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ABSTRACT

Context. Stars on the asymptotic giant branch (AGB) play important roles in a number of astronomical contexts. To quantify these
roles, it is necessary to establish the mass-loss characteristics of stars as they evolve up and beyond the AGB.

Aims. We used an equidistant sample of 77 AGB stars in the inner Galactic bulge, selected on the existence and strength of
OH1612 MHz maser emission, to obtain information on the mass loss of O-rich AGB stars, and on its transformations in geometry
and kinematics that occur at the tip of the AGB.

Methods. Observations of circumstellar lines from several rotational transitions of '2CO, '3CO, and C'0 were performed with the
Atacama Large Millimeter/submillimeter Array (ALMA), and, for a sub-sample, with the Atacama Pathfinder EXperiment telescope
(APEX). The ALMA observations also provide continuum data. Existing infrared photometry was used to estimate colours and pro-
duce stellar light curves.

Results. Based on mid-infrared colour, CO line, and near-infrared variability characteristics, the objects were divided into four cat-
egories of distinct stellar and/or circumstellar properties. Various circumstellar CO line characteristics are presented and compared
between the categories, such as morphologies and extents of brightness distributions (BDs), line profiles (LPs), line intensity ratios,
and kinematics. A majority of the objects form a homogenous group with sharply, centrally peaked BDs and LPs of the soft-parabola
type, while the rest show extended and complex BDs and/or LPs with high-velocity wings. The C'®0 line and ALMA continuum
detection rates vary significantly between the categories. CO line emission is also detected from interaction zones where the expanding
circumstellar gas meets the interstellar medium.

Conclusions. These data provide the foundation for more detailed studies, including radiative transfer analyses of the CO line and

photometry data, on the evolution of stellar and circumstellar characteristics of O-rich stars on the upper AGB and beyond.

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

1. Introduction

Low- to intermediate-mass stars (~1-8 M) end their stellar evo-
lution on the asymptotic giant branch (AGB; Herwig 2005).
Taking into account the stellar initial mass function, stellar life-
times as a function of their mass, and the age of the Universe, it
is clear that the majority of stars that have died in our Universe
did so following the AGB phase. Hence, a full understanding of
the evolution during this phase is of utmost importance for estab-
lishing the way AGB stars contribute in more general contexts,
such as in galactic chemical evolution (Karakas 2016), including

* Corresponding author: hans.olofsson@chalmers.se

dust production, where the relative contributions of supernovae
and dust growth in the ISM is an ongoing discussion (Zhukovska
et al. 2018), galaxy luminosities at infrared wavelengths (e.g.
Villaume et al. 2015), and the relation between AGB stars and
planetary nebulae (PNe; Kwok 2024).

Stellar evolution on the AGB is to a large extent driven
by mass loss from the surface (Hofner & Olofsson 2018). It
is therefore important to observationally constrain its charac-
teristics (such as its magnitude and geometry) on the AGB
and beyond. For this, a well-defined sample is required. It has
recently been shown that a sample of equidistant Galactic AGB
stars, detectable in circumstellar CO lines with the Atacama
Large Millimeter/submillimeter Array (ALMA), can be obtained
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through selecting OH/IR stars located in the inner Galactic bulge
(Olofsson et al. 2022, hereafter O+22). All AGB stars for which
oxygen is more common than carbon by number (often termed
O-rich) are believed to become OH/IR stars when their mass-loss
rates (MLRs) are high enough, a few 107 Mg yr™!, to produce a
strong OH 1612 MHz maser (Elitzur et al. 1976; Habing 1996).
They are easily identified through the double-peaked maser line
profile. OH/IR stars have thick circumstellar envelopes (CSEs)
and reach MLRs well in excess of 1073 M, yr‘1 , with the extreme
ones in terms of MLR expected to be located close to the tip of
the AGB. Some may even have stopped losing mass and evolved
off the AGB, but only very recently. The presence of OH maser
emission from an object puts a limit of, at most, about a thousand
years since the cessation of its mass loss (Engels et al. 2019).
These are the stars that are believed to contribute significantly to
the return of gas (including newly synthesised elements) and dust
to the ISM by low- to intermediate-mass stars. Among these, one
also finds a large fraction of possible PN precursors. Considering
the limited information on mass-loss characteristics extractable
from OH maser emission, a detailed study of OH/IR stars based
on observations of CO rotational lines is warranted.

The OH/IR sample of O+22, 22 objects within 2° of the
Galactic centre, was observed in 2CO and *CO lines using
ALMA. It was concluded that 15 are located at the distance of
the Galactic centre, and that they are of lower mass (median mass
~1.4 M, with a population age of ~4-7 Gyr), have a median
luminosity of 5400 L, and a median MLR of 2x 107° M, yr‘1 ,as
estimated using a radiative transfer model for the CO line emis-
sion. These inner Galactic bulge OH/IR stars appear to have the
same characteristics as Galactic disk OH/IR stars (Habing 1996).

The study of O+22 had limitations. Only two '>CO lines and
one 3CO line were observed, often with limited S/N. The lim-
ited sample size (15 objects) prevented statistical comparisons.
In the present study we remedy these shortcomings by observing
77 objects in the inner Galactic bulge in different CO isotopo-
logue lines with ALMA and a sub-sample with the Atacama
Pathfinder EXperiment telescope (APEX). and by determin-
ing their spectral energy distributions (SEDs) and variability
characteristics. This study of an equidistant sample will com-
plement other studies of the circumstellar properties of AGB
stars, such as the ATOMIUM (Decin et al. 2020), DEATHSTAR
(Ramstedt et al. 2020; Andriantsaralaza et al. 2022), and NESS
projects (Scicluna et al. 2022; Wallstrom et al. 2025).

We describe the sample selection in Sect. 2. The ALMA and
APEX observations and data reduction, as well as the photo-
metric data, required for colour-colour diagrams and variability
analysis, are presented in Sect. 3. A division of our objects
into categories is introduced in Sect. 4. The ALMA results in
terms of CO line brightness distributions, flux densities, and line
shapes, and continuum flux densities are presented in Sects. 5
and 6, and a comparison between ALMA and APEX CO line
intensities is given in Sect. 7. The results are summarised in
Sect. 8.

2. Sample

OH 1612 MHz maser emission has been important for studies of
evolved stars throughout the Galaxy (Chen et al. 2001; Engels
& Bunzel 2015). van der Veen & Habing (1990) and Blommaert
et al. (2018) concluded that the OH/IR stars in the Galactic bulge
are dominated by ~1.0-1.5 M, progenitor stars of age 3-7 Gyr.
Wood et al. (1998) studied OH/IR stars within 0.7° of the Galac-
tic centre and concluded that closer to the centre there are also
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younger AGB stars belonging to an intermediate-age population
(~0.5 Gyr) with masses above 4 M.

The survey of OH/IR stars by Sevenster et al. (1997) forms
the basis of our sample. It is estimated to be complete in the
region 0.3°-3° of the Galactic centre (the inner Galactic bulge;
the very-high-extinction area centred on the Galactic centre is
excluded) down to an OH 1612 MHz flux density of 0.3 Jy. Thus,
our objects are expected to represent the high-MLR phase of
O-rich stars on and (slightly) beyond the AGB. We selected all
objects, brighter than 0.3 Jy in the OH 1612 MHz line, that have
an estimated luminosity within a factor of two of the median
luminosity of the O+22 sample, 5400 L. This minimized con-
tamination by foreground objects, and helped ensure that the
sample covers a narrow range in initial mass. Based on the
results of O+22, a flux density of 0.3 Jy corresponds to a MLR of
~5x107 M yr~!. This is a reasonable lower limit, since below
this value not all O-rich AGB stars develop strong OH 1612 MHz
maser emission. The final sample consists of 77 objects. They
are shown overlaid on an image of interstellar CO line emission
in Fig. A.1, and listed in Table A.1. The adopted distance to all
of our sources is 8.2 kpc (GRAVITY Collaboration 2019), even
though some spread along the line of sight is most likely. Unfor-
tunately, none of our sources have a measured reliable parallax
in Gaia Early Data Release 3 (Gaia Collaboration 2023).

3. Observations and data reduction
3.1. ALMA data

The sample of 77 OH/IR stars was observed with ALMA band 3
(B3; Claude et al. 2008), 6 (B6; Ediss et al. 2004), and 7
(B7; Mahieu et al. 2012) receivers to cover the '2CO J=1-0,
2-1, and 3-2, and the 3CO J=2-1 and 3-2 lines (project
2023.1.00098.S). The B6 setting also covered the C'30 J=2-1
line. All observations were done in July 2024 in the C6 config-
uration (baselines between ~15 and 2500 m), except one visit in
B3 in January 2024; this observation was done with the more
compact C4 configuration (baselines between ~15 and 800 m).
The resulting synthesised beams are between ~0”15 — 0”4 (from
B7 to B3). The maximum recoverable scales (MRSs) are about
572, 274, and 1”9 in B3, B6, and B7, respectively. A journal
of the observations is given in Table 1. Since all the targets are
within a region less than 6° in extent, the observations were done
in a snapshot mode, with an integration time of half a minute
per star per visit, and with all stars sharing the same calibration.
The radio-frequency bandpass response of the antennas was cal-
ibrated with the bright quasar J 1924—2914. The gain calibration
(amplitude and phase) was performed on J 1744-3116. The flux
scale was calibrated using the quasar J 1924-2914 for all obser-
vations except for the first visit of the B3 tuning (January 2024),
when J 1517-2422 was used. The data calibration was done
with the standard pipeline procedure under the Common Astron-
omy Software Applications (CASA) package, version 6.5.4.9
(McMullin et al. 2007)'. The calibrators are quite stable and
monitored often”. Based on the scatter and time series data for
the calibrators, the absolute flux uncertainty is estimated to be
<5% in all three bands.

In B3, the correlator was set up with four spectral windows
centred at the sky frequencies 100.863, 102.673, 112.865, and
114.756 GHz (>CO(1-0)). Each spectral window had a width

I http://casa.nrao.edu/
2 https://almascience.eso.org/alma-data/
calibrator-catalogue
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Table 1. Journal of the observations.

Band Date of Nu® PWV? Bbeam €
observation [mm)] ["x”,PA (°)]

B3 2024 Jan. 05 32 5.9 0.45 x 0.39, =73
2024 Jul. 03 44 0.3
2024 Jul. 09 42 0.9

B6 2024 Jul. 14 43 04 0.25 x 0.14, =78
2024 Jul. 14 42 04
2024 Jul. 17 43 1.0

B7-9 2024 Jul. 02 43 0.2 0.18 x 0.10, =72
2024 Jul. 18 46 0.6

B7+¢ 2024 Jul. 12 37 0.3 0.18 x 0.10, =72

2024 Jul. 13 40 0.2

Notes. © Number of 12 m antennas in the array. > Amount of precip-
itable water vapour in the atmosphere. © Resulting synthesised beam
(the numbers are indicative since the beam size differs somewhat from
object to object). ¥ Tuning for sources with negative line-of-sight
velocities. ¥ Tuning for sources with positive line-of-sight velocities.

of 1.875 GHz covered by 1920 channels. In B6, four spectral
windows were centred at sky frequencies 218.944 (C80(2-1)),
220.340 (13CO(2-1)), 230.476 (*CO(2-1)), and 232.944 GHz.
All windows were covered with 960 channels. The windows
centred on the '2CO and '*CO lines had a width of 938 MHz,
while the two others had a width of 1.875 GHz. Due to the large
range in source systemic velocities (from —340 to +307 kms™1),
the B7 observations were divided into two sub-samples, one for
sources with negative line-of-sight velocities centred at 331.091
(13CO(3-2)), 332.595, 344.595, and 345.895 GHz ('2CO(3-2))
and the other for sources with positive line-of-sight veloci-
ties centred at 330.540 (*CO(3-2)), 331.940, 344.085, and
345.485 GHz ('2CO(3-2)), in order to simultaneously observe
the '2CO and '*CO 3-2 lines for all sources. Despite this, part
of the 3CO(3-2) line was missed for seven objects (for three of
these objects the data of O+22 were used instead). Only three
objects were not detected in any CO line.

Imaging was done using the CASA tclean algorithm with
Briggs weighting (robust parameter set to 0.5) and primary beam
correction was applied. The resulting beam sizes are given in
Table 1. For the final line analysis the velocity resolutions at B3,
B6, and B7 were binned to 3, 2, and 2kms™!, respectively. The
continuum images were produced using as much as possible of
the line-free frequency ranges. Within each band the four differ-
ent sub-bands were added to give the effective frequencies 107,
233, and 338 GHz. The rms noise values per channel in the final
line images are about 7, 4, and 5 mJy beam~! in B3, B6, and B7,
respectively. The continuum rms values are about 0.06, 0.1, and
0.2mJy beam™! at 107, 233, and 338 GHz, respectively.

The source positions, both in lines and continuum, were
determined by fitting two-dimensional Gaussians to the images
(in the line case using the moment 0 images integrated over the
velocity range of the circumstellar line). We estimate the astro-
metric accuracy to be better than 0’ 1. The source positions, i.e.
the peaks of the Gaussian fits, determined from the strongest line,
12C0O(3-2), are listed in Table A.1.

Because the lines of sight to the Galactic centre are crowded
with interstellar CO line emission, the imaging was done twice
for the CO lines, first with full range of visibilities and then
excluding short baselines corresponding to spatial frequencies
lower than 3-5", in order to exploit the filtering capabilities of

the interferometer and limit the line-of-sight contamination from
interstellar CO line emission. The latter approach was tested on
a number of objects with strong circumstellar lines and no inter-
stellar contamination and showed significant amounts of lost
circumstellar flux in all cases. Hence, except for two objects,
we refrained from using short-baseline removal as a solution
to this problem. It should be noted that interstellar line con-
tamination is, in general, less significant in the case of 13co,
where, in a relative sense, the circumstellar emission is stronger
compared to the interstellar emission. Brief discussions on indi-
vidual objects, affected by interstellar CO line emission, are
given in Appendix B, as well as of the three objects for which
no circumstellar CO line emission was detected.

3.2. APEX data

For a sub-sample, the APEX 12 m telescope (Giisten et al. 2006)
was used to observe the 2CO J=2-1 (23), 3-2 (16), and 4-3
(13) lines at 230, 345, and 461 GHz, respectively, and the '*CO
J=2-1 (23) and 3-2 (16) lines at 220 and 330 GHz, respec-
tively (the number in parentheses gives the number of objects
observed). The nFLASH230 heterodyne instrument (nFLASH
built by Max-Planck-Institut fiir Radioastronomie) was used
together with a Fast Fourier Transform Spectrometer (FFTS)
covering 8 GHz per sideband and polarisation for the 2—1 line
observations in May and October 2023, August 2024, and April
and August 2025 under programmes O-0111-9304 and O-0113-
9300. The SEPIA345 heterodyne instrument (Meledin et al.
2022) was used together with an FFTS covering 8 GHz per side-
band and polarisation for the 3-2 line observations in April
and August 2024 and April 2025 under programme O-0113-
9300. Finally, the nFLASH460 heterodyne instrument was used
together with an FFTS covering 4 GHz per sideband and polar-
isation for the '2CO(4-3) line observations in August 2024 and
April and August 2025 under programme O-0113-9300.

The observations were made in a dual-beamswitch mode
where the source is alternately placed in the signal and the ref-
erence beam, using a beam throw of about 1’. Regular pointing
checks were made on strong CO line emitters and continuum
sources. Typically, the pointing was found to be consistent with
the pointing model within ~3”.

The raw spectra are stored in Tg-scale, where the antenna
temperature is corrected for atmospheric attenuation using a cal-
ibration unit. The uncertainty in the absolute intensity scale is
estimated to be about +10%. The data were reduced by remov-
ing a first-order polynomial baseline using the CLASS/GILDAS
software package® and further analysed using XS*. The CO lines
are expected to be essentially unpolarised, so the data for the
two independent polarisations were averaged. Finally, the spec-
tra were converted to flux density scale using the values 35, 36,
and 46 Jy K~! at 230, 345, and 461 GHZ’, respectively, and the
velocity resolution was reduced to 2km s~

3.3. Photometry and light curves

Using the Vizier Photometry tool, we concluded that the infrared
was the best wavelength range for characterising the SEDs. We

3 https://www.iram.fr/IRAMFR/GILDAS/doc/html/
class-html/node38.html

4 XS is a package developed by P. Bergman to reduce and analyse
single-dish spectra. It is publicly available from ftp://yggdrasil.
0so.chalmers. se

5 http://www.apex-telescope.org/telescope/efficiency/
index.php
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used the flux densities at 4.49 and 7.87 pm observed using the
Spitzer Space Telescope (Spitzer), at 8.28, 14.65, and 21.34 um
using the Midcourse Space Experiment (MSX), and at 22.1 um
using the Wide-field Infrared Survey Explorer (WISE), to char-
acterize the sample.

The reddening E(J — K) towards each source was calcu-
lated using the results of Gonzalez et al. (2018) and converted
into extinction in the K band, Ag,, and extrapolated up to 8 pm
using the relationships provided by Nishiyama et al. (2009). In
the range 8-30 um we use the extinction law provided by Xue
et al. (2016). The extinction corrections were applied to the flux
densities used in Sect. 4.1.

We estimated variability periods using data from the VISTA
Variables in the Via Lactea (VVV) ESO Public Survey (Minniti
et al. 2010) data release 5, and data from the combined WISE
(Wright et al. 2010) and the Near-Earth Object WISE (NEO-
WISE; Mainzer et al. 2011, 2014) survey including data up to
September 2023. The data covers a time span of about 5000¢.
Using the ALMA-based coordinates nearby counterparts within
6" were retrieved. For the counterpart, the available data in the
Z (0.88 um), Y (1.02 um), J (1.25 um), H (1.64 um), and Kj
(2.15 pm) filters were retrieved. In ZY JH there are typically four
or fewer observations, while dozens of data points are available
in K. The Ks-band light curves were analysed using the codes
and methodology outlined in Groenewegen et al. (2020) assum-
ing a single period. For the WISE data a very similar approach
was adopted to analyse the light curves in the W1 (3.4 um) and
W2 (4.6 um) bands, as outlined in Groenewegen (2022), also
assuming a single period. In a few cases saturation in the Kj
band is an issue, but periods could be estimated using the W1
and W2 band data. The results, including the adopted periods,
are given in Table E.1.

4. Object categories

Before presenting the results, we divide our objects into cat-
egories based on three observational characteristics: the SED,
the CO line emission, and the near-infrared variability. Remark-
ably, as will be shown below, for each of these characteristics our
objects clearly divide, with only a few exceptions, into two types:
attached (‘standard’) versus detached dust-CSEs, standard ver-
sus complex gas-CSEs, and periodic versus non-periodic light
curves. Based on these three bi-modal distributions, we divide
our objects into four categories in Sect. 4.4. This division into
categories of objects with different stellar and/or circumstellar
characteristics, will guide the way the observational results are
presented in this paper, and how they are further analysed in
upcoming papers in preparation.

4.1. Dust-CSE characteristics

The dust-CSE characterisation is based on the SED morphol-
ogy. A visual inspection shows that the sample clearly separates
into two types of SEDs. Although all stars show strong emis-
sion in the mid-infrared, one type containing most objects also
shows strong emission at =5 pm, while the remaining objects are
much dimmer at these shorter wavelengths. SED model-fitting
tests (based on spherical dust-CSE with r~2 dust density distri-
bution) show that the more reddened objects have relatively large
inner radii of their dust-CSEs (>100 au), these we consider to
have a detached envelope (DdE), while the rest have a ‘standard’
dust-CSE (SdE; inner radius of about 10 au).
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Fig. 1. Sample objects in two colour-colour diagrams based on Spitzer +
WISE (top) and MSX (bottom) data. Details of the lines separating the
objects into types, SAE (blue and green) and DAE (yellow and cyan),
are given in the text. Objects with a solid circle appear in both plots. For
objects marked with crosses, some of the flux densities are interpolated
or extrapolated. The categories introduced in Sect. 4.4 are used here.

In fact, full SED modelling is not required to separate the
sources into SAE and DdE types. To quantify the difference
between the two SED types, we used the extinction-corrected
flux densities at 4.49 and 7.87 um (Spitzer), at 8.28, 14.65,
and 21.34 um (MSX), and at 22.1 um (WISE). Based on these
data, we constructed two colour-colour diagrams: S7.87/S 4.49 Vs
S20.1/S787 and S 1465/S828 VS S2134/S 1465. Of the 74 sources
detected in CO line emission, 67 have the required observa-
tions to be placed in at least one of these diagrams, marked
as solid circles in Fig. 1. As shown in Fig. 1, the two SED
types are easily distinguishable based on their infrared colours.
The dashed lines in the diagrams are indicative of the bor-
ders between the two types. These borders are mathematically
described by the expressions S15.1/S7.87 =30%(S7.87/S 4.49)7 08
and S21.34/S 14.65 = 40 x (S 14.65/S 8.28)_3- The remaining seven
sources, marked as crosses in Fig. 1, lack at least two of the
required values. To add these sources to the diagrams, we esti-
mated the flux densities at the wavelengths with missing data by
interpolating the SED. In the case of OH000.319-0.041, no pho-
tometric points are available beyond 14.5 um and we assumed
the SED to be flat up to 22.1 um. Although this object lies
between the two types in the S465/S828 VS S2134/S 1465 dia-
gram, we characterize it as DAE because its S7.87/S 4.49 colour is
quite red compared to those of the SAE objects.

In total, there are 47 and 27 objects of type SAE and DdE,
respectively. The SAE objects are confined to relatively small
regions in both diagrams, suggesting a homogeneous set of dust-
CSEs. The DdE objects, on the other hand, are more spread out
indicating a more heterogenous set of dust-CSE properties.
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Fig. 2. ALMA data. First row: maximum-intensity '2CO(3-2) images of objects with centrally peaked brightness distributions and with only
weak extended emission (OH359.011-0.116 is suspected to be affected by CSM/ISM interaction; see text for details). Second row: line profiles of
12CO(3-2) for the same objects (aperture 2", except OH359.011—0.116 for which 0715 is used). Third row: maximum-intensity '>?CO(3-2) images of
objects with extended, complex structure. Fourth row: line profiles of 2?CO(3-2) for the same objects (3" aperture). Fifth row: images of continuum

at 338 GHz.

4.2. Gas-CSE characteristics

The gas-CSE characterisation is based on the large-scale mor-
phology of the brightness distribution and shape of the '2CO
lines. We extracted '2CO line profiles as presented in Sects. 5.2
and 6.1 and inspected them by eye. The line shapes can be
divided into the soft parabola type (66 objects) or a central soft-
parabola component complemented with prominent extended
higher-velocity wings type (eight objects). We used maximum
intensity '>CO images (moment 8 in CASA), over the circum-
stellar velocity ranges, to characterize their morphologies. The

majority of the objects have '>CO line brightness distributions
that are sharply peaked at the centre, with only weak extended
emission without any discernible signs of structure. There are
59 objects of this type. There are 15 objects that show extended
emission with complex structures. In most of these cases there is
no central peak, and the extended structures have an axial sym-
metry. Examples of brightness distributions and line profiles are
shown in Fig. 2.

When combining these results, we find 57 objects with
brightness distributions that are sharply peaked at the centre and
have soft-parabola line profiles. These objects will be analysed
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Fig. 3. Distribution of periods for the objects with large amplitude, reg-
ular variability.

using a standard gas-CSE (SgE; spherical CSE that is formed
by a constant MLR, and that expands with a constant veloc-
ity). Among these, there are both SAE and DdE objects. The
remaining 17 objects have complex brightness distributions, or,
in the two cases with sharply centrally peaked brightness dis-
tributions, the line profiles have prominent extended line wings.
These objects will be analysed using a more complex gas-CSE
(CgE). These are all of the DdE type. There may be objects with
higher-velocity wings that are too weak to be detected or the
orientation is such that the wings are not seen if the outflow is
bipolar, i.e. there may be border line objects between SgE and
CgE.

We note here that about 20% of the objects show surrounding
structure, in both '>CO and '3CO, that suggests an interpretation
in the form of CO line emission coming from a region where
expanding circumstellar gas interacts with the surrounding inter-
stellar medium. In at least seven cases, there is a bow-shock
structure with the star at the expected position if this is due to
emission from interacting gas caused by stellar motion through
the ISM. A clear example is the OH359.011-0.116 '2CO(3-2)
image in Fig. 2. This phenomenon will be analysed in a separate
paper (Maercker et al., in prep.).

4.3. Variability characteristics

The variability characterisation is based on the near-infrared
light curve analysis presented in Sect. 3.3. We estimated pulsa-
tion periods and amplitudes for the K and/or WISE bands, see
Table E.1. Each light curve is also visually inspected. We regard
an object as a large-amplitude, regular pulsator (P) if the period
is well-determined and the amplitude is >0.5 mag, with an uncer-
tainty lower than 20% of its value, in at least one band. There are
40 objects of this type. For them we also give an adopted period,
estimated as the average of the periods in the different bands
weighted with the uncertainties, Fig. 3. The median period of
this sub-sample is 6139, There also are 34 objects where there is
enough data to conclude that the light curves are clearly irreg-
ular, or the estimated amplitudes are low (0.1 mag) (nP). This
shows a distinct division into objects of type P and nP. Only in
one case there is not enough data to draw any conclusions on
the variability, and in two cases the P identification is only tenta-
tive. Comparing these results with those of the SED and CO line
types, we find that the 40 P-type objects are all of SAE and SgE
type, while the 34 nP type objects are a mixture of all types. The
one object for which there is not enough data to determine the
variability is of CgE type.
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Table 2. Division of objects into categories.

Category Characteristics® #?  C'80¢ 338 GHz“
SSP SdE, SgE, P 40 2(0.05) 11 (0.28)
SSnP SAE, SgE. nP 7 0(000) 4(057)
DSnP DdE, SgE, nP 10 3(0.30) 8 (0.80)
DCnP DdE, CgE, nP 17 11 (0.65) 10 (0.59)

Notes. @ SAE = standard dust-CSE, DdE = detached dust-CSE, P =
regular, large-amplitude variability, nP = low-amplitude or no regu-
lar variability, SgE = standard gas-CSE, CgE = complex gas-CSE.
® Number of objects in each category. © Number of objects detected in
the C'®0O(2-1) line, and the occurrence rate in parentheses. ¥ Number
of objects detected in continuum at 338 GHz, and the occurrence rate in
parentheses.

4.4. Division into categories

We use the three characteristics presented above to divide our
objects into four categories of distinct stellar and/or circumstel-
lar characteristics. There are 40 objects in category SAE/SgE/P
(SSP), seven objects in category SAE/SgE/nP (SSnP), ten objects
in category DAE/SgE/mP (DSnP), and 17 objects in category
DdE/CgE/mP (DCnP). The number of objects for which the cat-
egory membership is uncertain are very few, as described above.
The results are summarised in Table 2, and the category of
each object is given in Table A.1. The evolutionary phases along
the AGB and beyond corresponding to these categories will be
discussed in a forthcoming paper.

The colour-colour diagrams, Fig. 1, add extra information
of relevance for the introduced categories. In the S787/S 449 Vs
S22.1/S 787 diagram there is a separation between SSP and SSnP
objects, although this is based on only four objects of the latter
category. Further, in both colour-colour diagrams there is a ten-
dency for DSnP and DCnP objects to separate into two different
regions.

The detections of the C'#0(2-1) line (Sects. 5.4 and 6.3) and
continuum at 338 GHz (Sects. 5.5 and 6.4) add further informa-
tion on to what extent objects in the various categories differ
from each other. The number of objects detected with each of
these characteristics is given in Table 2. The detection rate of the
C'30 line is highest in category DCnP. The mm-wave continuum
detection rate is lowest among the SSP objects.

5. Observational results: ALMA, SgE objects

We start by presenting the ALMA '>CO and '3CO results for
SgE objects (i.e. categories SSP, SSnP, and DSnP; 57 in total),
since these form a very homogeneous dataset in terms of their
large-scale CO line and ALMA continuum characteristics, and
they will be analysed separately in a forthcoming paper.

5.1. Azimuthally averaged CO line radial brightness profiles

The SgE objects all have sharply, centrally peaked CO line
brightness distributions, but also weak extended emission with-
out obvious structure. In order to study them in more detail we
derived azimuthally averaged radial brightness profiles (AARPs)
by azimuthally averaging the data cubes for all objects and for
all lines within the velocity range +20% of the gas expansion
velocity centred on the systemic velocity. This increases the S/N
and provides more reliable information on the weak, extended
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Table 3. Results of the fits to the CO line AARPs for SgE objects.

12C0(1-0) 12C0(2-1) 1200(3-2) 13C0(2-1) 13C0(3-2)
B 1.38+£0.78(35) 1.07+0.43 (44) 1.31+0.56(45) 1.30+112(34) 178132 (37)
®os[”] 037+0.1335) 0.18+0.04 (44) 0.13+0.03(45) 0.16+0.05(34) 0.11+0.04 (37)
©o1 [71 1.01+0.33(40) 0.57+0.14(45) 0.36+0.07 (45) 0.46+0.14 (40) 0.29 +0.08 (43)

Notes. Results are given as averages and standard deviations. The number in parentheses gives the number of objects.
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Fig. 4. Azimuthally averaged radial brightness profiles of

OH357.819+1.990. The error bar of each data point is the =+ 1o
uncertainty. The Moffat fits are shown as red lines, and the ®;:s are
shown by the blue dotted lines (see text for details).

emission. Before averaging, the data cubes are convolved with a
circular Gaussian having a FWHM equal to the FWHM of the
major axis of the synthesised beam. The resulting maps were
divided into concentric circular annuli of increasing radii, cen-
tred on the estimated source position, with widths equal to that
of the convolving beam. The resulting average brightness profile
constitutes an AARP. Examples of AARPs are given in Fig. 4.
The resulting AARPs, for each individual line, all appear
very similar in shape and they are clearly much more extended
than the Gaussian synthesised beam. In fact, very good fits

to the AARPs are obtained using a function introduced by
Moffat (1969) to study extended focal stellar images:

X(0)

>0 = TP

ey

where @ and 3 are measures of the extent of the function (8=1
corresponds to a Lorentzian with a semi-width at half maximum
(SWHM) equal to @). The SWHM, @, s, of this profile is given
by

@ps =a V2B 1. 2)

The best-fit results, obtained through a y?-analysis, are sum-
marised in Table 3, and examples are shown in Fig. 4. The @ s
values are, on average, close to the FWHMs of the synthesised
beams, and not a good measure of the extent of the brightness
distribution (see also Ramstedt et al. 2020).

The surface integral fooo 2n%(6)0d6 converges only when
B> 1, and only for reasonable angular extents if S22 (taking
into account the fact that the CO photodissociation radii for our
sources correspond to ~1”). The average S:s are all below 2,
and we cannot use these fits to reliably estimate the total flux
densities. We instead chose the angular extent at which the fit
to the AARP reaches 10% of its peak value, @, as a mea-
sure of the size of the brightness distribution (see Table C.1 for
individual results and Table 3 for a summary). This will be com-
pared with radiative transfer results in a forthcoming paper. It is
clear that the dataset is very homogeneous (the scatter around the
average is in all cases small), implying very similar large-scale
circumstellar properties for all SEE objects. In fact, a significant
contribution to the spread in the data is most likely a dependence
of the brightness distribution on the MLR, the larger the MLR
the larger the brightness distribution is expected to be, and we
estimate that our sample spans at least one order of magnitude in
MLR, based on the range of OH 1612 MHz flux densities.

On average, for the 2CO lines, the extent of the 1—0 emission
is #80% larger than that of the 2—1 emission, which in turn is
~60% larger than the 3—2 emission. This is as expected since
higher-J transitions are more effectively excited closer to the star.
For 13CO, the 2—1 emission extent is about 65% larger than that
of the 3—2 emission, and, on average, the 2CO emissions are
about 30% larger than the corresponding '*CO emissions.

5.2. Line profiles

The CO line brightness distributions are sharply peaked for SgE
objects, but they contain extended low-intensity emission as
shown above. This, together with the limited S/N of the data
and the fact that the S/N decreases for a compact source when
using increasingly larger apertures (Tsukui et al. 2023), makes
it difficult to estimate the total intensities of the interferome-
ter data. We therefore summarise the observational '>’CO and
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13CO line results in a way suitable for the radiative transfer anal-
ysis of SgE objects. To this end we convolved the data cubes
so that they correspond to data observed with circular Gaussian
beams of FWHMs of (/’5, 1”7, 2", and 3" (henceforth we refer to
these as the 0’5, 1”7, 2", and 3” ‘aperture’ data). In terms of spa-
tial extents, half the FWHM:s correspond to 3.1x10'°, 6.0x10'°,
1.3x10'7, and 1.8x10'7 cm at the distance of the Galactic centre.

Using these convolved data cubes we extracted the line pro-
files from the pixels corresponding to the source positions given
in Table A.1. For the majority of the objects, and for most of
the lines, this procedure works fine, resulting in sub-data-sets
containing emission from increasingly larger angular scales. In
some cases the S/N of the results obtained for the larger apertures
are low (as explained above), or they are affected by interstel-
lar CO line emission. In such cases we report results only up
to the largest angular scale that gives reliable data. In a few
cases, even the 0”5 data are severely affected by contamination
from interstellar CO line emission. In these cases we report the
results obtained when convolving the data with Gaussians having
FWHMs as small as about 0”2.

For SgE objects, centre velocities (v.; in the local standard of
rest frame), full widths at zero power (FWZPs), Av, and velocity-
integrated flux densities, /, are determined through fitting the
‘Shell’ profile

S(v) =S (ve)

1 +4H(U;UU° )2] , 3)

as defined in the CLASS/GILDAS software package, to the full
dataset. The flux densities, S (v.), are given by I/[Av(1 + H/3)].
H, the horn-to-centre parameter, gives the line-shape informa-
tion (H=-1 and 0 mean a parabolic and a rectangular line
shape, respectively). The line flux densities and the correspond-
ing velocity-integrated flux densities are given in Table C.1. This
table also includes the estimated systemic, vgys, and gas expan-
sion velocity, v, of each object, obtained as the averages of the
individual line estimates v. and Av/2, respectively, for the 2co
and 13CO 2—1 and 3-2 lines of the (5, 1", and 2" datasets.

The flux density uncertainties are affected by a combination
of the S/N, the presence of ISM CO line emission, the size of the
‘aperture’, and the absolute flux calibration uncertainty, and thus
it is difficult to determine. The values given here are obtained as
averages of the flux density errors estimated in the line-profile
fitting and should be regarded as guidelines. For the 0”5 data the
1o uncertainties are 6, 7, and 10 mJy in bands 3, 6, and 7, respec-
tively. The noise level increases with increasing aperture due to
non-white noise in the interferometer data (Tsukui et al. 2023).
We estimate increases by factors of 1.5, 2.9, and 4.5 in B3, 1.9,
4.0,and 7.21in B6, and 1.9, 4.1, and 6.3 in B7, when increasing the
aperture from 0”5 to 1”7, to 2", and to 3", respectively. The total
increases in flux density from 0”5 to 3" are, on average, 4.7, 3.5,
and 2.2 in the 12CO 1-0, 2—1, and 3-2 lines, respectively, see
Table 4. Hence, except for B3, the S/N decreases with increasing
aperture. In addition, there is possibly resolved-out flux as dis-
cussed in Sect. 7. The uncertainties in the expansion and centre
velocities depend on the S/N and the presence of interstellar CO
line contamination, and are estimated to be, on average, about
+1kmsL.

5.2.1. Line intensity ratios: Different angular scales

The velocity-integrated line intensities obtained for the 075, 17,
2”, and 3" data can be used as a measure of the radial bright-
ness distribution, i.e. they provide information on how much of
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Table 4. Ratios of velocity-integrated line intensities obtained with
consecutive ‘apertures’ for SgE objects.

Line  I(1”)/I(0”5) 127117 13")1(2")
12CO

1-0 2.16+0.38(46) 1.78+0.33(43) 1.25+0.20 (38)

2-1  1.93+0.26 (46) 1.54+0.24 (43) 1.15+0.12 (38)

3-2 1.63+0.18(45) 1.28+0.16(42) 1.04+0.10(34)
13CO

2-1 1.71£0.28 (51) 1.41+0.22 (46) 1.18+0.17 (34)

3-2 147+019(52) 1.25+020(38) 1.07+0.17 (24)

Notes. Results are given as averages and standard deviations (including
the line intensity uncertainties). The number in parentheses gives the
number of objects.

the flux measured by the interferometer lies within the different
angular scales for each line, and serve as a complement to the
AARP:s. We derived three ratios of consecutive angular scales,
I(1")I(075), I(2")/I(1"), and I(3")/1(2") for the '>CO and *CO
lines. The results are given in Table 4. It is estimated that the 3”
aperture data contains most of the emission recoverable by the
interferometer for all lines (80%). Also here, the scatter around
the averages is small.

5.2.2. Line intensity ratios: Different transitions and
isotopologues

We use the velocity-integrated line intensities to calcu-
late line intensity ratios between consecutive transitions,
I(J+1 — J)/I(J — J-1), for SgE objects. This was done only for
those sources that have reliable data up to a spatial scale of 2.
An average value for the three data points for each line ratio and
each source was calculated. The results are given in Table 5 and
Fig. 5 for the '2CO lines. We also include the '>CO 4-3/3-2
line intensity ratio from the APEX data. The dataset is charac-
terized by only small scatter around the averages. The 2—1 line
is significantly stronger than the 1-0 line, by about a factor of
four, and the 3-2 line is somewhat stronger than the 2—1 line,
by about a factor of 1.5, while the 3-2 and 4-3 lines have about
equal strength. It should be noted that these ratios are expected
to depend on the MLR (i.e. depend on optical depth), and some-
what higher values should apply for objects of MLRs lower than
typical for our objects.

We calculated the '>CO/'3CO line intensity ratios for the 2—1
and 3-2 lines in the same way as above. They are surprisingly
low, 1.5—8 with an average of 3.4 + 1.2 (the two lines combined).
Even if they are likely to be somewhat affected by opacity effects
(see e.g. Saberi et al. 2020), the conclusion is that the circum-
stellar '>CO/'3CO abundance ratios are likely to be low. The
12c0/13CO abundance ratios will be calculated, and discussed
in relation to stellar '2C/!3C ratios, in a forthcoming paper.

5.2.3. Line shapes

Line shape information is obtained from the line fits. The
H-values are sensitive to the S/N of the data, and to any con-
tamination by CO line emission from the ISM and/or CSM/ISM
interaction. We therefore refrained from tabulating results for
each line and object. Table 6 summarises the statistical results
for each line using the 0”5, 1”7, and 2” datasets (hence ignor-
ing that the line shape is expected to depend somewhat on the
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Table 5. Ratios of velocity-integrated line intensities.

SgE objects
Ratio 12co Bco
2-1/1-0  4.05+0.70 (42)
3-2/2-1 1.43+0.22 (42) 1.59+0.26 (37)
4-3/3-2¢  1.01+£0.27 (10)
Line 2co/3co
2-1 3.54+1.34 (42)
3-2 3.14+1.12 (33)

CgE objects
Ratio 2co Bco
2-1/1-0 3.98 +1.46 (15)
3-2/2-1 1.41£0.37 (15) 1.56+0.29 (17)
Line 2co/3co
2-1 2.80+0.52 (15)
3-2 2.46 +0.67 (16)

Notes. Results are given as averages and standard deviations (including
the line intensity uncertainties). The number in parentheses gives the
number of objects. For SgE objects the 0”5, 170, and 20 datasets are
used. @ This result is based on the APEX data.

Count

I(J+1 - )N - J-1)

Fig. 5. Line intensity ratio distributions of >CO for SSP (blue), SSnP
(green), DSnP (yellow), and DCnP (cyan) objects plotted on top of
each other. The line intensity ratios are (2—1)/(1-0) (solid), (3-2)/(2—-1)
(dotted), and (4—3)/(3—2) (crossed).

aperture size if the emission is, at least, partly resolved), and an
example is shown in Fig. 6. Even though the scatter is significant,
the trend is clear and follows what is expected considering line
optical depths and extents of emission regions. The higher the
energy of the transition, the higher is the optical depth and the
smaller is the emission extent. Thus, it is expected that the '>CO
lines stretch from close to rectangular (H =—0.22, the 1-0 line)
to close to parabolic (H =-0.73, the 3-2 line), and the '3CO
lines are more flat-topped than the corresponding '>CO lines.

5.3. Kinematics

The gas expansion velocities from our line fits form a relatively
narrow distribution, from 5 to 24 km s~!, Fig. 7. The average and
standard deviation are 15 + 4kms™!. This is a relatively high gas
expansion velocity when compared to a median of 7kms™! for
a solar neighbourhood sample of O-rich AGB stars (Ramstedt
et al. 2009), but the range and average agree well with those of

Table 6. Line-shape data for SgE objects.

Line H

2C0(1-0) -0.22+0.38 (42)
2cO(2-1) -0.66+0.28 (44)
2C0(3-2) -0.73+£0.26 (45)
BCo@2-1) -0.17+0.49 (42)

1BCO(3-2) —0.28+0.45 (39)

Notes. The results are given as averages and standard deviations using
the 075, 170, and 2”0 datasets. The number in parentheses gives the
number of objects.
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Fig. 6. Spectra of '2CO 1-0, 2—1, and 3-2, and '3CO 2-1 and
3-2 towards OH358.052+1.304 (black histogram) and the best shell-
line-profile fits (Eq. (3), red solid line) with line-shape parameters
H=-0.62, -0.92, -1.0, —0.48, and —0.35, respectively. The 1” data
were used. This is an average object in our sample in terms of CO line
intensity strengths.
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Fig. 7. Gas expansion velocities of the AGB CSEs of SSP (blue), SSnP
(green), DSnP (yellow), and DCnP (cyan) objects plotted on top of each
other.

a larger sample of O-rich objects (Wallstrom et al. 2025). Fur-
ther, it matches well the peaks of the velocity distributions of
OH/IR stars in the Galactic plane, 12 km s~!, the Galactic bulge,
14kms~!, and the Galactic centre, 19 kms™! (Sjouwerman et al.
1998), i.e. objects of similar MLRs as our objects. When com-
pared to the expansion velocities estimated from the separation
of the two OH 1612 MHz maser peaks, the results agree well.
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5.4.C"%0

The C'80(2-1) lines are substantially weaker than the corre-
sponding '>CO and '3CO lines, as expected from a high '°0/'80
ratio (the solar value is ~#500, and it is not expected to change
significantly during evolution for stars with a mass below =4 M,
(Karakas & Lugaro 2016). Among SgE objects, we detect only
five objects (9% detection rate), and the S/N of the detections are
low. In Table C.1, we report only the results from the 2" data,
where the extracted line profiles were fitted with parabolic line
shapes using the systemic and expansion velocities determined
from the '>CO and '3CO lines. The use of the 2" data is a com-
promise between S/N and recovering as much of the line flux as
possible.

5.5. Continuum

We determined the positions and flux densities of the continuum
by fitting two-dimensional Gaussians to the data in the image
plane. When detected, the continuum peak coincides with the
CO line peak in all cases within ~0”1. The continuum bright-
ness distributions are compact for SgE objects, with deconvolved
Gaussian sizes smaller than the synthesised beam. Examples of
continuum images are shown in Fig. 2. The flux densities are
summarised in Table C.1. In total, two (4% occurrence rate),
ten (18%), and 23 (40%) SgE objects were detected in 107,
233, and 338 GHz continuum, respectively. There is a marked
difference between SSP, SSnP, and DSnP objects in terms of
occurrence rate of the 338 GHz continuum (28, 57, and 80%,
respectively), even if the number of objects are relatively low
for the latter two categories. When detections are made in more
than one band, the flux densities result in an average spectral
index a (S, occv*) of 3.5+ 0.6 (ten objects). The continuum flux
at 338 GHz of a 2500 K blackbody of luminosity 5500 L, (typi-
cal for our sources) at the distance of the Galactic centre is about
0.04 mJy. This is well below our detection limit, and it, com-
bined with the spectral index estimates, implies that any detected
continuum emission from AGB stars at that distance is due to
circumstellar dust emission.

It is likely that there is continuum flux not captured by the
fitted Gaussians nor ‘seen’ by the interferometer. Extended low-
surface brightness emission from colder dust at large radii may
contribute (maybe even significantly) to the flux measured by
ALMA. The MRS of our 338 GHz observations is about 179,
corresponding to about 16 000 au at the distance of the Galac-
tic centre, a distance covered by a 15km s~! outflow in about
2600 yr. The high-MLR phase may have lasted longer than this,
and consequently the dust-CSE may be larger than this. This will
be further analysed in a forthcoming paper.

6. Observational results: ALMA, CgE objects

The CgE objects (category DCnP; 17 in total) form a much more
heterogeneous dataset in terms of their CO line and ALMA con-
tinuum characteristics compared to SgE objects. The data will be
presented here in a relatively concise form. They will be analysed
separately in a forthcoming paper.

6.1. Brightness distributions and line profiles

We used the maximum-intensity images of the '>CO line bright-
ness distributions and the line shapes in order to summarise the
characteristics of also these objects. The flux densities and kine-
matical information are retrieved from line profiles extracted
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using 3" apertures, or, in five cases, smaller apertures to mini-
mize contamination from interstellar CO line emission. The line
intensities are measured by fitting Gaussians to the obtained line
profiles (in this way the objects are treated in the same way, irre-
spective of having line wings or not), the results are given in
Table C.1. The kinematical information (obtained through visual
inspection), in terms of systemic velocity, expansion velocity of
the soft-parabola component, and the FWZPs for the objects
with line wings, is reported in Table C.1. In summary, five
objects have sharply centrally peaked brightness distributions
with only weak extended emission, two objects have brightness
distributions that appear as essentially circular rings (=1” in
size) with no central peak, and the remaining ten objects have
extended (0”5-4" in size) clearly axi-symmetric structures, see
Fig. 2. In most cases there is no central peak. Eight objects have
CO line profiles with extended line wings.

We estimated line intensity ratios between consecutive tran-
sitions and between isotopologues also for CgE objects, see
Table 5. The results are very similar to those of the SgE objects
(for CgE objects, the line intensities are dominated by the
soft-parabola component).

6.2. Kinematics

The gas expansion velocities of the central component of the
line profiles of CgE objects are more uncertain, but their dis-
tribution appears similar to those of SgE objects, Fig. 7. When
compared with the expansion velocities estimated from the sep-
aration of the OH 1612 MHz maser peaks the results agree well.
For CgE objects with line wings, the FWZPs range from about
50 to 150 kms~!. The S/N of our spectra are in general limited,
so the reported values are likely to be lower limits to the true
FWZPs.

6.3. C®0

The occurrence rate of the C'80(2-1) line is much higher among
CgE objects (65%) compared to SEE objects (9%). Also for these
objects the S/N of the detections are limited, and we report only
the results from the 2" data, where the extracted line profiles
were fitted using Gaussians, Table C.1.

6.4. Continuum

The continuum brightness distributions of CgE objects often
have a diffuse appearance covering about 0”’5. We determined
the positions and flux densities by fitting two-dimensional Gaus-
sians to the data in the image plane. When detected, the con-
tinuum peak lies at the centre of the CO line emission. The
flux densities are given in Table C.1. In total one, eight, and
ten CgE objects were detected in 107, 233, and 338 GHz contin-
uum, respectively. The occurrence rate of 338 GHz continuum
is higher than for SgE objects, 60 versus 40%, but not substan-
tially higher. As for SgE objects, the relative occurrence rates
in the three bands are fully explained by a steep spectral index
(3.3+£0.3, seven objects). Only one object is a clear exception:
OHO002.640-0.191 has a strong (in a relative sense), essentially
flat continuum.

7. Observational results: APEX, all categories

The objects observed with APEX were selected based on their
systemic velocities (in an absolute sense, the highest ones) and
location with respect to the Galactic plane (more than 1° above or
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Table 7. Ratios of velocity-integrated line intensities between ALMA
and APEX data.

Line ALMA(3"”)/APEX

lZCO 13CO
2-1  0.87+0.22(18) 0.95+0.38 (15)
32 0.72+0.24(13)  0.87+0.31 (10)

Notes. Results are given as averages and standard deviations (includ-
ing observational uncertainties). The number in parentheses gives the
number of objects.

below) to minimize the effect of contamination with interstellar
CO line emission. The primary reason for the APEX obser-
vations was to provide estimates of flux not recovered by the
interferometer for the 2CO and '3CO 2—1 and 3-2 lines. In total,
22 objects were detected in at least one CO line, see Table D.1.
The '>CO(4-3) line, not covered by our ALMA observations,
was detected in 13 objects.

To compare APEX and ALMA fluxes turned out to be some-
what complicated. The reason is that for about 20% of the objects
in the full sample there is extended CO line emission that is most
likely coming from an interaction region between the expand-
ing circumstellar gas and the surrounding interstellar medium.
This emission is often of relatively low surface brightness, but
becomes significant when integrated over the full APEX beam,
in some cases even dominating over the circumstellar emission.
We therefore removed the sources, where such a contamina-
tion can be suspected, from the comparison. The resulting ratios
between the ALMA (3" data) and APEX velocity-integrated CO
line intensities for each line are given in Table 7. The data from
all categories are treated equally.

We do not expect substantial loss of flux in these lines, since
the extents of the emissions are clearly smaller than the MRSs
(200.1/ MRS ~ 0.3-0.5). Taken at face value the results indicate
~10 and 20% loss of flux in B6 and B7, respectively. However,
the APEX lines may include contributions from extended low-
intensity emission, and the line intensities should be seen as
upper limits. Taking everything into consideration, the results
indicate that the typical flux loss in the ALMA data is at the
<20% level.

8. Summary

We report ALMA observations of the '2CO 1-0 (65), 2-1 (73),
3-2(73), *CO 2-1 (72), 3-2 (72) and C'®0 21 (14) lines, and
continuum at 107 (3), 233 (18), and 338 GHz (33), and APEX
observations of '2CO 2-1 (22), 3-2 (16), 4-3 (13), '3CO 2-1
(18), and 3-2 (13) lines towards a sample of 77 OH/IR stars
within 3° of the Galactic centre (number of detected objects in
parentheses; only three objects were not detected in any CO line).
We complemented these data with infrared photometry and light
curve analyses. In summary:

— Based on colour, CO line, and variability characteristics we
introduced four categories of objects with different stellar and/or
circumstellar characteristics: SAE/SgE/P (SSP, 40 objects),
SAE/SgE/MmP (SSnP, seven objects), DAE/SgE/mP (DSnP, ten
objects), and DAE/CgE/mP (DCnP, 17 objects).

— For SgE objects, Moffat-functions were fitted to AARPs to
estimate the sizes of the centrally peaked CO line brightness
distributions. The angular extent at which the fit reaches 10%
of its peak value was adopted as a measure of the size. On

average, for the 12CO lines, the extent of the 1-0 emission
is ~80% larger than that of the 2—1 emission, which in turn
is ~60% larger than the 3-2 emission. For '3CO, the 2-1
emission is about 65% larger than the 3—2 emission, and, on
average, the '>CO emissions are about 30% larger than the
corresponding '3CO emissions. Apart from differences in spa-
tial extents, the morphology of the AARPs are similar for all
objects.

— Line profiles were extracted from the centre pixels of four
datasets for SgE objects: the original data cubes convolved so
that they correspond to data observed with circular Gaussian
beams of FWHMs of 075, 1”7, 2”7, and 3”. In a few cases, we
used apertures as small as 0”2 to discriminate between circum-
stellar and surrounding CO line emission. For all lines, the 3"
data contain at least 80% of the total emission seen by the
interferometer.

— Results were obtained through line-profile fitting for SgE
objects. The '2CO line shapes follow a trend of close to rectangu-
lar profiles for the 1-0 line to closer to parabolic profiles for the
3-2 line. The '3CO line profiles are more flat-topped than the
corresponding '>CO line profiles. The line-intensity ratios are:
12C0O 2-1/1-0=4.1, 3-2/2-1 = 1.4, and 4-3/3-2=1.0, and '3CO
3-2/2-1=1.6, and '2CO/"*CO 2-1=3.5 and 3-2=3.1. There is
only small scatter around the averages.

— The results suggest a homogeneous set of large-scale dust-CSE
characteristics for SSP and SSnP objects (Fig. 1), and large-
scale gas-CSE characteristics for SSP, SSnP, and DSnP objects
(Tables 3-5).

— For CgE objects, the CO line brightness distributions are often
extended and take the form of axi-symmetric structures in ten
cases and circular rings in two cases. For the rest, the sizes are
too small to draw definitive conclusions. In terms of line shape,
eight objects have extended line wings in addition to a central
soft-parabola component.

— The occurrence rate of the C'30 line is substantially higher for
CgE than for SgE objects.

— The gas expansion velocity distributions of the soft-parabola
component appear very similar for all categories, the average is
15kms~'. The full extents of the line wings of the CgE objects
range from about 50 to 150kms™'.

— In total three, 18, and 33 objects were detected in 107, 233,
and 338 GHz continuum, respectively. The detection rate is
lowest for category SSP. The extent of the continuum emis-
sion is larger for CgE than SgE objects. The relative detec-
tion rates in the three bands are fully explained by a steep
spectral index estimated to be =3.3 in the relevant frequency
range.

— Comparison between ALMA and APEX CO line flux densities
indicate that the flux loss in the ALMA data is at the $20% level.
— In about 20% of our objects we find surrounding structure in
the CO line emission that we attribute to an interaction region
between expanding circumstellar CO gas and the surrounding
interstellar medium.

— The data presented here will be analysed in more detail, and
put into their contexts within the evolutionary scenario of AGB
stars, in a series of forthcoming papers. The suspected interac-
tion between circumstellar and interstellar gas will be discussed
in a separate paper.

Data availability

Table C.1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/710/A390

A390, page 11 of 18


https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/710/A390
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/710/A390

Olofsson, H., et al.:

Acknowledgements. This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2023.1.00098.S. ALMA is a partnership of ESO (represent-
ing its member states), NSF (USA) and NINS (Japan), together with NRC
(Canada) and NSC and ASIAA (Taiwan) and KASI (Republic of Korea), in coop-
eration with the Republic of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ. We acknowledge support from the Nordic ALMA
Regional Centre (ARC) node based at Onsala Space Observatory. The Swedish
Research Council grant No 2019-0020 supports the Nordic ARC node and the
Swedish observations (in this case projects O-0111-9304 and O-0113-9300) on
the Atacama Pathfinder EXperiment (APEX) telescope, operated by the Max
Planck Institute for Radio Astronomy. This research has made use of the VizieR
catalogue access tool, CDS, Strasbourg, France (the original description of the
VizieR service was published in Ochsenbein et al. (2000)), and the NASA/IPAC
Infrared Science Archive (IRSA), which is funded by the US National Aeronau-
tics and Space Administration (NASA) and operated by the California Institute
of Technology. This publication makes use of data products from the Mid Course
Space Experiment (MSX) operated by the Ballistic Missile Defense Organization
(BMDO), the Spitzer Space Telescope operated by the Jet Propulsion Laboratory,
California Institute of Technology, under NASA contract 1407, the Visible and
Infrared Survey Telescope for Astronomy (VISTA) operated by ESO, and the
Wide-field Infrared Survey Explorer (WISE), a joint project of the University of
California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of
Technology funded by NASA. We acknowledge the use of the ADS bibliographic
services. T.K. and W.V. acknowledge support from the Olle Engkvist founda-
tion through grant nr. 229-0368. N.R. acknowledges support from the Swedish
Research Council (grant No. 2023-04744).

References

Andriantsaralaza, M., Vlemmings, W., Ramstedt, S., & De Beck, E. 2022,
Galaxies, 10, 33

Blommaert, J. A. D. L., Groenewegen, M. A. T., Justtanont, K., & Decin, L.
2018, MNRAS, 479, 3545

Chen, P. S., Szczerba, R., Kwok, S., & Volk, K. 2001, A&A, 368, 1006

Claude, S., Jiang, F., Niranjanan, P., et al. 2008, SPIE Conf. Ser., 7020, 70201B

Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ, 547, 792

Decin, L., Montarges, M., Richards, A. M. S., et al. 2020, Science, 369, 1497

Ediss, G. A., Carter, M., Cheng, J., et al. 2004, in Fifteenth International
Symposium on Space Terahertz Technology, ed. G. Narayanan, 181

Elitzur, M., Goldreich, P., & Scoville, N. 1976, ApJ, 205, 384

Engels, D., & Bunzel, F. 2015, A&A, 582, A68

A390, page 12 of 18

A&A, 710, A390 (2026)

Engels, D., Etoka, S., & Gérard, E. 2019, IAU Symp., 343, 389

Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, Al

Gonzalez, O. A., Minniti, D., Valenti, E., et al. 2018, MNRAS, 481, L130

GRAVITY Collaboration (Abuter, R., et al.) 2019, A&A, 625, L10

Groenewegen, M. A. T. 2022, A&A, 659, A145

Groenewegen, M. A. T., Nanni, A., Cioni, M. R. L., et al. 2020, A&A, 636, A48

Giisten, R., Nyman, L. A., Schilke, P., et al. 2006, A&A, 454, .13

Habing, H. J. 1996, A&A Rev., 7, 97

Herwig, F. 2005, ARA&A, 43, 435

Hofner, S., & Olofsson, H. 2018, A&A Rev., 26, 1

Karakas, A. I. 2016, Mem. Soc. Astron. Italiana, 87, 229

Karakas, A. 1., & Lugaro, M. 2016, ApJ, 825, 26

Kwok, S. 2024, Galaxies, 12, 39

Mahieu, S., Maier, D., Lazareff, B., et al. 2012, IEEE Trans. Terahertz Sci.
Technol., 2, 29

Mainzer, A., Bauer, J., Grav, T., et al. 2011, ApJ, 731, 53

Mainzer, A., Bauer, J., Cutri, R. M., et al. 2014, ApJ, 792, 30

McMullin, J. P, Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, ASP
Conf. Ser., 376, 127

Meledin, D., Lapkin, I., Fredrixon, M., et al. 2022, A&A, 668, A2

Minniti, D., Lucas, P. W., Emerson, J. P., et al. 2010, New A, 15, 433

Moffat, A. F. J. 1969, A&A, 3, 455

Nishiyama, S., Tamura, M., Hatano, H., et al. 2009, AplJ, 696, 1407

Ochsenbein, F., Bauer, P., & Marcout, J. 2000, A&AS, 143, 23

Olofsson, H., Khouri, T., Sargent, B. A., et al. 2022, A&A, 665, A82

Ramstedt, S., Schdier, F. L., & Olofsson, H. 2009, A&A, 499, 515

Ramstedt, S., Vlemmings, W. H. T., Doan, L., et al. 2020, A&A, 640, A133

Saberi, M., Olofsson, H., Vlemmings, W. H. T, et al. 2020, A&A, 638, A99

Scicluna, P., Kemper, F., McDonald, L, et al. 2022, MNRAS, 512, 1091

Sevenster, M. N., Chapman, J. M., Habing, H. J., Killeen, N. E. B., & Lindqvist,
M. 1997, A&AS, 122,79

Sjouwerman, L. O., van Langevelde, H. J., Winnberg, A., & Habing, H. J. 1998,
A&AS, 128, 35

Tsukui, T., Iguchi, S., Mitsuhashi, I., & Tadaki, K. 2023, J. Astron. Teles.
Instrum. Syst., 9, 018001

van der Veen, W. E. C. J., & Habing, H. J. 1990, A&A, 231, 404

Villaume, A., Conroy, C., & Johnson, B. D. 2015, ApJ, 806, 82

Wallstrom, S. H. J., Scicluna, P., Srinivasan, S., et al. 2025, A&A, 704, A276

Wood, P. R., Habing, H. J., & McGregor, P. J. 1998, A&A, 336, 925

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Xue, M., Jiang, B. W., Gao, J., et al. 2016, ApJS, 224, 23

Zhukovska, S., Henning, T., & Dobbs, C. 2018, ApJ, 857, 94


http://linker.aanda.org/10.1051/0004-6361/202660330/1
http://linker.aanda.org/10.1051/0004-6361/202660330/2
http://linker.aanda.org/10.1051/0004-6361/202660330/3
http://linker.aanda.org/10.1051/0004-6361/202660330/4
http://linker.aanda.org/10.1051/0004-6361/202660330/5
http://linker.aanda.org/10.1051/0004-6361/202660330/6
http://linker.aanda.org/10.1051/0004-6361/202660330/7
http://linker.aanda.org/10.1051/0004-6361/202660330/7
http://linker.aanda.org/10.1051/0004-6361/202660330/8
http://linker.aanda.org/10.1051/0004-6361/202660330/9
http://linker.aanda.org/10.1051/0004-6361/202660330/10
http://linker.aanda.org/10.1051/0004-6361/202660330/11
http://linker.aanda.org/10.1051/0004-6361/202660330/12
http://linker.aanda.org/10.1051/0004-6361/202660330/13
http://linker.aanda.org/10.1051/0004-6361/202660330/14
http://linker.aanda.org/10.1051/0004-6361/202660330/15
http://linker.aanda.org/10.1051/0004-6361/202660330/16
http://linker.aanda.org/10.1051/0004-6361/202660330/17
http://linker.aanda.org/10.1051/0004-6361/202660330/18
http://linker.aanda.org/10.1051/0004-6361/202660330/19
http://linker.aanda.org/10.1051/0004-6361/202660330/20
http://linker.aanda.org/10.1051/0004-6361/202660330/21
http://linker.aanda.org/10.1051/0004-6361/202660330/22
http://linker.aanda.org/10.1051/0004-6361/202660330/23
http://linker.aanda.org/10.1051/0004-6361/202660330/23
http://linker.aanda.org/10.1051/0004-6361/202660330/24
http://linker.aanda.org/10.1051/0004-6361/202660330/25
http://linker.aanda.org/10.1051/0004-6361/202660330/26
http://linker.aanda.org/10.1051/0004-6361/202660330/26
http://linker.aanda.org/10.1051/0004-6361/202660330/27
http://linker.aanda.org/10.1051/0004-6361/202660330/28
http://linker.aanda.org/10.1051/0004-6361/202660330/29
http://linker.aanda.org/10.1051/0004-6361/202660330/30
http://linker.aanda.org/10.1051/0004-6361/202660330/31
http://linker.aanda.org/10.1051/0004-6361/202660330/32
http://linker.aanda.org/10.1051/0004-6361/202660330/33
http://linker.aanda.org/10.1051/0004-6361/202660330/34
http://linker.aanda.org/10.1051/0004-6361/202660330/35
http://linker.aanda.org/10.1051/0004-6361/202660330/36
http://linker.aanda.org/10.1051/0004-6361/202660330/37
http://linker.aanda.org/10.1051/0004-6361/202660330/38
http://linker.aanda.org/10.1051/0004-6361/202660330/39
http://linker.aanda.org/10.1051/0004-6361/202660330/39
http://linker.aanda.org/10.1051/0004-6361/202660330/40
http://linker.aanda.org/10.1051/0004-6361/202660330/41
http://linker.aanda.org/10.1051/0004-6361/202660330/42
http://linker.aanda.org/10.1051/0004-6361/202660330/43
http://linker.aanda.org/10.1051/0004-6361/202660330/44
http://linker.aanda.org/10.1051/0004-6361/202660330/45
http://linker.aanda.org/10.1051/0004-6361/202660330/46

Olofsson, H., et al.: A&A, 710, A390 (2026)

Appendix A: Sample

Table A.1: Sample.

Object ¢ (J2000)° 5(J2000)”  Category
[h:m:s] [°:":"]
OH357.092-0.362 17:39:57.49  -31:35:57.13 DSnP
OH357.149-1.009 17:42:41.01 -31:53:37.50 SSP
OH357.180—0.521 17:40:48.55 -31:36:34.73 DSnP
OH357.474+0.367 17:38:01.59 -30:53:17.66 DCnP
OH357.638+1.890 17:32:29.63  -29:55:37.16 SSP
OH357.675-0.060 17:40:12.68 -30:56:43.42 SSP
OH357.749+0.320 17:38:53.64 -30:40:48.45 DSnP
OH357.819+1.990 17:32:33.87 -29:43:13.73 SSP
OH357.980+0.826 17:37:28.98  -30:12:51.88 DCnP
OH358.039-1.684 17:47:34.35 -31:29:09.85 DCnP
OH358.052+1.304 17:35:48.21 -29:53:47.56 SSP
OH358.083+0.137 17:40:26.49  -30:29:39.01 DCnP
OH358.273-0.665 17:44:04.28 -30:45:22.08 SSP
OH358.425-0.175 17:42:30.51 -30:22:07.83 SSP
OH358.505+0.330 17:40:43.37 -30:02:04.72 DCnP
OH358.522-1.061 17:46:14.96  -30:45:00.74 SSP
OH358.720-0.620 17:44:58.91 -30:21:06.64 SSP
OH359.011-0.116 17:43:42.00 -29:50:21.94 SSP
OH359.033+1.938 17:35:46.58 -28:43:45.25 SSnP
OH359.117-0.169 17:44:09.85 -29:46:40.06 SSP
OH359.140+1.137 17:39:07.70  -29:04:02.97 DSnP
OH359.147+1.023 17:39:35.30 -29:07:24.43 SSP
OH359.161-0.055 17:43:49.53  -29:40:46.00 SSP
OH359.201+0.285 17:42:35.49 —29:28:03.59 SSnP
OH359.220+0.163 17:43:06.75 -29:30:56.94 DCnP
OH359.233-1.876 17:51:12.13  -30:33:40.48 DSnP
OH359.360+0.084 17:43:45.47 -29:26:17.41 SSnP
OH359.380-1.201 17:48:51.85 -30:05:18.96 DCnP
OH359.467+1.029 17:40:20.33 -28:50:55.36 SSP
OH359.486-2.942 17:56:04.40 -30:52:57.17 SSP
OH359.500+2.776 17:33:43.27 -27:53:01.03 SSP
OH359.543-1.775 17:51:32.08 -30:14:36.33 DCnP
OH359.564+1.287 17:39:34.80 -28:37:46.26 SSP
OH359.581-0.240¢ 17:45:33.48 -29:25:07.38 DCnP
OH359.632-0.431 17:46:25.94 -29:28:28.50 SSP
OH359.664+0.636 17:42:20.47 -28:53:21.42 SSP
OH359.731+1.260 17:40:05.30 -28:30:07.39 SSP
OH359.745-0.404 17:46:35.66 -29:21:51.50 SSP
OH359.750+2.629 17:34:53.29  -27:45:11.68 DCnP
OH359.783-0.391 17:46:38.12  -29:19:30.96 SSP
OH000.000+0.352 17:44:14.95 -28:45:06.35 SSP
OHO000.024-0.874 17:49:06.23 -29:22:04.95 SSP
OHO000.071-0.205 17:46:35.32 -28:58:57.32 SSP
OHO000.072-2.044 17:53:50.70  -29:55:28.55 DCnP
OHO000.190+0.036 17:45:55.82 —28:45:18.84 SSP
OHO000.260+1.027 17:42:15.58 -28:10:35.95 DSnP
OHO000.313+1.674 17:39:53.90 -27:47:25.00 SSP
OHO000.319-0.041 17:46:32.13 -28:41:04.49 DSnP
OHO000.333-0.181 17:47:06.96 -28:44:42.58 DSnP
OHO000.453-1.216 17:51:27.29  -29:10:32.72 DSnP
OHO000.484-0.167 17:47:25.05 -28:36:34.01 SSP
OHO000.517+0.050 17:46:39.03 -28:28:06.74 SSP
OHO000.621-0.661 17:49:40.20 -28:44:46.57 SSP
OHO000.667—-0.035¢  17:47:20.19  -28:23:06.49 —
OHO000.689+2.140 17:39:00.95 -27:13:24.06 SSP
OHO000.729+0.451 17:45:35.67 -28:04:45.30 SSnP
OHO000.810-1.959 17:55:13.28 -29:14:40.30 SSP
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Table A.1: Continued.

Source ¢ (J2000)” 5(J2000)®  Category
[h:m:s] [°:":"]
OHO000.814+0.179 17:46:51.06  -28:08:52.20 SSP
OHO001.072+0.365 17:46:44.32 -27:49:51.89 DCnP
OHO001.134-0.062¢  17:43:37.35 -27:13:08.89 —
OHO001.184-0.958 17:52:08.82  -28:24:57.02  SSP
OHO001.221+0.294 17:47:21.714  -27:44:23.88 SSP
OHO001.227+2.005 17:40:48.77 -26:50:19.60 SSP
OHO001.234+1.273 17:43:37.34  -27:13:09.28 SSnP
OHO001.484-0.061 17:49:20.89  -27:41:54.37 DSnP
OHO001.794+2.078 17:41:52.47 -26:19:11.57 DCnP
OHO001.803-0.047 17:50:01.93  -27:25:01.14 DCnP
OHO001.833-1.505 17:55:46.72 -28:07:56.80 SSP
OH002.014-2.100 17:58:31.65 -28:16:24.42 SSP
OH002.140-0.373 17:52:04.44  -27:17:39.51 SSP
OHO002.186—-1.660 17:57:11.43  -27:54:19.19 DCnP
OH002.286—1.801 17:57:58.27 -27:53:20.47 DCnP
OHO002.382+0.590  17:48:54.96 -26:35:34.45 SSP
OHO002.640-0.191 17:52:30.79  -26:46:17.49 DCnP
OHO002.642+0.197¢  17:51:01.48 —26:34:19.11 -
OHO002.721-1.065 17:56:04.68 -27:08:35.53 SSnP
OHO002.726—-0.352  17:53:19.82 -26:46:45.12 SSnP

Notes.  Source names are taken from Sevenster et al. (1997). ® Coordinates determined from '2CO(3-2) data. ® Coordinates determined from
338 GHz continuum. ¢ No detection in CO nor in continuum, and coordinates taken from infrared data.

4°

Galactic latitude

Galactic longitude

Fig. A.1: Positions of the sample objects marked as red stars on a 2CO(J = 1-0) map (Dame et al. 2001).

Appendix B: Discussion of some individual objects

Despite the filtering capacity of the interferometer, i.e. extended
emission is resolved out and leaves no trace in the data, we
have problems with contamination from non-circumstellar CO
line emission in many cases. About 20 % of the objects show
extended structures, often with low surface brightness, that can
possibly be attributed to interaction between circumstellar and
interstellar CO gas (CSM/ISM). Another about 10% of the
objects show clear presence of interstellar CO line emission in
the velocity range of the circumstellar emission. As explained
in Sect. 3.1, we refrained from using baseline-removal in most
cases, and the data are handled in a way that minimizes the
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effects of any non-circumstellar emission as far as possible
(see Sect. 5.2). Below we comment on those objects where the
presence of interstellar CO line emission, often in the form of
CSM/ISM, complicates the extraction of reliable data.
OH357.474+0.367: A strong bow-shock-like feature = 1”5 from
the object towards the south-west is most likely due to
CSM/ISM. This affects the line intensities significantly when
using increasingly larger apertures for extracting the spectra.
OH357.749+0.320: A weak arc-like feature ~ 1”2 from the object
towards the east is most likely due to CSM/ISM. This affects
the line intensities significantly when using increasingly larger
apertures for extracting the spectra.
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OH357.980+0.826: 12CO 1-0 and 21 affected by a narrow dip
at the line centres. Most likely, extended CO line emission at this
velocity leads to a significant loss of flux.

OH358.083+0.137: 12CO lines affected by weak, narrow dip at
the line centres. Most likely, extended CO line emission at this
velocity leads to a significant loss of flux.

OH358.273-0.665: A weak arc-like feature =~ 1”5 from the
object towards the south is most likely due to CSM/ISM. This
affects the line intensities when using increasingly larger aper-
tures for extracting the spectra.

OH358.425-0.175: A weak arc-like feature =~ 1”7 from the object
towards the north-west is most likely due to CSM/ISM. Strong,
narrow dip at the centre of the '>CO line profiles ('*CO line
data less affected). Most likely, extended CO line emission at
this velocity leads to a significant loss of flux.
OH358.505+0.330: Strong and relatively broad dip at the centre
of the '2CO line profiles. Most likely, extended CO line emission
at this velocity leads to a significant loss of flux.
OH358.522-1.061: A weak arc-like feature ~ 1”5 from the object
towards the south-east is most likely due to CSM/ISM. The line
profiles are only weakly affected by this.

OH359.011-0.116: A strong bow-shock-like feature ~ (V7 from
the object towards the south-west is most likely due to
CSM/ISM. This severely affects the line intensities when using
increasingly larger apertures for extracting the spectra.
OH359.117-0.169: A weak arc-like feature ~ 1”5 from the object
towards the south is most likely due to CSM/ISM. The line
profiles are only weakly affected by this.

OH359.161-0.055: The >CO data are severely affected by inter-
stellar CO line emission, and 3" uvcut data are used in this
case.

OH359.220+0.163: An arc-like feature ~2” from the object
towards the west is most likely due to CSM/ISM. The line
profiles are strongly affected by this and interstellar CO line
emission when using increasingly larger apertures for extracting
the spectra.

OH359.360+0.084: A bow-shock-like feature ~ (/7 from the
object towards the south-west is most likely due to CSM/ISM.
The line profiles, in particular those of '2CO, are severely
affected by interstellar CO line emission. The '*CO line profiles
are only weakly affected by this.

OHO000.071-0.205: Features ~ 1" — 2" from the object towards
the north-west may be due to CSM/ISM. The line profiles are
affected by this when using increasingly larger apertures for
extracting the spectra.

OHO000.190+0.036: A strong bow-shock-like feature ~ 0’8 from
the object towards the south-south-west is most likely due to
CSM/ISM. This severely affects the line intensities when using
increasingly larger apertures for extracting the spectra.
OHO000.319-0.041: A weak shell-like feature ~ 176 from the
object is most likely due to CSM/ISM. The '>CO line profiles
are severely affected by this and additional interstellar CO line
emission despite using the 3" uvcut data in this case. The '3CO
line profiles are much less affected.

OHO000.333-0.181: Several arc-like features within ~ 1”5 of the
object are most likely due to CSM/ISM. This severely affects
the line intensities when using increasingly larger apertures for
extracting the spectra.

OHO000.484-0.167: A weak feature ~ 1”” from the object towards
the west may be due to CSM/ISM. The blue-shifted sides of the
line profiles are affected by interstellar CO line emission.
OHO000.517+0.050: An eye-like feature centred on the object
(=4”%3") is most likely due to CSM/ISM. The line profiles
are severely affected by this and additional interstellar CO line
emission.
OHO000.729+0.451: Possibly a weak bow-shock-like feature
~ (0’3 from the object towards the north-west can be due to
CSM/ISM. The line profiles are strongly affected when using
increasingly larger apertures for extracting the spectra.
OHO000.814+0.179: The data are severely affected by interstellar
CO line emission.
OHO001.072+0.365: Possibly a weak bow-shock-like feature
~2!5 from the object towards the west that can be due to
CSM/ISM. The line profiles are strongly affected when using
increasingly larger apertures for extracting the spectra.
OH001.803-0.047: The '>CO data are affected by interstellar CO
line emission.
OHO001.2214+0.294: A very weak shell-like feature ~ 2" from the
object is most likely due to CSM/ISM. The line profiles are
strongly affected when using increasingly larger apertures for
extracting the spectra.
OHO002.140-0.373: The line profiles are affected when using
increasingly larger apertures for extracting the spectra.
OHO002.726-0.352: Features ~ (0’5 — 1’5 from the object towards
the south-west may be due to CSM/ISM. This severely affects
the line intensities when using increasingly larger apertures for
extracting the spectra.

Finally, we comment on the three objects with no detections
of circumstellar CO lines or continuum.
OHO000.667-0.035: There is strong continuum and interstel-
lar CO line emission in the vicinity of this object making it
impossible to detect any circumstellar emission at the expected
strengths.
OHO001.134-0.062: There is interstellar CO line emission in the
velocity range where the circumstellar CO line emission is
expected to be, and there is no compact emission at the expected
position of the object. This is somewhat surprising considering
that the object falls in our category of large-amplitude, regular
pulsators with a period of 500¢ (see Sect. 4.3).
OHO002.642+0.197: There is no apparent interstellar CO line
emission in the vicinity of this object. There are weak '>CO
2-1 and 3-2 lines at +26 km s~ with widths of about 16 kms~'.
The centre velocity is slightly higher than the systemic velocity,
+20km ™!, and the width lower than that, 28 kms™!, expected
from the OH 1612MHz data. The '*CO 2-1 and 3-2 lines
show features more in accordance with the expected, a systemic
velocity of about +19 kms™' and an inferred expansion veloc-
ity of 15 kms~!. However, these lines are almost as strong as
the corresponding possible '>CO lines, making a detection, at
most, tentative. This is a large-amplitude pulsator with a long
period, about 15209 (see Sect. 4.3), so a detection of (strong)
circumstellar CO line emission was expected.

Appendix C: ALMA CO line data
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Appendix D: APEX CO line data

Olofsson, H., et al.: A&A, 710, A390 (2026)

Table D.1: APEX CO line intensities.

Object S/I Comment
Uyl/Jykms™']
12CO 13CO

2-1 3-2 4-3 2-1 3-2
OH357.819+1.990 1.5 /42 1.5 /33 19 / 50 <0.2/<4.8 0.40/12
OH358.052+1.304 1.1 /21 1.3 /24 0.88/ 18 025/ 6.3 <0.14/<4.3
OH359.033+1.938 0.60/ 14 0.58/14 0.64/ 12 0.14/ 3.3 022/ 5.0
OH359.147+1.023 1.2 /29 1.4 /37 1.0 / 28 0.14/ 4.6 0.11/ 4.7
OH359.380-1.201 1.4 /44 2.4 /88 32 /134 0.35/14 0.90/32
OH359.486-2.942 0.49/11 0.72/18 0.49/ 16 0.14/ 3.4 0.18/ 3.2
OH359.500+2.776  0.56/17 0.83/20 0.54/ 18 0.11/ 3.3 <0.25/<3.2
OH359.750+2.629 2.84/53 43 /82 74 /134 0.74/17 1.4 /36
OH359.783-0.391 0.32/ 6.7 - - 0.05/ 1.4 -
OHO000.072-2.044 0.39/ 9.1 - - 0.07/ 2.0 -
OHO000.313+1.674  0.39/ 3.3 - - <0.05/<1.6 -
OHO000.333-0.181 2.1 /34 6.1 /94 9.8 /150 0.56/11 1.2 /23 ISM CO line contribution
OHO000.689+2.140 0.60/11 0.76/17 1.0 / 24 0.18/ 3.9 0.25/ 6.5
OHO000.729+0.451 0.46/ 4.6 - - <0.07/<2.1 -
OHO000.810-1.959 0.35/12 0.79/22 0.88/ 22 011/ 2.7 <0.20/<3.2
OHO001.184-0.958 1.4 /17 26 /27 3.1 / 31 0.14/ 3.1 0.58/ 4.7  ISM CO line contribution
OHO001.221+0.294 2.6 /64 5.0 /90 - 0.28/ 8.1 0.50/ 9.0 ISM CO line contribution
OHO001.227+2.005 0.67/10 0.97/16 - 021/ 4.2 0.29/ 6.5
OHO001.234+1.273  0.74/13 0.86/16 1.0 / 13 0.14/ 3.5 011/ 3.6
OHO001.484-0.061  0.53/11 - - <0.05/<1.6 -
OHO001.794+2.078 1.4 /36 2.2 /53 - 0.32/11 0.61/16
OHO002.286-1.801 1.2 /30 - — 0.35/11 -

Appendix E: Photometric variability results

Table E.1: Results of the variability analysis.

Object Px Opg Ak O Ag Pl op; Al T Al P2 op A2 T A2 Padopted 4 Variability b
[d] [d] [mag] [mag] [d] [d] [mag] [mag] [d] [d] [mag] [mag)] [d] type
OH357.092-0.362 nP
OH357.149-1.009 468 2.7 0.86 008 492 1.7 047 004 489 21 0.66 0.06 486 LAP
OH357.180-0.521 nP
OH357.474+0.367 nP
OH357.638+1.890 485 6.7 0.43 0.06 517 17 058 0.04 477 32 036 0.09 507 LAP
OH357.675-0.060 604 15.0 0.28 0.11 612 13 041 0.01 610 24 058 0.04 612 LAP
OH357.749+0.320 nP
OH357.819+1.990 658 4.7 0.68 0.06 614 46 055 0.09 602 73 072 0.15 630 LAP
OH357.980+0.826 nP
OH358.039-1.684 nP
OH358.052+1.304 668 12.5 0.12 0.01 730 2.7 095 006 732 38 0.88 0.07 729 LAP
OH358.083+0.137 nP
OH358.273-0.665 530 2.0 074 003 523 2.7 050 002 522 0.8 0.69 0.02 523 LAP
OH358.425-0.175 1424 557 0.01 0.01 1867 32.3 0.54 0.10 1843 31.5 1.01 0.14 1854 LAP
OH358.505+0.330 nP
OH358.522-1.061 513 3.9 095 0.14 514 23 0.87 0.12 514 2.8 070 0.04 514 LAP
OH358.720-0.620 726 20.6 0.26 007 723 41 084 007 729 43 096 0.08 726 LAP
OH359.011-0.116 696 31 072 003 662 52 0.66 0.09 687 LAP
OH359.033+1.938 nP
OH359.117-0.169 963 5.7 115 007 965 47 0.84 007 983 57 0.85 0.06 970 LAP
OH359.140+1.137 nP
OH359.147+1.023 793 40.2 0.17 0.06 825 54 0.83 0.08 828 7.6 044 0.06 826 LAP
OH359.161-0.055 692 52 085 007 770 31 061 004 742 48 0.78 0.09 748 LAP
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Table E.1: Continued.

Object Px Opg Ak O Ax P1 op Al TAl P2 op, A2 TA2 Padopted ¢ Variability b
[d] [d] [mag] [mag] [d] [d] [mag] [mag] [d] [d] [mag] [mag)] [d] type
OH359.201+0.285 nP
OH359.220+0.163 677 82.8 0.01 0.03 nP
OH359.233-1.876 nP
OH359.360+0.084 513 34 0.28 0.05 nP
OH359.380-1.201 nP
OH359.467+1.029 605 2.8 1.03 0.04 603 14 0.89 0.06 607 34 0.73 0.06 604 LAP
OH359.486-2.942 689 114 0.71 0.02 632 25 112 005 634 71 096 0.07 635 LAP
OH359.500+2.776 852 85 115 0.07 835 63 101 013 827 5.0 076 0.08 834 LAP
OH359.543-1.775 nP
OH359.564+1.287 686 54 0.54 0.03 686 5.0 0.58 0.07 686 LAP
OH359.581-0.240 ned
OH359.632-0.431 636 3.2 091 001 654 31 0.83 007 650 2.2 086 0.03 648 LAP
OH359.664+0.636 535 34 055 0.06 575 41 041 0.06 551 LAP
OH359.731+1.260 481 1.6 029 0.01 473 24 039 0.07 479 LAP
OH359.745-0.404 733 3.8 0.79 001 748 55 0.63 0.06 749 6.1 0.75 0.09 740 LAP
OH359.750+2.629 nP
OH359.783-0.391 594 71 035 0.01 587 42 0.79 0.07 591 49 081 0.13 590 LAP
OHO000.000+0.352 460 4.2 0.64 006 461 3.6 0.62 0.06 461 LAP
OHO000.024-0.874 493 6.8 0.33 0.04 475 6.8 023 0.06 478 6.6 030 0.09 482: LAP:
OHO000.071-0.205 718 36.5 0.09 0.03 800 11.2 0.48 0.09 781 3.0 0.86 0.07 782 LAP
OHO000.072-2.044 nP
OHO000.190+0.036 539 2.5 103 0.03 548 3.6 0.77 0.08 569 29 086 0.07 551 LAP
OHO000.260+1.027 nP
OHO000.313+1.674 487 8.8 0.39 0.15 478 17 0.68 0.05 474 2.8 049 0.08 477 LAP
OHO000.319-0.041 nP
OHO000.333-0.181 nP
OHO000.453-1.216 nP
OHO000.484-0.167 563 2.1 035 0.03 562 35 050 0.08 563 LAP
OHO000.517+0.050 808 2.8 0.73 0.05 808 LAP
OHO000.621-0.661 764 4.4 0.80 0.06 734 79 0.78 0.11 723 274 0.84 0.27 756 LAP
OHO000.667-0.035 nP
OHO000.689+2.140 550 24 0.87 0.03 561 32 071 005 562 1.6 059 0.03 559 LAP
OHO000.729+0.451 645 46.0 0.03 0.01 nP
OHO000.810-1.959 673 22 125 0.04 677 57 095 008 674 49 096 0.10 674 LAP
OHO000.814+0.179 617 2.7 136 0.05 604 36 0.83 006 614 55 070 0.14 613 LAP
OHO001.072+0.365 nP
OHO001.134-0.062 507 4.5 0.53 0.07 49 19 031 0.02 500 0.8 055 0.01 500 LAP
OHO001.184-0.958 488 2.0 0.88 0.07 492 155 040 0.35 488 LAP
OHO001.221+0.294 699 2.5 129 0.04 713 32 0.68 0.08 739 235 0.28 0.18 705 LAP
OHO001.227+2.005 551 28.8 0.11 0.03 572 54 110 0.09 571 18 0.73 0.06 571 LAP
OHO001.234+1.273 nP
OHO001.484-0.061 nP
OHO001.794+2.078 441 16.5 0.05 0.04 nP
OHO001.803—-0.047 nP
OHO001.833-1.505 600 2.5 0.74 0.07 597 3.7 0.72 0.09 599 LAP
OH002.014-2.100 355 11.2 041 012 336 39 053 0.20 338 LAP
OHO002.140-0.373 565 10.8 092 0.2 557 5.6 073 0.12 559 LAP
OHO002.186—-1.660 nP
OH002.286—-1.801 nP
OHO002.382+0.590 542 282 022 0.3 543 81 051 011 545 10.6 0.52 0.19 544: LAP:
OHO002.640—-0.191 nP
OHO002.642+0.197 1423 19.5 157 0.1 1532 49 106 0.03 1510 9.7 1.04 0.05 1523 LAP
OHO002.721-1.065 nP
OHO002.726-0.352 nP

Notes. Period with error, and amplitude with error in the K (2.15 um; columns 2, 3, 4, 6), W1 (3.4 pm; columns 6, 7, 8, 9), and W2 (4.6 pm;
columns 10, 11, 12, 13) bands.  The weighted average of the estimated periods. ’ LAP = large-amplitude, regular variability (see text for details),
LAP: = regular variability not fully established, nP = enough data to conclude that the object has no regular variability, ned = not enough data.
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