLP in the full field of
view.

Pilot RADMC3D simulations (Sect. 4) allow us to draw several
conclusions:

1. Dust features producing the maximum DoLP in the ZIMPOL
images most likely: (a) are located near or in the plane of the
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sky (as polarization is a strong function of the scattering an-
gle, peaking at 90◦); (b) have an optical depth close to unity
(i.e., optically thick dust regions do not produce a clear max-
imum DoLP); and (c) are located just outside the PSF halo
(between 85 and 125 mas).

2. For three sources (π1 Gru, W Aql, and AH Sco), the maxi-
mum DoLP is too high to be reproduced in this way, which
may indicate that the chemical composition of the grains
is different. Melilite, enstatite, and forsterite have stronger
polarization properties and could potentially yield the high
maximum DoLP that is seen. Of these possibilities, only
forsterite and enstatite are composed of the most abundant el-
ements (Mg and Si; see Asplund et al. 2009). They are more
likely to dominate over the others.

3. The dependence of the polarization on wavelength is a
probe of the size distribution of the grains, with small,
intermediate-sized, and large grains respectively showing a
negative, flat, and positive slope in the wavelength inter-
val studied here (from 645 to 817 nm at best). In the part
of the sample for which multiwavelength data are avail-
able, the grains seem either small (0.01 − 0.1 µm) or pos-
sibly intermediate sized (0.01 − 1 µm), but likely not large
(0.1 − 1 µm). However, in order to place firmer constraints
on the size range, a wider wavelength baseline for compar-
ison would be useful, for example toward the infrared with
the InfraRed Dual-band Imager and Spectrograph (IRDIS)
subunit of SPHERE.

We compared the spatial structure of the dust, which gives
rise to the polarized radiation observed with SPHERE-ZIMPOL,
to the spatial structure of the gas by observing the CO 3 = 0, J =
2 − 1 and SiO 3 = 0, J = 5 − 4 lines with ALMA in the Atom-
ium project. The images of the CO and SiO emission obtained
in the combined configuration with ALMA allowed us to ex-
plore the inner circumstellar environment with a high S/N and
the same spatial scale observed with SPHERE-ZIMPOL. The
confinement of the DoLP to regions near the plane of the sky
facilitates the comparison with the null-velocity channel maps
(in the rest frame of the star) and the moment 1 maps obtained
with ALMA. There are few correlations between the dust and the
gas distributions observed in the work here. Except for π1 Gru
(and perhaps GY Aql), we do not detect interactions between
potential companions (see Table 4 and Decin et al. 2020) and
the circumstellar material, even though we probe the area where
such interactions are anticipated to occur. However, this does
not imply that there is no colocation of the two phases of the
circumstellar environment, because only part of the dust is de-
tectable from the polarization measurements – nor does it imply
that there are no wind–companion interactions.

ZIMPOL reveals the 3D structure of the inner environment
where dust nucleation takes place, circular shells or envelopes
are absent, and clumps and arcs are dominant; and the DoLP
confirms that significant regions are isolated. As a result, it is
evident that dust nucleation is not spherically symmetric and
instead occurs in isolated regions where the conditions are fa-
vorable. This in turn implies that estimates of the mass-loss rate
and the gas-to-dust ratio in the inner circumstellar region need to
account for the 3D distribution of the material. In future studies,
there should be contemporaneous observations in the MIR of the
thermal emission of the dust at different spatial scales (e.g., with
VLT/VISIR for the outer regions and VLTI/MATISSE for the in-
ner ones) and parallel observations of the gaseous environment
with ALMA.
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Appendix A: Observation log

Table A.1. Observation log.

Date Time Object ND Filter 1 Filter 2 Seeing
(UT) (arcsec)

2019-06-07 09:01 SV Aqr ND_1.0 VBB VBB 0.60
09:54 HD 220340 OPEN VBB VBB 0.69

2019-07-08 02:19 U Her ND_1.0 VBB VBB 0.83
03:12 HD 153898 ND_1.0 VBB VBB 0.75
03:31 AH Sco OPEN N_R N_R 0.78
03:44 HD 152473 OPEN N_R N_R 0.94
04:01 AH Sco OPEN Cnt820 Cnt748 0.98
04:33 HD 152473 OPEN Cnt820 Cnt748 0.70
04:56 KW Sgr ND_1.0 VBB VBB 0.48
05:46 HD 163105 ND_1.0 VBB VBB 0.83
06:09 VX Sgr OPEN VBB VBB 1.10
07:00 HD 166031 OPEN VBB VBB 0.62
07:20 T Mic OPEN N_R N_R 0.60
07:47 HD 193244 OPEN N_R N_R 0.49
08:07 T Mic ND_1.0 Cnt820 Cnt748 0.37
08:32 HD 193244 OPEN Cnt820 Cnt748 0.43
08:47 π1 Gru OPEN CntHa CntHa 0.37
09:03 HD 214987 OPEN CntHa CntHa 0.43
09:20 π1 Gru ND_1.0 Cnt820 Cnt748 0.49
09:59 HD 214987 ND_1.0 Cnt820 Cnt748 0.43

2019-07-09 04:53 W Aql OPEN VBB VBB 0.67
05:44 HD 180459 OPEN VBB VBB 0.47
06:08 S Pav OPEN N_R N_R 0.40
06:35 HD 187807 OPEN N_R N_R 0.47
06:55 S Pav ND_1.0 Cnt820 Cnt748 0.54
07:36 HD 187807 ND_1.0 Cnt820 Cnt748 0.37
07:57 V PsA ND_1.0 N_I N_I 0.39
08:35 HD 216556 ND_1.0 N_I N_I 0.37
08:51 V PsA OPEN N_R N_R 0.35
09:48 HD 216556 OPEN N_R N_R 0.42

2019-07-27 01:24 R Hya ND_1.0 Cnt820 Cnt748 0.41
01:35 R Hya OPEN CntHa CntHa 0.36
02:03 HD 121758 OPEN Cnt820 Cnt748 0.32
02:13 HD 121758 OPEN CntHa CntHa 0.35

2019-07-30 00:53 R Aql OPEN N_R N_R 0.73
01:35 R Aql ND_1.0 Cnt820 Cnt748 0.72
01:57 HD 174350 ND_1.0 Cnt820 Cnt748 0.75
02:08 HD 174350 OPEN N_R N_R 0.64
03:11 GY Aql ND_1.0 VBB VBB 0.61
04:05 HD 184413 OPEN VBB VBB 1.22
05:04 U Del OPEN CntHa CntHa 0.62
05:57 HD 195835 OPEN CntHa CntHa 0.57

2019-08-05 05:56 U Del ND_1.0 Cnt820 Cnt748 0.52
06:22 HD 201298 ND_1.0 Cnt820 Cnt748 0.56

Notes. The Atomium sources are designated by their name while the PSF
calibrators are designated through their HD number. A PSF reference
star is always observed after its scientific source. We also indicate the
neutral density (ND) filter that was used as well as the scientific filters
in the two arms of ZIMPOL.

Appendix B: Additional figures of the degree of
linear polarization
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Fig. B.1. DoLP observed with VLT/SPHERE-ZIMPOL on the PSF sources. The field of view is 1 arcsec x 1 arcsec for each source. The red cross
indicates the star position. North is up, and east is to the left.
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Fig. B.2. DoLP observed with VLT/SPHERE-ZIMPOL around the Atomium sources, with the original computation of the polarized flux from
Stokes U and Q. The image setup is similar to that of Fig. 3.
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Fig. B.3. DoLP observed with VLT/SPHERE-ZIMPOL around the Atomium sources when several filters have been observed. The white contours
correspond to the 5σ level, and the dashed cyan circles correspond to distances of 10 and 20 R? from the star center. The red cross indicates the
star position. The field of view is 1 arcsec x 1 arcsec for each source. North is up, and east is to the left. Note that the color scale has been adapted
to each source to highlight the DoLP.
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