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ABSTRACT

Context. Low- and intermediate-mass stars on the asymptotic giant branch (AGB) account for a significant portion of the dust and chemical en-
richment in their host galaxy. Understanding the dust formation process of these stars and their more massive counterparts, the red supergiants, is
essential for quantifying galactic chemical evolution.

Aims. To improve our understanding of the dust nucleation and growth process, we aim to better constrain stellar properties at millimetre wave-
lengths. To characterise how this process varies with the mass-loss rate and pulsation period, we studied a sample of oxygen-rich and S-type
evolved stars.

Methods. Here we present ALMA observations of the continuum emission around a sample of 17 stars from the ATOMIUM survey. We analysed
the stellar parameters at 1.24 mm and the dust distributions at high angular resolutions.

Results. From our analysis of the stellar contributions to the continuum flux, we find that the semi-regular variables all have smaller physical
radii and fainter monochromatic luminosities than the Mira variables. Comparing these properties with pulsation periods, we find a positive trend
between the stellar radius and period only for the Mira variables with periods of more than 300 days, and we find and a positive trend between the
period and the monochromatic luminosity only for the red supergiants and the most extreme AGB stars with periods of more than 500 days. We
find that the continuum emission at 1.24 mm can be classified into four groups; (i) ‘featureless’ continuum emission is confined to the (unresolved)
regions close to the star for five stars in our sample, (ii) relatively uniform extended flux is seen for four stars, (iii) tentative elongated features are
seen for three stars, and (iv) the remaining five stars have unique or unusual morphological features in their continuum maps. These features can
be explained by the fact that 10 of the 14 AGB stars in our sample have binary companions.

Conclusions. Based on our results, we conclude that there are two modes of dust formation: well-established pulsation-enhanced dust formation
and our newly proposed companion-enhanced dust formation. If the companion is located close to the AGB star, in the wind acceleration region,
then additional dust formed in the wake of the companion can increase the amount of mass lost through the dust-driven wind. This explains the dif-
ferent dust morphologies seen around our stars and partly accounts for the large scatter in literature mass-loss rates, especially among semi-regular
stars with small pulsation periods.

Key words. stars: AGB and post-AGB — circumstellar matter — submillimeter: stars

1. Introduction Red supergiant stars (RSGs) are the more massive counter-
parts of AGB stars, with progenitors 29 Mg, They also produce
significant amounts of dust (Levesque 2017), possibly through
more episodic ejections, for example the Great Dimming of
Betelgeuse (Montarges et al. 2021) and the ejecta of VY CMa
(Humphreys et al. 2024). To fully understand these processes
and the amount and rate at which material is returned to the inter-
stellar medium (ISM), we first need to understand how dust is
formed, its chemical composition, and what affects the rates of
dust production.

Dust shells around evolved stars have been imaged at both
large and smaller scales, for example using space telescopes

Cool evolved stars, in particular low- and intermediate-mass
(~0.8—8 M) asymptotic giant branch (AGB) stars, are respon-
sible for a significant amount of dust production in the
nearby Universe (Hofner & Olofsson 2018; Decin 2021). Dur-
ing the AGB phase, stars lose material through a pulsation-
enhanced, dust-driven wind, with mass-loss rates in the range
~1078-10"* Mgy yr~! (Hofner & Olofsson 2018). The winds of
these stars are also responsible for supplying heavy elements
and hence causing the chemical enrichment of their host galax-
ies (Kobayashi et al. 2020). Among other elements, significant

qug]I;tities of ¢ ?lrt')o'n. alre produqed }(lj uring thef SAEB Agha:e;‘ iﬁd such as The Infrared Astronomical Satellite (IRAS, Young et al.
stars with 1nitial masses in the range 1.5 s Mi s © 1993), The Infrared Space Observatory (ISO, Izumiura et al.
(Karakas & Lugaro 2016) are thought to progress from oxygen- 196" Hashimoto et al. 1998), Spirzer (Ueta et al. 2006), and
rpﬁ M-ty pé s(t)ars 1(C/ 0 <1), to S-type stars (C/O ~ 1), to carbon- the Photodetector Array Camera and Spectrometer aboard Her-
rich stars (C/O > 1). schel (PACS, Cox et al. 2012). In particular, Cox et al. (2012)
* Corresponding author: taissa.danilovich@monash.edu resolved dust emission around a substantial sample of evolved
** Passed away on 30/12/2024. stars, including bow shock emission where circumstellar dust
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is colliding with the ISM. Spectroscopy in the mid-infrared has
enabled us to gain some understanding of the composition of
dust around evolved stars (e.g. Waters et al. 1999; Hony et al.
2009; Justtanont et al. 2013; Sloan et al. 2016). These observa-
tions all focus on relatively large scales and are best suited to
characterising historical dust formation, over the past hundreds
or thousands of years, around evolved stars.

At smaller angular scales, recent developments in adaptive
optics have enabled dust imaging in the optical and near-infrared
(NIR) at very high resolution. For example, Montarges et al.
(2023) imaged a sample of 14 evolved stars (a subset of the
sample we present in this work) at resolutions of ~30mas.
They present maps of scattered polarised light that show
complex interactions in the inner circumstellar environments
(within 10au to a few hundred au). Even higher-resolution
imaging has been carried out for a few individual stars, spa-
tially resolving their surfaces and revealing non-uniform photo-
spheres (Ohnaka et al. 2016; Paladini et al. 2018; Khouri et al.
2020), on convective timescales of the order of a month for
at least one star (R Dor; Vlemmings et al. 2024). These find-
ings are in agreement with high-resolution 3D models of stel-
lar convective envelopes, which show patchy dust formation
(Hofner & Freytag 2019) and dust forming in the wake of
atmospheric shocks (Freytag & Hofner 2023). High-resolution
observations with the Atacama Large Millimetre/submillimetre
Array (ALMA) of individual stars have also revealed inho-
mogeneities in the inner circumstellar envelope in the con-
tinuum and in molecular emission (Velilla-Prieto et al. 2023;
Baudry et al. 2023; Gottlieb et al. 2022), further emphasising the
non-uniform formation of dust at the surface of an AGB star.

ATOMIUM (ALMA Tracing the Origins of Molecules In
dUst-forming oxygen-rich M-type stars) is an ALMA large pro-
gramme whose aim is to understand the chemistry and dust for-
mation of evolved stars. Decin et al. (2020) and Gottlieb et al.
(2022) elaborate on these goals and present some of the first
results of the project, and Wallstrom et al. (2024) present an
overview of the molecular inventory of the line data. In this work
we present an overview and analysis of the continuum data for
the whole sample.

This paper is arranged as follows. In Sect. 2 we present the
sample and describe the data reduction and initial calculations
performed on the dataset. In Sect. 3 we present the continuum
images. Further analysis is done in Sect. 4, and our results are
discussed in Sect. 5. We summarise our conclusions in Sect. 6.

2. Observations
2.1. ATOMIUM sample

The ATOMIUM sample consists of 17 evolved stars, of which
14 are AGB stars and three are RSGs (VX Sgr, AH Sco,
and KW Sgr). The sample was constructed so as to cover a
range of mass-loss rates and variability types (e.g. Mira vari-
ables and semi-regular variables). Of the AGB stars, 12 are
oxygen-rich (M-type, C/O < 1) and two are S-type stars with
C/O~1 (W Aql and n' Gru). Coincidentally, the two S-type
stars are also known to have binary companions (Ramstedt et al.
2011; Mayer et al. 2014), though n' Gru has been proven to
be a triple system (Homan et al. 2020; Montarges et al. 2025;
Esseldeurs et al. 2025). The AGB star R Hya also has a com-
panion star, but at a projected separation of ~21” =~ 2700 au (R
Hya B, also known as Gaia DR3 6195030801634430336; Smak
1964; Kervella et al. 2022), it is too distant to have a significant
impact on the circumstellar envelope.
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Table 1 gives an overview of the stellar properties. We
describe our choice of distances and periods in the following
subsections.

2.1.1. Distances

The distances given in Table 1 were collected from the litera-
ture and represent the best current estimates and uncertainties.
Where available, we used the estimates and uncertainties pro-
vided by Andriantsaralaza et al. (2022), who used several meth-
ods tailored to AGB stars; otherwise, we used the results of
Bailer-Jones et al. (2021) based on Gaia observations (with geo-
metric priors). The exception is VX Sgr, for which the geomet-
ric and photo-geometric priors gave distances of 4.6 and 4.1 kpc,
with uncertainties in excess of 1kpc (Bailer-Jones et al. 2021).
This is significantly larger than the value of 1.57 + 0.27 kpc
found by Chen et al. (2007) using maser proper motions. The
discrepancy most likely arises from the surface variability of
the star and its large angular size, which combine to make
it difficult to determine the photocentre. Our adopted dis-
tance of 1570 pc is consistent with water maser proper motions
(Murakawa et al. 2003) and with membership of the Sgr OB1
association (Humphreys et al. 1972). AH Sco is another RSG
for which a similar maser proper motion method gives a dis-
tance of 2.26 + 0.19kpc (Chen & Shen 2008), in better agree-
ment with the Bailer-Jones et al. (2021) distance of 1739*33 pc.
For the third RSG in our sample, KW Sgr, the Gaia distance of
21715‘?2 pc (Bailer-Jones et al. 2021) is in agreement with the
previously estimated distance of 2.4 + 0.3 kpc based on its mem-
bership of the Sgr OBS5 association (Mel’Nik & Dambis 2009;
Arroyo-Torres et al. 2013).

2.1.2. Variability

We list periods and variability types in Table 1 for all the stars
in our sample. The variability types and periods were taken
from the International Variable Star Index (VSX'). These peri-
ods were also further verified by cross-checking the VSX period
with light curves from the American Association of Variable
Star Observers (AAVSO?), All Sky Automated Survey (ASAS;
Pojmanski 2002) and the ASAS-SN Variable Stars Database
(Shappee et al. 2014; Jayasinghe et al. 2019) using the Lomb-
Scargle periodogram (VanderPlas 2018), as the time series are
unevenly sampled. Among the AGB stars we have a mix of Mira
variables and semi-regular (SR) variables of types SRa and SRb.
The RSGs are all SRc, as expected. The SRb stars aside from
V PsA have a secondary period as well as a primary period listed
in Table 1.

In Appendix A.1 we discuss individual stellar periods in
more detail. To briefly summarise the key points, SV Aqr
was reported in earlier ATOMIUM papers as a long period
variable (e.g. Gottlieb et al. 2022). For the present work,
we looked further into the pulsations of SV Aqr and were
able to define a primary period of 93 days, as described in
Appendix A.1. For 7! Gru, we identified a long secondary period
(~15years), also described in Appendix A.1. R Aql and R Hya
have been reported to have shortening periods (Wood & Zarro
1981; Greaves & Howarth 2000; Zijlstra et al. 2002; Joyce et al.
2024), possibly owing to undergoing thermal pulses in the recent
past (a few hundred or so years ago). This is discussed further in
Appendix A.2.

! VSX: www.aavso.org/vsx/index.php
2 AAVSO: www.aavso.org


www.aavso.org/vsx/index.php
www.aavso.org

Danilovich, T, et al.: A&A, 704, A341 (2025)

Table 1. Key properties of the stars in our sample.

Star Right Ascension  Declination Distance Variability Period Observed Fig.
(ICRS) (ICRS) [pc] type [days] configurations
GY Aql 19:50:06.3148 -7:36:52.189 410 (40, 40) ¢ Mira 464 Extended, mid, compact, ACA 1
R Aql 19:06:22.2567 8:13:46.678 266 (85,52) ¢ Mira 268.8 Extended, mid, compact, ACA 2
IRC-10529 20:10:27.8713  —6:16:13.740 930 (70, 60) ¢ Mira 670 Extended, mid, compact, ACA 3
W Aql 19:15:23.3781 —7:02:50.330 380 (49, 68) ¢ Mira 488 Extended, mid, compact 4
SV Aqr 23:22:45.4002 -10:49:00.188 445 (65, 90) ¢ SRb* 93, 231.8* Extended, mid, compact 5
U Del 20:45:28.2500 18:05:23.976 333 (10,11)°? SRb 120, 1163 Extended, mid, compact 6
7' Gru 22:22:442696 —45:56:53.006 164 (12, 10)°? SRb 195.5, 5750* Extended, mid, compact, ACA 7
U Her 16:25:47.4514 18:53:32.666 271 (19,21) ¢ Mira 405.9 Extended, mid, compact, ACA 8
R Hya 13:29:42.7021 -23:16:52.515 126 (2,3) ¢ Mira 359 Extended, mid, compact 9
T Mic 20:27:55.1797 -28:15:39.553 175(15,19) ¢ SRb 352,178  Extended, mid, compact, ACA 10
S Pav 19:55:14.0055 —59:11:45.194 184 (16,17)¢ SRa 390 Extended, mid, compact 11
IRC+10011 01:06:25.9883 12:35:52.849 720 (30, 30) ¢ Mira 651 Extended, mid, compact 12
V PsA 22:55:19.7228 —29:36:45.038 299 (11, 12)® SRb 148* Extended, mid, compact 13
RW Sco 17:14:51.6867 —33:25:54.544 560 (25, 30)® Mira 388.45 Extended, mid, compact, ACA 14
KW Sgr 17:52:00.7282 —28:01:20.572 2183 (304, 406) ® SRc 695 Extended, mid 15
VX Sgr 18:08:04.0460 —-22:13:26.621 1570 (270, 270) ¢ SRc¢ 755 Extended, mid, compact 16
AH Sco 17:11:17.0159 -32:19:30.764 1735 (200, 286) * SRc 735 Extended, mid 17

Notes. AGB stars are listed in the top part of the table and RSGs are listed in the bottom part of the table. The positions are for the epoch June 23
—July 12, 2019. The numbers in parentheses in the distance column are the lower and upper uncertainties on the distances. In the period column,
the primary period is listed first, followed by the secondary period if there is one (Appendix A.1). An asterisk indicates an updated designation
discussed in Appendix A.1. The ‘Fig.” column gives the figure number of the plots showing the continuum images from the extended, combined
and mid array configurations. (*) Andriantsaralaza et al. (2022); (*) Bailer-Jones et al. (2021); (°) Chen et al. (2007).

2.2. ALMA 12m Array

Observations were taken with three configurations of the ALMA
12 m Array in Band 6 over the frequency range 214-270 GHz as
part of the ATOMIUM Large Programme (2018.1.00659.L, PI:
L. Decin). Typical resolutions for the extended, mid and com-
pact array configurations are 25 mas, 200 mas, and 1”. In Table 1
we note which stars were observed with which configurations,
and give a reference to which figure their continuum images
are shown in (Figs. 1-17). All the compact configuration images
are shown in Fig. B.1. A detailed discussion of the data reduc-
tion, including self-calibration, is given in Gottlieb et al. (2022)
and a complete list of the spectral line IDs and their properties
is given in Wallstrom et al. (2024). The maximum recoverable
scales (MRSs; the scale at which smooth regions of flux can be
recovered with confidence) are ~0.4—0.6" for the extended array
data, 1.5” for the mid array data, and 8—10" for the compact
array data. This is discussed further in Sect. 3.1, and more pre-
cise MRSs for each star and configuration are given in Table E.2
of Gottlieb et al. (2022). In this paper we focus on the continuum
data, which we now analyse in detail. However, the basic param-
eters of the individual array continuum observations, includ-
ing observation dates, are given in Table E.2 of Gottlieb et al.
(2022). In Tables B.1, 3, and B.3 we give an overview of the
continua observed with the extended, mid, and compact array
configurations.

The ALMA 12m array data taken in the compact config-
uration (lowest resolution) were observed for the shortest time
spans and so have lower signal-to-noise ratios (S/N) and less
positional precision. For each star and array configuration, we
identified and excluded spectral lines and self-calibrated the
phase-referenced continuum data, as described in Gottlieb et al.
(2022). The flux scale of individual observations should be accu-
rate to 5-7% at Band 6 (Cortes et al. 2023) and our observa-

tions met this. Where there were discrepancies due to calibra-
tion uncertainty, we rescaled an individual configuration if it
was inconsistent or, if all configurations disagreed, we took the
mid configuration flux densities as the most reliable standard to
rescale the other configurations. This flux comparison was done
for baseline lengths common between configurations and, hence,
was not affected by missing spacings. The resulting flux scale is
nominally accurate to ~10%, although detailed examination (e.g.
of R Hya by Homan et al. 2021) suggests that it may be better.

We fitted 2D Gaussian components to the continuum images
after applying phase-reference solutions only. The accuracy of
Gaussian fitting is limited by (beam size)/(S/N), where S/N is
>50 in all cases; the main astrometric uncertainty comes from
transfer of calibration (Gottlieb et al. 2022). The most accu-
rate astrometric positions (~2 mas) were obtained for extended
configuration images. The mid and compact array data were
adjusted to the position of the extended array data before com-
bination. Thus, the stellar reference positions are for the epoch
June 23-July 12, 2019 (observing dates for each star are given
individually in Table E1 of Gottlieb et al. 2022). Overall, data
for each star was taken over a period of 6—12months and
the proper motions for each star range from 1.3-69 masyr~!
(Gaia Collaboration 2023), likely accounting for the most signif-
icant positional shifts. The only exception is KW Sgr, for which
one set of mid observations were taken in May 2021, giving a
total observation range of 30 months. The proper motion shift
was minimal, however, since this distant star has the smallest
proper motion of our sample.

When we discuss combined data, we are referring to the
ALMA 12m array data from the extended, mid and (for
most stars) compact configurations that have been combined
to improve overall sensitivity while maintaining a high angu-
lar resolution. An overview of the combined data is given in
Table B.4. The observed data for each separate array observation
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were weighted during pipeline calibration according to the inte-
gration times, channel widths, and amplitude calibration vari-
ance, but no further weighting was done in self-calibration (and
flagging was done after channel averaging). The configurations
were combined with equal weight. The combined MRS is gen-
erally as good as for the compact configuration data, except for
AH Sco and KW Sgr, which were not observed with the compact
configuration, and for which the MRS is as good as for the mid
configuration data.

For any combined images with signs of artefacts such as neg-
atives exceeding 407, we re-examined the data carefully. Calibra-
tion and flux scale errors are symmetric (or anti-symmetric for
phase) in the stellar image, whilst angular misalignments tend
to show up as anti-symmetric central adjacent errors after sub-
tracting a uniform disc (UD; see Sect. 2.4). In a few cases we
repeated the self-calibration of individual configurations with
different solution intervals and other constraints to optimise
the continuum. However, the main cause of artefacts was usu-
ally misalignment of the flux or position between configura-
tions, since even within the ALMA tolerances a, for example,
5% flux scale error exceeds the dynamic range for the brighter
stars. We therefore aligned the configurations to minimise the
relative errors.

2.3. ALMA Compact Array

A subset of the ATOMIUM sample was also observed in
Band 3 with the Morita Array (ALMA Compact Array; project
2019.1.00187.S, PI: T. Danilovich). The observations were taken
over discrete spectral windows in the frequency range 97—
113 GHz. The central frequency for the continuum images is
104.96 GHz. The MRSs for these observations fall in the range
64-77". The flux scale accuracy of these data is around 5%
(Cortes et al. 2023). Note that we refer to observations with
the Morita Array as ‘ACA data’ and to observations with the
compact configuration of the ALMA 12m Array as ‘compact
data’. The details of the ACA data are given in Table B.5.
In Fig. B.2 we show all the continuum images obtained using
the ACA.

All the ACA data used comes from the standard ALMA
pipeline (and has not been self-calibrated) aside from RW Sco,
for which we created a custom dataset that was not primary
beam corrected. The reason for this is a confounding nearby
source, approximately 27 south of RW Sco, which is intrin-
sically brighter than the AGB star once the primary beam cor-
rection is applied. This is discussed further in Appendix C. We
present some line observations obtained concurrently with the
ACA continuum in Appendix D.

2.4. Fitting uniform discs

For the Band 6 observations of each star, we show the ampli-
tudes of the visibilities as a function of uv distance in Fig. B.3.
These plots generally indicate a compact component and, in
many cases, some extended features; the latter is discussed in
more detail in Sect. 3. At radio frequencies, for example cen-
timetre to sub-millimetre wavelengths, the main compact con-
tribution to the continuum emission is expected to come from
electron-neutral free-free emission in an extended radio pho-
tosphere, above the stellar photosphere (Reid & Menten 1997,
Matthews et al. 2015; Vlemmings et al. 2019). Emission offset
from the stellar position, assumed to be the continuum peak,
most likely originates from dust surrounding the stellar photo-
sphere and radiosphere (see Sect. 3).
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Table 2. Results of the UD fits.

Star Diameter Fyp rms T,
[mas] [mJy] [wy] (K]
GY Aql 1529 (0.17) 9.5 23 1227 (28)
R Aql 16.07 (0.04) 199 8 2326 (12)
IRC-10529 17.68(3.25) 7.9 28 763 (281)
W Aql 16.65 (0.06) 8.0 5 871 (7)
SV Aqr 6.65(1.54) 1 2.5 33 1672(775)
U Del 11.25(0.18) 7.1 10 1693 (53)
7! Gru 23.97 (3.39)* 26.5 15 1392 (394)
U Her 1898 (2.95) 15.0 13 1257 (391)
R Hya 31.87 (3.16) 64.8 57 1926 (381)
T Mic 21.41(0.04) 29.7 13 1956 (8)
S Pav 20.42(0.03) 279 10 2020 (6)
IRC+10011 17.93(0.29) 127 20 1192 (39)
V PsA 11.86 (0.09) 9.3 9 1996 (29)
RW Sco 1.06 352)% 5.0 20 ...
KW Sgr 6.87(6.61)* 2.8 8 1791 (3447)
VX Sgr 16.81 (0.08) 169 19 1805 (17)
AH Sco 15.80 (0.09) 7.9 11 953 (11)

Notes. Fyp is the flux density. The central frequency used for the bright-
ness temperature, 7, calculation is 241.75 GHz (1.24 mm). The values
in parentheses are the uncertainty on the UD diameter or 7},. The uncer-
tainties on the flux density and T}, do not contain the flux scale uncer-
tainties, which could be up to 10%; see Sect. 2.2. The rms are mea-
sured close to the star, where there may be dynamic range limitations;
see Sect. 3. (*) A two-component fit was used for 7' Gru; see text for
details and flux density of secondary component. () SV Aqr parameters
are from an image-plane fit to the extended array data only; see text for
details. () RW Sco and KW Sgr have low S/N and small angular sizes,
which is why the UD diameter uncertainties are so large; see text for
details. Brightness temperatures given in italic text are very uncertain
but are included for completion. The diameter uncertainty for RW Sco
is too large to estimate the brightness temperature.

To estimate the stellar sizes and flux densities, we fitted a UD
model to the calibrated, line-free combined Band 6 visibilities
for each source. We tested Gaussian fits but found higher resid-
uals, indicating worse fits. Trying to fit a UD + a point source
at the stellar position also gave worse results, including rela-
tively bright residuals within the stellar disc diameter. This sug-
gests that any stellar-related flux not fit by a UD is not con-
centrated in a single point and is not symmetric, i.e. has a ran-
dom or more complex and blotchy distribution, which cannot be
fit in the uv plane. We also found that the irregularities in the
sources are greater than any differences between a UD or a limb-
darkened disc (where a limb-darkened disc is similar to what
Bojnordi Arbab et al. 2024 found from their models).

For the UD fits we used the Common Astronomy Soft-
ware Applications (CASA, The CASA Team et al. 2022) task
uvmodelfit to fit a single UD to the data. In the case of AH
Sco, RW Sco, and 7! Gru, we used the uvmultifit package
(Marti-Vidal et al. 2014), which has many capabilities, includ-
ing the ability to fit multiple components and more detailed con-
straints at low S/N, which allowed us to ensure that the diame-
ter and flux did not simply match pre-set limits. For our sam-
ple of evolved stars, we report only single component fits as
adding more components, whether points or extended emission,
did not converge to a stable solution, suggesting that any star-
spots and/or extended dust cannot be described by simple, sym-
metric components. For AH Sco and IRC+10011, we used the
extended configuration data only as there are irregularities on
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short spacings. These are probably due to large-scale flux that is
irregularly or asymmetrically distributed, possibly simply con-
tributing a small excess on short baselines but smooth enough on
large scales to be resolved out for long baselines. For most stars
such irregularities did not affect the fit, but for AH Sco (because
of low S/N) and IRC+10011 (significant resolved-out flux; see
Sect. 3.1), the errors in the fit were much greater if short base-
lines were included. For RW Sco we forced the position to be at
the phase centre, as it has very weak continuum. In each case,
the starting model was the literature optical diameter and peak
flux density from Tables 1 and E.2 in Gottlieb et al. (2022). All
parameters (peak, position, diameter, ellipticity, position angle)
were allowed to vary except for the special case of 7' Gru, for
which a close companion (7! Gru C, separation ~0.038") was
reported by Homan et al. (2021). Hence, for 7! Gru we first sub-
tracted the companion and then fixed the position and ellipticity
(none) to avoid contamination by the companion residuals. This
two-component fit was done using only the extended array data,
but we find the UD model agrees with the full dataset, except
at the shortest baselines (see Fig. B.3). n! Gru C is too faint
and compact to be resolved even by component fitting so we
do not give its size (see Fig. 7, in which it is comparable to the
extended data beam size). We determine an integrated flux den-
sity for 7' Gru C of 2.78 mly.

For SV Agr, attempts to fit to the visibilities for all config-
urations failed to resolve the star and could only measure the
flux density within the central 15 mas with any confidence. The
result of this fit is shown in Fig. B.3. However, to retrieve more
reliable stellar parameters, we performed a fit in the image plane
using the extended configuration data only, which retrieved the
parameters with S/N > 5. It is these parameters that are included
in Table 2.

The fitting routines report the uncertainties in the fits. The
disc fits were almost circular (r = minor/major axis ratio >0.9)
for most sources, except RW Sco and KW Sgr (which have
low S/N) and IRC-10529 (r = 0.87), and U Her (r = 0.89),
for which the diameter listed in Table 2 is the longer axis. We
assumed that the stars are unlikely to be elliptical to this degree,
but instead that deviations are due to either elliptical beams
(Table B.4) or stellar surface irregularities probably distributed
randomly. We thus took the ellipticity as a contribution to the
uncertainty in the fit. The other contributions are the observa-
tional errors. Phase errors contribute a size uncertainty propor-
tional to the (beam size)/(S/N), and the flux density errors are
mostly dominated by the flux scale uncertainty except for the
weakest sources where the noise is significant (see Gottlieb et al.
2022).

The resulting UD parameters are given in Table 2 and the
visibility amplitudes with the fitted UD models are shown in
Fig. B.3. The error bars on the visibilities represent the observa-
tional scatter of the visibility amplitudes in each bin. The shaded
regions represent the fitting errors with the edges of the shaded
region representing the upper and lower extremes of these uncer-
tainties. The rms values given in Table 2 do not represent the total
uncertainty on the flux and should be added in quadrature with
a 10% calibration uncertainty on the flux, though in some cases
this uncertainty appears to be much better (based on consistency
between observations with different calibrators).

We were unable to find good fits for KW Sgr or RW Sco
because these two sources have low S/N and small angular sizes,
consistent with being unresolved. (Note that the other stars, aside
from SV Agr, have S/N > 50.) We still list the best fitting param-
eters for these stars in Table 2 and show the fits in Fig. B.3 but
note the very large uncertainties on the UD diameters. In Table 1,

we give the right ascension and declination (in the International
Celestial Reference System, ICRS) determined from the UD
fits, which in all cases are within 1 mas of the astrometric posi-
tions (see Sect. 2.2 and Gottlieb et al. 2022). Preliminary UD
sizes were reported for 5 of the ATOMIUM sources previously
(R Aql, U Her, R Hya, T Mic, and S Pav; Baudry et al. 2023,
see also Homan et al. 2021 for R Hya). Those sizes were within
1% of what we find in the present work, except for R Hya where
the size difference is ~10%. The improvement in the R Hya fit
comes from the adjustments to the relative positions and fluxes
described in Sect. 2.2, which enabled us to improve the dynamic
range from ~1500 to 6500.

Based on our UD fits we also calculated brightness tem-
peratures for our sample, using 241.75 GHz as the central fre-
quency of our combined data. An explanation of this calculation
is given in Appendix E. The resultant brightness temperatures
are given in Table 2, excluding RW Sco, for which the UD fit val-
ues were too uncertain to implement. The uncertainties we find
for KW Sgr and SV Aqr are very large, but we list the obtained
values in the table for completion. The flux densities of these
sources are the lowest in our sample. Note that KW Sgr is our
most distant target. For the sample overall, the derived bright-
ness temperatures are in the range 760-2300 K, all systemati-
cally cooler than the effective stellar temperatures collected from
the literature (see Table 5), but many are largely in line with
the earlier results of Vlemmings et al. (2019), for four nearby
AGB stars. The theoretical predictions of Bojnordi Arbab et al.
(2024) give phase-dependent brightness temperatures >1900 K,
depending on the model. Where our brightness temperatures are
notably lower than this, we assume it is because newly formed
dust, located close to the surface of the star, has been captured
by our best-fitting UD.

We subtracted the UD models from the combined visibil-
ity data and imaged the residuals, which we show alongside the
continuum images in Figs. 1-17. We weighted the baselines dur-
ing imaging (see Sect. 3) to provide a larger synthesised beam
than was used for the un-subtracted combined images, to give
better sensitivity to features with low surface brightness. The
exceptions are GY Aql and n! Gru, for which we used a synthe-
sised beam of comparable size to the combined image in order to
resolve the faint, but compact and distinct, offset emission. The
details of the UD-subtracted images are given in Table B.6. For
SV Agr we show the residual image after subtracting the original
UD fit to the combined data (Fig. 5), which represents contribu-
tions from the star and possibly some inner dust. We caution that
the resulting features are not as reliable as for the other stars and
should not be over-interpreted.

3. Continuum imaging

The combined visibility data provide sensitivity to emission on
scales from a few tens of mas up to 8-10”. However, the vis-
ibility plane coverage is not complete nor evenly distributed.
To avoid artefacts due to missing spacings between the longest
baselines, we applied a slight taper in imaging to weight down
their contribution, providing resolutions ~50 mas. Residual cal-
ibration errors and antenna position errors limit the dynamic
range® to about 1000, so for the brightest stars, for example
R Hya (Fig. 9), symmetric negative and positive artefacts may
be present at <0.1% of the peak. Tables B.1, 3, B.3, and B.4
include the dynamic ranges for for the extended, mid, com-
pact and combined data, respectively. The ACA continua have

3 Dynamic range is (peak flux)/(rms).
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relatively low dynamic ranges, from 4 for RW Sco to 50 for T
Mic (Table B.5 and Fig. B.2).

Smooth emission on scales much greater than 10" will not be
detected, but any extended dust on around this scale can cause
bowl-like artefacts due to being detected by just a few baselines.
Artefacts can also arise from intermediate under-sampled scales.
In general, for the brightest stars, if there are regions of nega-
tive flux (indicated by dotted contours at the 3 and 5o levels),
corresponding positive regions at those levels or weaker should
be treated with caution. The noise rms given in Table 2, used
to estimate the accuracy of quantities derived from UD fits, are
measured close to the stellar position. The background noise far
from the star is given in Tables B.1-B.4 for the extended, mid,
compact and combined array data, respectively. The combined
noise at >1” is <0.01 mJy.

The continuum images for the extended, mid and combined
data are plotted, per star, in Figs. 1-17, as indicated for each star
in Table 1. We also include in these figures combined images of
the residuals after subtracting UDs representing the AGB stars
and sometimes including dust close to the stars (as described in
Sect. 2.4). The compact array data are plotted for all observed
stars in Fig. B.1 and the Band 3 ACA data are shown in Fig. B.2.
In general, the compact configuration images are unresolved or
marginally resolved, with some stars exhibiting small (< beam)
irregular extended regions of flux detected at the 30 level. We
can determine that the bulk of the flux is unresolved because it
mimics the elliptical shape of the beam down to the 5 or 100
level. All of the ACA images are unresolved, owing to the large
beams (see Table B.5).

In the following subsection we discuss the issue of resolved
out flux. Subsequently we discuss the unresolved continuum
emission, then some stars grouped by similar continuum features
and some stars individually when they exhibit relatively unique
features. These groupings are summarised in Table 3.

3.1. Resolved-out flux

As noted in Sect. 2.2, ALMA is not guaranteed to recover all the
flux associated with a source and may resolve out some smooth
large-scale flux. We were able to check the impact of this effect
for four ATOMIUM stars that are also in the DEtermining Accu-
rate mass-loss rates of THermally pulsing AGB STARs survey
(DEATHSTAR, Ramstedt et al. 2020). DEATHSTAR observed
a large sample of AGB stars using the ALMA ACA in Bands
6 and 7. For their Band 6 observations — which cover similar
frequencies as ATOMIUM, albeit over a smaller range — the
MRS was 25 +4” (Ramstedt et al. 2020). We compared the self-
calibrated Band 6 continuum fluxes from DEATHSTAR with
those from our ATOMIUM combined and compact continuum
images, for the overlapping stars (IRC-10529, SV Agqr, T Mic,
and IRC+10011). We found no evidence of more flux being
resolved out for the ATOMIUM data than for the DEATHSTAR
data.

However, this does not mean that all the flux has necessar-
ily been recovered. Herschel/[PACS images of dust at 70 and
160 wm are available for some of the stars in our sample. For W
Aql, 7' Gru, R Hya, and T Mic, extended flux is seen on scales
of ~1’ from the position of the star, indicating significant dust
at larger scales than can be recovered with ALMA (Cox et al.
2012). This is significant because at longer wavelengths (i.e. 1.2—
1.3 mm for ALMA Band 6) we might detect cooler dust, which
we would expect to be located further from the star. However,
since ALMA cannot recover flux on such large scales — scales
that can be larger than the ALMA field of view for a single
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pointing — we would not expect the majority of flux from such
a large dust shell to be recovered, even when using the ACA.
Comparing our total combined fluxes (Table B.4) with single-
dish observations from Altenhoff et al. (1994) and Dehaes et al.
(2007), we can estimate the recovered fluxes for R Aql, R Hya,
and IRC+10011 as around 60%, 70%, and 6-12%, respectively.
The large amount of resolved out flux for IRC+10011 (88-94%
lost) fits with the negative artefacts we see in Fig. 12.

To give an indication of what fraction of flux comes from
regions offset from the continuum peak, we compared the UD
flux density (see Table 2 and Sect. 2.4) with the total flux recov-
ered in our combined images (Table B.4). Overall, we find no
significant correlation with distance to the stars. Excluding the
RSGs, we find a weak positive correlation between the flux ratio
and distance, which is expected, since a more distant source
will appear smaller on the sky and hence be less susceptible to
resolved-out flux. Also, for the closest sources, the full extent of
the circumstellar envelope may be larger than the primary beam
of the ALMA 12-m array. Across our sample, there is a large
spread in the ratios of total flux to UD flux, from 1.07 (U Del)
to 2.24 (IRC-10529). U Del having the lowest flux ratio fits
with what we found from the UD-subtracted map (Fig. 6), which
shows that the majority of the continuum flux is associated with
a UD of emission at the stellar position and that there is essen-
tially no extended flux recovered by ALMA. The stars with the
highest ratio (IRC—10529 followed by W Aql) exhibit flux away
from the continuum peak. Some of the other stars with lower flux
ratios nevertheless have extended features, likely arising from
dust, in their continuum maps, or are known to be dusty based
on other observations (e.g. Herschel/PACS imaging; Cox et al.
2012; Maercker et al. 2022). This discrepancy could be caused
by resolved-out flux, amplitude errors (especially for sources
with high dynamic ranges >1000) or a combination of factors.

We also checked whether there was any correlation between
the ratio of total flux and UD flux density with the apparent or
physical UD radii and found no trends. We find no correlation
between the total flux or UD flux with mass-loss rate, distance,
or mass-loss rate scaled by distance.

In summary, it is likely that there is resolved out flux for at
least some of our observed stars. The precise fraction of recov-
ered flux is difficult to estimate from the available data, for the
majority of our sample. The stars that are further away or which
have smaller dust extents are less likely to be affected.

3.2. Resolution-limited continuum images

In general, we expect spatially resolved emission to appear larger
than the restoring beam of the observing array. For emission with
spatial extents much larger than the beam, this is trivially appar-
ent (see for example the ATOMIUM CO emission, Decin et al.
2020). However, a bright point-like source with a high dynamic
range can appear to be larger in the image plane than the reported
beam size, because of the Gaussian nature of the beam. This
is explained in detail in Appendix F, where we lay out criteria
for checking whether bright sources show evidence of resolved
emission. Note that fitting in the visibility plane, as we did for
the UD fits (Sect. 2.4), avoids apparent extension due to convo-
lution with the beam, but is still S/N-limited.

The most sensitive continuum images, capable of revealing
the most extreme small- and large-scale features, were made
from the combined data. Most of our sources exhibit some
extended emission in the combined maps, though in some cases,
such as KW Sgr (Fig. 15), the extended emission is not apparent
until we subtract a UD from the data and lower the resolution
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Fig. 1. Continuum maps of GY Aql taken with the extended (left), mid (centre left), and combined (centre right) array configurations of ALMA.
The rightmost plot shows the residuals after subtracting a UD representing the AGB star (see text for details), highlighting extended dust features.
The thin solid contours indicate levels of 30, the thick solid contours levels of 5, 10, 30, 100, and 3000, and the dotted contours levels of —3 and

—50. The continuum peak is indicated by the red cross, and the synthetic

beam is given in the bottom-left corner of each image. The white bars on

the lower right give indicative sizes in physical units for a third of the box length, based on the distance in Table 1. North is up and east to the left.
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Fig. 3. Same as Fig. 1 but for IRC —10529.

to increase sensitivity (Sect. 2.4). For the particular example of
KW Sgr, this is discussed further in Sect. 5.1.6. Two stars, U Del
(Fig. 6) and RW Sco (Fig. 14), do not show any extended emis-
sion in the combined maps or the UD-subtracted maps. U Del is
so well described by the UD that there is no significant flux in the
UD-subtracted map at all. T Mic (Fig. 10) and V PsA (Fig. 13)
appear unresolved in the combined maps, but the UD-subtracted
maps reveal some small (comparable to the beam) regions of
emission offset from the continuum peaks. The combined con-
tinuum maps for the remaining stars all show more significant
extended emission and/or asymmetries, which are described in
the following subsections.
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When considering the individual array images in the con-
text of our criteria for resolution, we find that almost all of our
compact images (Fig. B.1) are close to the resolution criterion
defined in Appendix F, i.e. within 10% at the 5o level, with
only a few stars such as W Aqgl and S Pav showing evidence of
extended emission >20% of the resolution criterion. For obser-
vations with the mid configuration, a larger portion of the images
show evidence of (partially) resolved extended emission. Some
cases of faint extended emission seem to be below the sensitiv-
ity limit of the mid data, but above 3¢ in the combined data,
making sources such as S Pav (Fig. 11) appear unresolved in the
mid images. Most images taken with the extended array show
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Fig. 4. Same as Fig. 1 but for W Aql. The position of the F9 main sequence companion is indicated by the yellow cross.
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evidence of resolved out flux to varying degrees, with only a few
stars for which clumpy extended emission is recovered. A prime
example of this is 7' Gru (Fig. 7), which we discuss in detail in
Sect. 3.5.5.

3.3. Stars with relatively uniform extended flux

Based on the criteria laid out in Appendix F, the majority of the
stars in our sample have some extended continuum emission asso-
ciated with them. Of these, relatively uniform extended flux is
seen in the combined and UD-subtracted continuum images of
U Her (Fig. 8), R Hya (Fig. 9), S Pav (Fig. 11), and IRC+10011
(Fig. 12). In these cases, the flux is relatively symmetric about the
stellar positions, though not perfectly so. U Her and R Hya also
exhibit some extended emission in their mid continuum maps.
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3.3.1. U Her

The continuum maps of U Her in Fig. 8 show significant
extended emission surrounding the continuum peak, most
clearly apparent in the UD-subtracted image, where the regions
of extended emission much larger than the beam. The mid and
extended maps show asymmetric features at the 5o~ level.

In the combined map, the larger-scale emission at >30
extends to separations of around 0.4” to the south, west, and
north, but only out to ~0.2” to the ENE. The emission is not
distributed evenly and is clumpier to the N and NW. In the
extended, mid and combined maps, there is a small region (at
different scales for each map) with less emission to the south of
the continuum peak. The cause of this region of lower emission
is unclear, but the fact that we see it at all scales suggests that
either a continuous or repeating process is causing it.
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Fig. 7. Similar to Fig. 1 but for 7' Gru. The centre of the secondary peak, corresponding to the C companion, is marked by the black cross on the
extended, combined, and UD-subtracted plots. The yellow cross in the middle-left panel indicates the position of the B companion based on Gaia
observations.
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Fig. 8. Same as Fig. 1 but for U Her.
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Fig. 9. Same as Fig. 1 but for R Hya.
3.3.2. RHya The mid continuum map has scattered regions of emission

around the central continuum peak. These include emission
The continuum observations of R Hya (Fig. 9) have the highest detected with a certainty of 50 extended out to ~0.75".
dynamic range of any star in our sample, exceeding 1000 for Finally, we note that a combined continuum map of R Hya
all individual array configurations, and reaching 6600 for the was previously published by Homan et al. (2021) and showed
combined data (see Tables B.1-B.4). This may be partly due a highly asymmetric structure in the inner regions, positive to
to the fact that R Hya is the closest star in our sample (dis- the E and negative to the WNW. In carefully re-imaging the
tance = 126 pc). The roughly symmetric negative regions sur- data, we discovered that these features resulted from a misalign-
rounding the continuum peak in the extended and combined ment of the mid array data and did not represent real features.
maps shown in Fig. 9 are the result of amplitude errors. How-  Although some minor artefacts remain in our extended and com-
ever, the UD-subtracted map shows significant extended flux at bined images, they are a more accurate representation of the dust
levels of >50 out to 0.15-0.3" from the stellar position. distribution around R Hya.
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Fig. 12. Same as Fig. 1 but for IRC+10011.

3.3.3. S Pav

The S Pav extended and mid continuum images (Fig. 11) are rel-
atively featureless, but the compact map shows some asymmet-
ric protrusions to the NW and SE (Fig. B.1). The combined map
and the UD-subtracted map show significant extended flux, with
the 30~ contour located at around 0.2” from the continuum peak.
This corresponds to a physical projected separation of 37 au
from the continuum peak. No clear structures are resolved in this
extended emission in the UD-subtracted image. Even when we
consider the un-subtracted combined image with a smaller syn-
thetic beam, no obvious structures become apparent and all irreg-
ular regions are of comparable in size to the beam or smaller,
making it difficult to discern their actual sizes.
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3.3.4. IRC+10011 (WX Psc)

Examining the continuum maps for IRC+10011 in Fig. 12, we
find that the mid map has two small protrusions at 3o that are
smaller in width than the beam and are approximately rotation-
ally symmetric. There are also protrusions in the extended map
to the SE and NE, at a level of 50~ and to the NW at a level of 30,
which are not very symmetric. Similar features, at larger scales,
can be seen in the combined map. However, the combined map
shows more symmetric features and some regions of negative
flux surrounding the continuum peak. These are most likely the
result of phase and/or amplitude errors.

The UD-subtracted map should not suffer from sidelobe or
dynamic range artefacts since the stellar contribution has been
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Fig. 13. Same as Fig. 1 but for V PsA.
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Table 3. Overview of the morphological classification of the continuum images.

Star Classification Notes Sect. Fig.
GY Aql Unique Bar to the south-east 3.5.1 1
R Aql Extended, unique Some extended emission around the star 3.2 2
IRC-10529 Elongated, extended Rectangular or bipolar extensions 3.4 3
W Aql Extended, unique Continuum flux seen near companion 353 4
SV Aqr Unique Asymmetric dust feature 354 5
U Del Resolution-limited Minimal signal in UD-subtracted map 3.2 6
7! Gru Unique Companion seen in extended, tail of dust in its wake 3.5.5 7
U Her Extended Irregular extended distribution 3.3.1 8
R Hya Extended Strong detection 332 9
T Mic Elongated? Mostly round and compact 34 10
S Pav Extended Strong detection 333 11
IRC+10011 Extended Likely significant resolved-out flux 334 12
V PsA Resolution-limited 3.2 13
RW Sco Resolution-limited 3.2 14
KW Sgr Resolution-limited/unique ~ Tentative detection of narrow extended dust feature 3.2 15
VX Sgr Elongated? More flux to the south than north 34 16
AH Sco Unique Possible dust shell or artefacts from resolved-out flux 3.5.6 17

Notes. The ‘Sect.” column gives the subsection in which each star is discussed in more detail.

subtracted. We find that the flux is roughly evenly distributed
around the continuum peak, with extensions to the north and
south. The shape of the 3 and 50 contours enclosing the UD-
subtracted flux corresponds well with the central part of the com-
bined map, excluding possible artefacts to the east and west.

3.4. Elongated continuum features

Identifying elongated structures in the continuum maps can be
challenging, as any symmetric features (of positive or negative
flux) may be the result of amplitude errors. These are more likely
to be present for higher dynamic ranges. Since our sample con-
tains many bright sources, we must be careful when interpreting
any symmetric elongated features. With this in mind, we have
tentatively identified a group of stars that exhibit some elongated
features. These are IRC-10529 (Fig. 3), T Mic (Fig. 10), and
VX Sgr (Fig. 16).

3.4.1. IRC—10529 (V1300 Aq|)

The extended map of IRC-10529 (Fig. 3) features some small
symmetric protrusions to the NW and SE, which may be ampli-
tude errors rather than real features. However, there is a small
region of extended flux to the SW, in the extended and mid

A341, page 12 of 28

maps, which is likely real and is not mirrored on the other side.
The combined map shows an elongated emission structure, with
some emission extending from the continuum peak to the WSW
and ENE. This elongated structure, which runs along an axis
~70° east from north, is detected with more confidence in the
UD-subtracted map, which emphasises lower surface brightness
