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A B S T R A C T 

We analyse continuum and molecular emission, observed with Atacama Large Millimetre/submillimetre Array, from the dust- 
enshrouded intermediate-mass asymptotic giant branch (AGB) star OH 30.1 −0.7. We find a secondary peak in the continuum 

maps, ‘feature B’, separated by 4.6 arcsec from the A GB star , which corresponds to a projected separation of 1 . 8 × 10 

4 au, 
placing a lower limit on the physical separation. This feature is most likely composed of cold dust and is likely to be ejecta 
associated with the A GB star , though we cannot rule out that it is a background object. The molecular emission we detect 
includes lines of CO, SiS, CS, SO 2 , NS, NaCl, and KCl. We find that the NS emission is off centre and arranged along an axis 
perpendicular to the direction of feature B, indicative of a UV-emitting binary companion (e.g. a G-type main sequence star or 
hotter), perhaps on an eccentric orbit, contributing to its formation. Ho we ver, the NaCl and KCl emission constrain the nature of 
that companion to not be hotter than a late B-type main-sequence star. We find relatively warm emission arising from the inner 
wind and detect several vibrationally excited lines of SiS ( � = 1), NaCl (up to � = 4), and KCl (up to � = 2), and emission from 

lo w-energy le vels in the mid to outer envelope, as traced by SO 2 . The CO emission is abruptly truncated around 3.5 arcsec or 
14 000 au from the continuum peak, suggesting that mass loss at a high rate may have commenced as little as 2800 yr ago. 

Key words: stars: AGB and post-AGB – circumstellar matter – stars: individual: OH 30.1 −0.7. 
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 I N T RO D U C T I O N  

he asymptotic giant branch (AGB) phase is a late evolutionary
tage that low- and intermediate-mass stars (with initial masses
 . 8 M � � M i � 8 M �) pass through towards the end of their lives.
uring this phase, the stars eject a significant amount of material

hrough a stellar wind, with mass-loss rates in the range ∼ 10 −8 to
0 −4 M �yr −1 . Some lower mass stars, with initial masses ∼ 1 . 5 to
 M �, are expected to end their lives as carbon stars, after dredging
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p newly synthesized carbon from their interiors to their surfaces
Herwig 2005 ; Karakas & Lattanzio 2014 ). Intermediate-mass stars,
ith initial masses in the range ∼ 4 to 8 M �, are not expected to end

heir lives as carbon stars (Herwig 2005 ; Karakas & Lattanzio 2014 ;
entura et al. 2018 ; Marigo et al. 2020 ) because they are massive
nough to initiate hot bottom burning (HBB), a phenomenon where
he star’s conv ectiv e env elope penetrates the hydrogen-burning shell
nd enables additional (proton-capture) nucleosynthesis processes
Karakas & Lattanzio 2014 ). In particular, HBB destroys 12 C and
8 O . The destruction of 12 C prevents the formation of carbon stars
nd results in low 

12 C / 13 C ratios, and the destruction of 18 O results
n very large 17 O / 18 O ratios, allowing us to observationally identify
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tars in which HBB has taken place (Justtanont et al. 2015 ). We also
ote that the precise mass ranges of stars that become carbon stars or
hich undergo HBB depends on their initial metallicity and on some 
umerical details of the models (such as the treatment of convection 
nd mass-loss rates, Karakas & Lugaro 2016 ). The numbers given 
ere are for solar metallicity. 
A small sample of stars have been shown to have intermediate 

nitial masses based on the pre v alence of H 2 
17 O emission and the

bsence of H 2 
18 O emission in Herschel observations (Justtanont 

t al. 2015 ). Some of these stars have also been found to have low
2 C / 13 C ratios (e.g. Delfosse, Kahane & F orv eille 1997 ), pro viding
urther evidence for HBB. These intermediate-mass stars have all 
reviously been found to have high mass-loss rates, though the 
recise values of the mass-loss rates have been the subject of much
ebate since different values are found using different methods (see 
.g. Heske et al. 1990 ; Justtanont et al. 2006 ). Sev eral e xplanations
ave been put forward to explain these discrepant results, including 
he concept of a ‘superwind’: a recently initiated period of enhanced 

ass loss (Heske et al. 1990 ; Delfosse et al. 1997 ; Justtanont et al.
013 ). This scenario could explain the relatively high mass-loss 
ates obtained from spectral energy distributions (SEDs) and dust 
odelling, thought to represent the more recent mass loss, while the 

ower mass-loss rates from CO are thought to be the remnant of an
arlier period of lower mass loss. 

Thus far, no studies of the circumstellar chemistry of confirmed 
ntermediate-mass AGB stars have been presented. In this work, we 
ocus on the intermediate-mass AGB star OH 30.1 −0.7, thought to 
av e a v ery high mass-loss rate ( > 10 −4 M �yr −1 based on SED
odelling, Justtanont et al. 2013 , 2015 ). This star has featured

n several other studies of extremely dusty stars based on various 
spatially unresolved) infrared and radio observations (Heske et al. 
990 ; Delfosse et al. 1997 ; Justtanont et al. 2006 ). Although several
revious studies have considered OH 30.1 −0.7 to have a superwind, 
ecin et al. ( 2019 ) argued for a binary scenario rather than a

uperwind. 
Atacama Large Millimetre/submillimetre Array (ALMA) obser- 

ations of CO around two intermediate-mass stars (OH 30.1 −0.7 and 
H 26.5 + 0.6) were presented by Decin et al. ( 2019 ) who attributed

tructures in their circumstellar envelopes (CSEs) to interactions 
ith binary companions. Decin et al. ( 2019 ) further argue that the

pparently high mass-loss rates could be explained by an equatorial 
ensity enhancement of gas and dust arising from gravitational 
haping by a companion. This would then change the apparent mass-
oss rate depending on the orientation of the system and the line of
ight through the CSE. Certainly some of the structures observed in 
he winds of both of these stars are similar to structures seen around
ther AGB stars that are also attributed to binary interactions (e.g. 
ernicharo et al. 2015 ; Kim et al. 2017 ; Decin et al. 2020 ). 
For AGB stars more generally, it has recently been shown that 

inary companions, especially solar-like stars emitting notable UV 

ux, can have an impact on circumstellar chemistry (Van de Sande &
illar 2022 ). Observational studies have found some molecular 

mission distributions that are best explained through the presence of 
 solar-type companion (Siebert et al. 2022 ; Coenegrachts et al. 2023 ;
anilovich et al. 2024 ). In particular, Danilovich et al. ( 2024 ) showed

hat asymmetric distributions of SiN, SiC, and NS could be attributed 
o a main-sequence companion on a highly eccentric orbit passing 
hrough the inner wind of W Aql every ∼ 1100 yr. Coenegrachts 
t al. ( 2023 ) found asymmetric clumps of NaCl emission forming an
pproximate spiral in the inner wind of the oxygen-rich AGB star IK
au, which they attributed to an unseen companion close to the AGB
tar. 
We present here a complete molecular inventory of the existing 
LMA data of OH 30.1 −0.7 (also known as V1362 Aql, IRAS
8460 −0254, and AFGL 5535), where previously only CO observa- 
ions were published. In Section 2 , we describe our re-reduction of the
LMA data, present the continuum, and describe our analysis of the
olecular lines. In Section 3 , we present the detected molecular lines

nd discuss the implications of these results in Section 4 , in particular
ow these observations support the presence of a companion star. We
ummarize our conclusions in Section 5 . 

 OBSERVATI ONS  

H 30.1 −0.7 was observed with two ALMA receivers, Bands 3
nd 6, in 2016 and 2017, as part of project 2016.1.00005.S. The
requency ranges, restoring beams, observation dates, and ALMA 

onfigurations are given for each tuning in Table A1 . The Band
 data were observed with a single ALMA configuration (angular 
esolution ∼ 1 . 3 arcsec ), whereas the Band 6 data were observed
ith two antenna configurations and, for convenience, we refer to 

hese as the extended (angular resolution ∼ 0 . 3 arcsec ) and compact
angular resolution ∼ 1 . 5 arcsec ) configurations. The Band 3 data
ere observed with velocity resolutions of 2.6 to 2.9 km s −1 (1 MHz)

nd the Band 6 data were observed with a velocity resolution around
.5 km s −1 (2 MHz). More precise velocity and frequency resolutions
re noted in Table A1 for each tuning. At the time of the ALMA
bservations, the star was close to minimum light (phase φ ∼ 0 . 45)
n its variability cycle. 

.1 Data reduction 

.1.1 Imaging 

ather than using the data products from the standard ALMA 

ipeline, we performed an additional self-calibration for OH 

0.1 −0.7. First we downloaded the standard ALMA data products 
or project 2016.1.00005.S from the ALMA Science Archive (Stoehr 
t al. 2017 ) and reconstituted the calibrated measurement sets for
ach array configuration and spectral tuning. We mainly followed 
he data processing steps as listed in section 3.2.1 of Gottlieb et al.
 2022 ) for the AT OMIUM Lar ge Programme (ALMA Tracing the
rigins of Molecules formIng dUst in oxygen-rich M-type stars). In 

ummary, we split out each spectral window of the calibrated target
ata, adjusting the frequencies to constant velocity with respect to the
ocal standard of rest ( υLSR ) in the target direction. We identified the
ine-free channels by inspection of the visibility spectra and (where 
vailable) the archive example image cubes. We made continuum- 
nly images for each configuration and used these as a starting model
or self-calibration. Continuum subtracted image cubes were made 
or each spectral window as listed in Table A1 . The Band 6 data for
H 30.1 −0.7 were observed in two configurations with equi v alent

pectral tunings, and these were combined as described in section 
.2.3 of Gottlieb et al. ( 2022 ) to make combined continuum images
nd combined spectral cubes. 

The details of the various continuum images we made are given in
able A2 . These include continua for each individual configuration, 

he combined images created using different weightings, and an 
dditional Band 3 image created with the same beam parameters 
s the compact Band 6 continuum image, to allow for a more direct
omparison, as discussed below. In all imaging, Briggs weighting 
Briggs, Schwab & Sramek 1999 ) was used with robust 0.5 to
nterpolate across unsampled regions of the visibility plane, giving 

ore weight to cells closer to measured samples. In combining 
MNRAS 536, 684–713 (2025) 
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Table 1. Sky positions and key parameters of OH 30.1 −0.7. 

Right ascension Declination 

Observed position B6 18:48:41.91 −2:50:28.3 
Observed position B3 18:48:41.91 −2:50:28.3 

Band 6 extended a 18:48:41.94961 −2:50:28.9241 
Band 6 compact a 18:48:41.94932 −2:50:28.8653 
Band 3 a 18:48:41.95096 −2:50:28.8333 
Mean position b 18:48:41.9496 −2:50:28.921 

±1 . 3 mas ±7 . 8 mas 

Distance c 3900 ± 800 pc 
υLSR 

d 100 . 3 ± 1 . 2 km s −1 

Notes. a Astrometric positions in ICRS J2000 obtained from fits to the 
continuum peaks in this work. Uncertainties as described in Section 2.1.2 . 
b The weighted mean position, assuming negligible proper motion between 
epochs at the distance of OH 30.1 −0.7, with the associated uncertainty 
calculated from the standard deviation. c Distance calculated using the maser 
phase-lag method by Engels et al. ( 2015 ). d LSR velocity calculated in Section 
2.5 . 
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ata from extended and compact configurations, we gave both data
ets equal weight which gives a full resolution close to that of the
xtended configuration but with better sensitivity to large angular
cales. Ho we ver, the sampling of the visibility plane is sparsest for
he longest baselines, which can lead to slight artefacts. To mitigate
his, we applied a Gaussian taper to the visibility weights as a function
f projected baseline length to reduce the weight of data from the
ongest baselines. The FWHM (full width at half-maximum) of the
aper is selected to correspond to a slightly smaller angular resolution
han the desired synthesized beam. This gives a coarser resolution
ut reduces errors due to unsampled scales. The resulting beam sizes
nd tapers for the combined continuum data are given in Table A2 .
o taper was used for the line data and beam sizes for those cubes

re given in Table A1 . 

.1.2 Accuracy 

he factors contributing to absolute flux scale and astrometric
ccuracy are described in the ALMA Technical Handbook (Cortes
t al. 2023 ), as applied to similar data in section 3.2.2 of Gottlieb
t al. ( 2022 ). We matched the continuum flux densities on baselines
f similar length for the two Band 6 configurations to remo v e relativ e
ux errors to the level of the noise (see Table A2 ). The ALMA flux
cale in Band 6, for a single observation, is accurate to 5 per cent, or
p to ∼ 10 per cent for combined images, and somewhat better in
and 3. 
After fitting a 2D Gaussian component to a compact source,

he relative (stochastic) position error is proportional to the beam
ize divided by the signal-to-noise ratio (S/N). The constant of
roportionality is 0.5 for a well-filled array (Condon 1997 ), rising
or sparser uv co v erage such as ALMA at higher frequencies and
 more extended configuration. This gives stochastic errors for the
osition of the stellar peaks of ∼ 12, ∼ 7, and ∼ 1 mas, for Band
 and the Band 6 lower and higher resolutions, respectively (using
he values in Table A2 and constants of 0.5, 0.75, and 1). These
re rele v ant for relati ve separations e.g. from a putative companion.
he phase-reference source was J1851 + 0035, 3.5 arcsec from

he target. The main contribution to astrometric uncertainty is
rrors in transferring the phase reference solutions to the target
approximately [phase rms]/360 × beam). The phase rms on a point
ource was about 25 ◦, 15 ◦, and 10 ◦ at Band 3 and the Band 6
ompact and extended configurations, respectively. This leads to
strometric errors of approximately [beam size]/15, /25, and /35,
espectively. Using the mean beam sizes (Table A2 ), this corresponds
o astrometric errors of approximately 90, 60, and 10 mas for
and 3 and the Band 6 lower and higher resolutions, respectively.
his is in addition to S/N (stochastic) errors; other contributions
uch as antenna position errors are ne gligible e xcept at the highest
esolution, giving total astrometric errors for the continuum peaks
f about 91, 63, and 10 mas, respectively. The position of OH
0.1 −0.7 based on our observations, using a weighted mean and
aking these astrometric uncertainties into account, is given in
 able 1 . W e find that the measured positions are offset from the
bserving positions (also given in Table 1 ) by ∼ 0 . 6 arcsec in each
oordinate. 

.2 Continua 

n Fig. 1 , we plot the continuum images for each configuration,
nd the combined Band 6 continuum image. The central continuum
mission is resolved in the Band 6 images, and we detect some
NRAS 536, 684–713 (2025) 
xtended emission. The red crosses in Fig. 1 indicate the peaks
f the continuum emission, which we found through fitting a 2D
aussian to the extended configuration continua using the CASA

outine imfit . In the continuum plots (and all subsequent plots of
olecular emission), the data are normalized such that the continuum

eaks lie at (0,0). The precise location of this peak, in J2000
oordinates, is given in Table 1 as are the positions measured from
he other ALMA configurations. We find that the slight differences
etween positions are close to the predicted astrometric errors. 

Considering the combined Band 6 continuum emission, the 5 σ
ontour shows some ellipticity with a major axis running from
outheast to northwest and varying in extent from 0.57 to 0.73
rcsec. The 3 σ contour has a less regular shape, encompassing
ore faint emission with a greater extent of 1.06 arcsec to the

outheast and a minimum extent of 0.64 arcsec to the northwest.
hese measurements consider only regions of flux enclosing the
ontinuum peak and neglect isolated islands of emission. We use a
imilar method to measure extents (including the extents of molecular
mission) as that described in Danilovich et al. ( 2021 ) for angular
izes. Based on the distance of 3900 pc (Engels et al. 2015 ), these
ontinuum extents correspond to dust at projected separations of
200–4100 au from the continuum peak of OH 30.1 −0.7. Although
e mainly analysed the combined (equal weighting) continuum, we
nd essentially identical results when considering the continuum
rom the extended array only. 

.2.1 Secondary peak: feature B 

e detect a secondary peak to the north of the primary peak,
ith a certainty > 10 σ . This lies well beyond the extent of the

mission centred on the primary peak. As can be seen in Fig. 1 ,
here are some less intense regions of continuum emission (detected
t > 3 σ ) lying between the primary and secondary peaks, hinting
t a connection between them. To check whether the secondary
eak is truly associated with the A GB star , rather than being a
oincidental background or foreground source, we checked the
ndividual configuration data observed with Band 6 and the Band
 data. The secondary peak is clearly detected in data from both the
xtended and compact Band 6 configurations. Ho we ver, the Band 3
ontinuum for OH 30.1 −0.7 has a lower S/N ratio and we do not
etect the secondary peak. In Fig. A1 , we plot the Band 3 continuum



The salty emission of OH 30.1 −0.7 687 

Figure 1. Various continuum images for OH 30.1 −0.7, plotted using logarithmic flux scales. The configurations are given in the top-left corner of each image 
and refer to the Band 6 observations unless Band 3 is indicated. The contours indicate levels of 3 σ (thinnest white line), and 5 σ , 10 σ , 30 σ , and 100 σ (thicker 
white lines). The crosses at (0,0) indicate the position of the continuum peak; see Table 1 for the astrometric precision of the position. The beams are shown as 
white ellipses in the bottom-left corners. North is up and east is left. Additional details are given in Table A2 . 
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ext to the compact configuration Band 6 continuum, with the former
rocessed to have the same restoring beam as the Band 6 data. In
he compact Band 6 data, there appears to be a bridge connecting
he primary and secondary peaks, traces of which are seen in the
ombined and extended continuum data in Fig. 1 . This suggests an
ssociation between the two peaks. For simplicity, we will henceforth 
efer to the secondary continuum peak as ‘feature B’ and will assume
hat the AGB star coincides with the primary continuum peak. We 
nd the separation between the two peaks to be 4.6 arcsec. At a
istance of 3.9 kpc, this gives a projected separation of 1 . 8 × 10 4 

u (2 . 7 × 10 17 cm), corresponding to a lower limit on the physical
eparation. Feature B lies beyond the extent of the CO J = 2 − 1
nd J = 1 − 0 emission, as discussed in Section 4.3 . 

.2.2 Spectral indices 

ince we have observations from two different ALMA Bands for 
H 30.1 −0.7, we next calculate the spectral indices of the AGB

tar and feature B. This is done using the continuum images from
he compact Band 6 configuration and the Band 3 data processed 
o have the same beam as the compact Band 6 data (see Fig. A1
nd Table A2 ). The nominal centre frequencies for the Band 3 and
and 6 continua are 107.86 and 236.02 GHz, and the rms are 0.013
nd 0.042 mJy , respectively . The continuum peaks are 0.788 and
.26 mJy beam 

−1 . Allowing for the rms and a 7 per cent flux scale
ncertainty as applied to the target, per band, we find a spectral index
f 2 . 8 ± 0 . 3 for the AGB star. 
For feature B, the Band 6 flux is 0.46 mJy beam 

−1 and for Band 3,
he flux in the same region is 0.028 mJy beam 

−1 (i.e. < 3 σ ). Using
he Band 3 flux as an upper limit, this gives a lower limit on the
pectral index of > 3 . 6, even steeper than for the AGB star itself.
hese results are discussed in more detail in Section 4.3 . 

.3 Line identification 

he line identification was initially carried out by extracting spectra 
n circular apertures centred on the stellar continuum peak. Spectra 
ere extracted for apertures of different radii to ensure that lines

xcited in different parts of the CSE were not overlooked. For
 xample, compact lines, e xcited close to the star, are most easily
etected in spectra extracted for smaller apertures, whereas more 
xtended lines, especially those with shell-like emitting regions, are 
ore easily detected in larger extraction apertures, where the aperture 

ncompasses large fractions of their fluxes. In cases where the line
etection appeared marginal in the spectra, we constructed zeroth 
oment maps (integrated intensity maps) to check for emission. The 
MNRAS 536, 684–713 (2025) 



688 T. Danilovich et al. 

M

Figure 2. ALMA spectra of one tuning towards OH 30.1 −0.7, extracted for two apertures, as indicated in the top right of each subplot. The molecular carriers 
of various spectral lines are indicated at the top of each plot; see Table A3 for further details. The narrow feature at 230.6 GHz is interstellar CO contamination 
(see Section 2.4 ). 
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ines identified towards OH 30.1 −0.7 are listed in Table A3 . Lines
re included in our list of detections if they are seen at levels of

3 σ abo v e the noise in at least one of the spectra and/or the zeroth
oment map. Lines marked as tentative either fulfill only one of

hese criteria or are blended with another line. Zeroth moment maps
ere constructed to include all channels with emission > 3 σ in the

pectra plus an additional 1–2 channels on either side of the line. An
xception are the partially blended lines Na 37 Cl and 30 SiS at 227.560
nd 227.590 GHz, for which we carefully chose a minimal channel
etween the two peaks that was not then included in either zeroth
oment map, to a v oid cross-contamination. 
We used data from the Cologne Database of Molecular Spec-

roscopy (CDMS, M ̈uller et al. 2001 , 2005 ) to assign carriers to
etected lines. Once we had constructed our initial list of identified
ines, we checked which lines from each species were co v ered by
ur observations, including lines in vibrationally excited states. The
etailed results of these checks are given in Section 3 , but we note
ere that in some cases we identified additional lines in this manner
hat are blended with other, often brighter, lines. In those cases, we
ote the potentially blended lines in the notes columns of Table A3 . 
An example spectrum from the Band 6 data, plotted for two

xtraction apertures, is given in Fig. 2 with the identified lines
abelled. The remaining Band 6 spectra are shown in Fig. A2 and the
and 3 spectra are shown in Fig. A3 . 

.4 Interstellar contamination and resolved-out flux 

re vious observ ations of CO to wards OH 30.1 −0.7 have encountered
roblems with contamination by interstellar features, see for example
e Beck et al. ( 2010 ). In short, because this star is located in

he direction of a densely populated region of the galactic disc,
 larger telescope beam – such as one from a single antenna –
s prone to capture emission, especially of low-energy CO lines,
rom background or foreground sources along the line of sight,
NRAS 536, 684–713 (2025) 
n addition to the emission originating from the target AGB star.
he contaminating sources are commonly molecular clouds with

elati vely narro w lines, compared with the wide lines of AGB CSEs,
aking them easy to distinguish, though not necessarily easy to

isentangle from the AGB emission. In the particular case of OH
0.1 −0.7, we have identified the massive star-forming region W43
s the likely source of background contamination, which has been
ound to have gas velocities comparable to the velocities at which
e see contamination (Nguyen Luong et al. 2011 ). (See also Saral

t al. 2017 , where OH 30.1 −0.7 can be seen as a bright orange point
ource on the edge of W43 in their fig. 2 .) 

ALMA has an advantage because, although the ALMA field
f view can be similar to the half-power beam width (HPBW)
f a single antenna, the interferometer acts as a spatial filter,
esolving out smooth large-scale emission, including that from large
olecular clouds. Unfortunately, some contamination persists, as

an be seen in our CO channel maps in Fig. 3 and Fig. A6 .
 more thorough discussion of the contamination is given in
ppendix B . 
A common problem with observing using an interferometer

uch as ALMA is the possibility of resolved-out flux – that is,
mooth large-scale flux is filtered out of the observ ations. Ho we ver,
he maximum reco v erable scale of our lowest resolution Band 6
bservations is 12.8 arcsec, larger than the CO emitting region (see
ig. 3 ), and the spectra of the low- and high-resolution Band 6
bservations are in good agreement, indicating that no flux has been
esolved out. 

.5 Integrated line fluxes and central velocities 

aving identified the carriers of the lines in our data, as described in
ection 2.3 , we performed a basic analysis of all the unambiguous
etections of unblended lines. We fit a soft parabola line profile
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Figure 3. Combined ALMA observations of CO J = 2 − 1 towards OH 30.1 −0.7. The thicker white contours are drawn at levels of 10 σ , 30 σ , 50 σ , 70 σ , 
100 σ , 150 σ , 200 σ , 300 σ , and 500 σ , the thinner (grey) contours at levels of 3 σ and 5 σ , and the dashed (cyan) contours at levels of −3 σ and −5 σ . The crosses 
at (0,0) indicate the position of the continuum peak. The velocity of each channel is shown in the top-right corner of each panel and the beam is shown as a white 
ellipse in the bottom-left corners. North is up and east is left. Note that there is significant interstellar contamination, especially for channels with velocities 
lower than 100 km s −1 . 
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unction (Olofsson et al. 1993 ) defined as 

 ( υ) = F 0 

( 

1 −
[

υ − υcent 

υw 

]2 
) γ / 2 

, (1) 

here the central velocity of the line is υcent , the width of the line
s υw , and the flux at the centre of the line is F 0 . The fit is done
 v er the free parameters F 0 , υcent , υw , and γ . The soft parabola
t is performed for all extraction apertures in which a given line

s detected. In Table A3 , we list the central velocities and velocity
idths obtained from these fits and the extraction aperture for which 
e determined that the line was most clearly detected. This means 

hat for lines with compact emission we fit soft parabolas to spectra
xtracted for smaller apertures, while for extended emission we used 
pectra extracted for larger apertures. Generally, we were not able to
t soft parabolas to tentative lines or lines with hyperfine structure.
fter obtaining the line widths from the soft parabola fits, we used

hese as a guide to calculate the integrated line fluxes, over velocity
anges a few km s −1 wider than the line widths from the soft parabola
ts, to better account for flux that may be in line wings. For each

ndividual line, the same spectrum (extracted for the same aperture) 
as used to find both the central velocity and the integrated flux. The

nte grated flux es are also listed in Table A3 . 
Some examples of lines with their corresponding soft parabola fit 

re shown in Fig. A4 , where we plot CO ( J = 2 − 1), low-energy
ines of SiS and SO 2 , and a higher energy ( � = 2) line of NaCl.
he fits to the SiS and SO 2 lines produce larger line widths than

or CO: υw ∼ 22 km s −1 compared with υw = 18 km s −1 for CO.
MNRAS 536, 684–713 (2025) 
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Table 2. An o v erview of all the molecules detected towards OH 30.1 −0.7. 

Molecule E low [K] N E low [K] N lines N iso Section Ref. 

CO 16 3 0–6 3 2 3.1 1 
SiS 145–5431 11 66–1134 8 4 3.2 2 
CS 49 1 24 1 1 3.3 3 
SO 2 19–152 4 3–108 10 3 3.4 4 
NS 53–373 3 ∗ 3 2 ∗ 1 3.5 5 
NaCl 199–2263 10 17–2143 9 2 3.6 6 
KCl 333–1563 17 39–977 9 3 3.6 7 

Notes. The E low columns give the range of lower level energies among the 
detected lines of that molecule. The N lines column indicates the total number 
of lines from that molecule, including isotopologues but excluding hyperfine 
components, that were detected. The N iso column indicates the total number 
of isotopologues that were detected. The Sect column gives the reference to 
the section in this work where observations of that molecule are discussed 
in more detail. The Ref column gives the reference for the line frequencies 
included in this work. ∗indicates that the molecular lines are made up of 
multiple (hyperfine) components which are not counted as separate lines. 
References. 1: Winnewisser et al. ( 1997 ), 2: M ̈uller et al. ( 2007 ), 3: Gottlieb, 
Myers & Thaddeus ( 2003 ), 4: Klisch et al. ( 1997 ); Belov et al. ( 1998 ); 
M ̈uller & Br ̈unken ( 2005 ) 5: Lee, Ozeki & Saito ( 1995 ) 6: Caris, Lewen & 

Winnewisser ( 2002 ), and 7: Caris et al. ( 2004 ). 
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his is because the automated fit does not account for the blue wing
f the CO emission where flux is strongly detected in the channels
6.5–81.5 km s −1 , despite there not being a clear CO detection in the
hannel at 84.1 km s −1 . The reason for this phenomena is discussed
urther in Section 4.2.2 . To better account for the full velocity width
f the CO line, and hence the e xpansion v elocity of the CSE, we
alculate the full width of the CO line from the channel maps (Fig. 3 ).
y considering the reddest and bluest channels with CO detections
entred on the continuum peak with a certainty > 30 σ , we determine
he expansion velocity to be 23 km s −1 . 

By averaging the central velocities found from the soft parabola
ts, we calculate a systemic velocity of υLSR = 100 . 3 ± 1 . 2 km s −1 .
his value is in agreement with the LSR velocity of 100.0 km s −1 

ound by De Beck et al. ( 2010 ) from CO observations. The most
ignificant outlier in our sample is the Na 35 Cl ( � = 1 , J = 8 − 7)
ine at 103.415 GHz in Band 3, which has a central velocity of
03.7 km s −1 . We judge the line unlikely to be misidentified since
everal other NaCl lines are detected in our observations, including
ibrationally excited lines. It is possible that this line might be
lended with another, unidentified line. Ho we ver, we note that the
ther vibrationally excited NaCl lines tend to lie redwards of the
ystemic velocity, while the lines in the ground vibrational state lie
loser to the systemic velocity (within 1 km s −1 but on the blue side).
e also find that the KCl lines o v erall tend to lie slightly redwards

f the systemic velocity (with the exception of one 41 K 

35 Cl line).
he CO lines also lie 0.6 to 1.6 km s −1 redwards of the systemic
elocity. In contrast, the SiS, SO 2 , and CS lines tend to lie bluewards
f the systemic velocity. These differences are likely because
f differences in excitation conditions and regions and certainly
ontribute to the moderate uncertainty on our averaged systemic 
elocity. 

 DETECTED  M OLECULES  

n the following subsections, we discuss the detections of the various
olecular species seen towards OH 30.1 −0.7 in our observations.
he observations, including the number of detected lines and the

ange of lower level energies they cover, are summarized in Table 2 .
f particular note are the large number of NaCl and KCl lines

discussed in Section 3.6 ) and the NS lines detected (discussed in
ection 3.5 ). After carefully checking our data, we were not left with
ny unidentified lines. 

.1 CO 

O is a well-studied density tracer of CSEs. In Fig. 3 , we plot
he combined channel maps of the J = 2 − 1 emission towards OH
0.1 −0.7. Because of the large amount of interstellar contamination,
e highlight contours at and abo v e 10 σ and also show significant

3 σ and 5 σ ) ne gativ e contours, which arise from resolv ed out
interstellar) flux. The CO emission originating from OH 30.1 −0.7
as an almost circular distribution across channels, with the diameter
f the emission shrinking towards more extreme red and blue
elocities, as is typical of emission from a fairly spherical, radially
 xpanding env elope. The most significant deviation from this is the
bsence of circumstellar emission in the channel at 84.1 km s −1 . This
ould be the result of CO self-absorption or a background interstellar
edium (ISM) source with a similar flux level visually blended
ith the CSE and resulting in the CSE being resolved out in this

hannel. Single-dish observations (e.g. Heske et al. 1990 ; Justtanont
t al. 2013 , and Fig. B1 ) show significant contamination around this
hannel. There are also some internal arcs contributing to density
NRAS 536, 684–713 (2025) 
tructures within the CSE, notably in the channels from 86.6 to
14.0 km s −1 . The internal structures are more clearly seen in the
o v erall slightly less sensitiv e) e xtended configuration only channel
aps, shown in Fig. A5 , which also show less contamination owing to
 smaller maximum reco v erable scale. The J = 1 − 0 channel maps
re shown in Fig. A6 and show a similar almost-circular distribution.
o we ver, the internal structures are not resolved, owing to a larger
eam size (1 . 5 arcsec × 1 . 1 arcsec , see Table A1 ). 

The emission in the central channel of J = 2 − 1, which we de-
ned as the channel with LSR velocity υLSR = 99 . 3 km s −1 because

t is the closest to the systemic v elocity, e xtends out to separations of
.5–3.9 arcsec (9800 to 15 000 au) from the continuum peak when
onsidering the 3 σ contour. The minimum extent occurs to the north-
orthwest, while the maximum extent is in the southeasterly direction
see Fig. 4 ). For the Band 3 data of CO J = 1 − 0, the channel closest
o the systemic velocity (99.2 km s −1 ) suffers from a large amount of
nterstellar contamination, so we measured the extent for the channel
ith υLSR = 101 . 7 km s −1 , and found that the smallest and largest

xtents were 3.3 and 4.4 arcsec, in the same directions as for the
 = 2 − 1 emission (see Fig. A6 ). 
In Fig. 4 , we plot integrated intensity maps of CO J = 2 − 1 and

 = 1 − 0 emission. For the J = 2 − 1 map, we also o v erplot the
ombined continuum emission. For the J = 1 − 0 map, we o v erplot
he continuum emission from the Band 6 compact array, which is
f a comparable resolution and is sensitive to feature B, unlike the
and 3 continuum. For the J = 1 − 0 emission we only integrate
 v er the red part of the CO line (i.e. for υ ≥ 101 . 7 km s −1 ) because
he ISM contamination is too large and confounds the data at lower
elocities. The comparison in Fig. 4 shows that the ‘indentation’
een in the CO emission to the north-northwest, corresponds well to
he location of feature B in the continuum emission. The indentation
s most clearly seen in the CO J = 2 − 1 emission in the velocity
hannels from 91.7 to 114.6 km s −1 (Fig. 3 ). In the CO J = 1 − 0
mission the indentation is less apparent, owing to the larger beam
ize of those observ ations. Ne vertheless, there is a slight asymmetry
n the direction of feature B. This phenomenon is discussed in more
etail in Section 4.3 . 
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Figure 4. Left: the zeroth moment map of CO J = 2 − 1 from the combined data towards OH 30.1 −0.7. The contours indicate flux levels of 5 σ , 10 σ , 30 σ , and 
50 σ . The continuum peak is indicated by a cross at (0,0) and the beam is shown as a white ellipse in the bottom-left corner. North is up and east is left. Centre: the 
same CO J = 2 − 1 emission o v erplotted with red contours showing the continuum emission in Band 6 at levels of 5 σ , 10 σ , 30 σ , and 100 σ . The white ellipse 
in the bottom left corner corresponds to the CO beam and the red ellipse to the continuum beam. Right: the intensity map of CO J = 1 − 0 inte grated o v er 
the red channels (from 101.7 to 124.6 km s −1 , refer to Fig. A6 ), o v erplotted with the Band 6 compact array continuum emission. The white contours indicated 
levels of 3 σ , 5 σ , 10 σ , 30 σ , and 50 σ in the CO flux and the red contours indicated the 5 σ , 10 σ , and 30 σ levels of the continuum flux. The white ellipse in the 
bottom-left corner corresponds to the CO beam and the red ellipse to the continuum beam. 
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One line of CO in the first vibrationally excited state was co v ered
n our observations but not detected. In addition to the main 
sotopologue of CO, we tentatively detect the C 

17 O J = 1 − 0 line in
he spectrum. The line is not clearly seen in the zeroth moment map
nd it is possible that there is some interstellar contamination around 
hat frequency. No lines of 13 CO or C 

18 O were co v ered and we note
hat detections of C 

18 O were not expected, as previous studies have 
ho wn e vidence of HBB (Justtanont et al. 2015 ), which destroys 18 O
Karakas & Lugaro 2016 ). 

.2 SiS 

ur spectral co v erage of SiS is uneven and misses lines from the
ost abundant isotopologue, 28 Si 32 S (hereafter we drop the isotope 

abels for 28 Si and 32 S ). Therefore, although we detect several lines 
rom isotopologues of SiS, we do not perform an analysis of isotopic
atios in this work. 

We detect all the co v ered lines of 29 SiS , 30 SiS , and Si 34 S in the
round and first vibrationally excited states and note that these lines
ere not co v ered for Si 33 S . The vibrational ground state 29 Si 34 S line

o v ered in our Band 6 observations was also detected. No lines in
he lowest two vibrationally excited states were co v ered by our Band
 observations. The Band 3 data were not sensitive enough to detect
ny lines of doubly substituted isotopologues. 

Zeroth moment maps of our SiS detections are plotted in Fig. 5 .
he lines in the ground vibrational state of the singly substituted

sotopologues are relatively featureless, with only a few small 
rotrusions seen for the 30 SiS � = 0 , J = 14 − 13 line at a level
f 3 σ . The lines in the vibrational ground state extend out to
.3 to 0.7 arcsec (1200 to 2700 au) from the continuum peak,
nd the peaks of the SiS zeroth moment maps tend to be offset
lightly from the continuum peak in the southwest direction. The SiS
ines in vibrationally excited states and for the doubly substituted 
sotopologue are either spatially unresolved or marginally resolved 
nd do not exhibit any structure, though some are still slightly offset
o the southwest of the continuum peak. 

.3 CS 

ne line of 12 C 

32 S (hereafter, CS) in the vibrational ground state was 
etected. The zeroth moment map for CS is shown in Fig. 6 . The
mission is centrally peaked and the smoothed 3 σ contour extends 
ut to ∼ 1 arcsec (3900 au). We smoothed the contour by binning
nd averaging it over 60 ◦ sections, to reduce the ragged edges of
he contour. We also neglected isolated islands of emission for this

easurement. 
No lines in the vibrational ground state of 13 CS or C 

34 S were 
o v ered in our frequency setups. One line of C 

33 S in the ground
ibrational state was co v ered and not detected, as e xpected giv en the
ikely isotopic ratio and the intensity of the corresponding C 

32 S line. 

.4 SO 2 

O 2 was detected towards OH 30.1 −0.7 with a shell-like distribution, 
s expected for a star with a high mass-loss rate and a dense
tellar wind (Danilovich et al. 2016 ; Wallstr ̈om et al. 2024 , see also
ppendix C3 ). In general, the detected transitions span relatively 

o w-energy le vels ( E low < 110, see Table 2 ). This is despite higher
nergy transitions being co v ered by our observations, in line with SO 2 

ainly being formed and excited further out in the wind. A notable
on-detection was the SO 2 J K a ,K c 

= 11 5 , 7 − 12 4 , 8 line, which has 
 lo wer le vel energy of 111 K, only 3 K abo v e our highest energy
etected line ( J K a ,K c 

= 14 3 , 11 − 14 2 , 12 , E low = 108 K). This result is
n line with the trend reported by Wallstr ̈om et al. ( 2024 ) for higher

ass-loss rate AGB stars to exhibit lower energy SO 2 lines, and 
ower mass-loss rate AGB stars to exhibit higher energy SO 2 lines. 

In Fig. 7 , we plot the predicted line intensities of all the SO 2 

ines (taken from CDMS) with lower level energies < 500 K. If
e consider the predicted line intensities at 300 K (see right panel

n Fig. 7 ), then all the co v ered lines with lo wer le vel energies
etween 100 and 500 K are expected to be brighter than at least
ne or two lines that were detected. We checked the predicted
ine intensities for several other temperatures and found that the 
ndetected J K a ,K c 

= 11 5 , 7 − 12 4 , 8 line is only predicted to be fainter
han all the detected lines for temperatures � 25 K. The distribution
or predicted line intensities at 25 K is shown in the left panel of
ig. 7 . This suggests a surprisingly low excitation temperature for
O 2 around OH 30.1 −0.7. This results from the most abundant 

sotopologue is in agreement with the e xclusiv ely v ery low-energy
ransitions (tentatively) detected for 34 SO 2 and 33 SO 2 . 

In Fig. 8 , we plot zeroth moment maps of the most clearly detected
O 2 lines. In total, five lines of SO 2 were detected, one of which we
MNRAS 536, 684–713 (2025) 
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Figure 5. Zeroth moment maps of SiS towards OH 30.1 −0.7. The details of the transitions are given in Table A3 . The transitions are indicated in the 
top right of each panel with the details of the transitions given in Table A3 . The contours are drawn at levels of 3 σ , 5 σ , 10 σ , and 30 σ . The beam is 
shown as a white ellipse in the bottom-left corner and the location of the continuum peak is indicated by the cross at (0,0). North is up and east is 
left. 

Figure 6. Zeroth moment map of CS towards OH 30.1 −0.7. The details of 
the transition are given in Table A3 . The contours are drawn at levels of 3 σ , 
5 σ , 10 σ , and 30 σ . The beam is shown as a white ellipse in the bottom-left 
corner and the location of the continuum peak is indicated by the cross at 
(0,0). North is up and east is left. 
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o not plot because it is blended with a line of KCl, and four lines
f 34 SO 2 were detected, two of which are bright enough to plot in
ig. 8 . We tentatively detected one 33 SO 2 line, which we do not plot
ecause the emission is too faint in the zeroth moment map (but is
entatively detected in the spectrum). The two plotted Band 3 lines
f SO 2 and 34 SO 2 coincidentally have the lowest level energies with
 low < 10 K. The lines are resolved and show some internal structure

n the zeroth moment maps, with visible emission peaks offset from
he continuum peak. We find that the Band 3 emission extends out
o a minimum of 1.5 arcsec and a maximum of 2.5 arcsec from
he continuum peak for the SO 2 line (measured after binning the
 σ contours, as described for CS), and out to a minimum of 1.7
rcsec and a maximum of 2.2 arcsec for the 34 SO 2 line. The slight
ifference between these extents and between the corresponding
ux distribution patterns shown in Fig. 8 are most likely a result
f dif ferent sensiti vities and the slightly dif ferent gas temperatures
eing probed by the lines. The Band 6 observations of SO 2 show well-
esolved emission and cover slightly higher energy lines (40–108 K
or SO 2 and 8–82 K for 34 SO 2 ). The J K a ,K c 

= 14 0 , 14 − 13 1 , 13 line is
he brightest co v ered line ( E low = 82 K) and e xhibits well-resolv ed
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Figure 7. The predicted relative integrated intensities for the SO 2 lines 
co v ered by our observations with lower level energies < 500 K. The detected 
lines are shown as blue squares and the other co v ered lines as orange circles. 
Filled markers are lines that were co v ered in Band 6 and unfilled markers in 
Band 3. On the left, we show the predictions for a gas temperature of 25 K 

and on the right, we show the same for a gas temperature of 300 K. 
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xtended emission. As can be seen in the channel maps plotted in
ig. A7 , the emission peak lies to the northwest of the continuum peak

n most channels. The smoothed 3 σ contour in the zeroth moment 
ap (Fig. 8 ) extends out to 1.1–2.1 arcsec, comparable to the Band
 emission. The J K a ,K c 

= 10 3 , 7 − 10 2 , 8 ( E low = 61 K) has a very
imilar distribution, including the offset emission peak, and a slightly 
maller extent for the 3 σ contour, ranging from 0.7 to 1.9 arcsec.
his difference most likely arises because the full (outer) extent of
igure 8. Zeroth moment maps of SO 2 towards OH 30.1 −0.7. The top-left and ce
bserved with ALMA Band 6. Note the different angular scales and resolutions for
ach panel with the details of the transitions given in Table A3 . The contours are dr
n the bottom left corner and the location of the continuum peak is indicated by the
he weaker line is below the noise. The highest energy detected line
s J K a ,K c 

= 14 3 , 11 − 14 2 , 12 with E low = 108 K. The emission peak
f this line is also offset slightly to the northwest. As can be seen
n Fig. 8 , it has the smallest extent of the well-detected SO 2 lines,
ut to only 0.4–0.8 arcsec. This could be a result of observational
ensitivity and the line being intrinsically fainter, or could be an
ndication that the slightly warmer emission is not distributed as 
idely as for the lower energy lines. Given our low estimate for the
O 2 gas temperature, the former explanation is more likely. 
We also note that the central velocities found for the sufficiently

right SO 2 lines (see Table A3 ) tend to fall on the blue side of
he average systemic LSR velocity by 1–2 km s −1 for SO 2 , and by
.4 km s −1 for 34 SO 2 . The two brightest Band 6 SO 2 lines are the
ost blueshifted. We do not calculate isotopic ratios here because we

o not clearly detect any two pairs of lines with the same quantum
umbers across isotopologues. 

.5 NS 

S was only co v ered by the less sensitive Band 3 observations.
wo lines in the 2 � 1 / 2 ladder were co v ered, though only the e line
as clearly detected. Spectra for both lines are shown in Fig. 9
ith the hyperfine components marked. In Table A3 , we list the

hree brightest hyperfine components for each line. For the f line,
he brightest hyperfine component is separated from the next two 
rightest components by 38 and 41 km s −1 , further than the half-
idth of single-component lines towards this star. Whereas for the 
 line, the brightest hyperfine component is only 7.5 and 24 km s −1 

rom the next two brightest components. The overlap of the two
rightest components means that their fluxes combine to make the 
 line more detectable. We plot a theoretical Gaussian profile with
he spectra (red dotted line in Fig. 9 , assuming Gaussian components
MNRAS 536, 684–713 (2025) 

ntre lines were observed with ALMA Band 3 and the remaining lines were 
 the two sets of observations. The transitions are indicated in the top right of 
awn at levels of 3 σ , 5 σ , 10 σ , and 30 σ . The beam is shown as a white ellipse 
 cross at (0,0). North is up and east is left. 
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M

Figure 9. NS emission towards OH 30.1 −0.7. The details of the transitions are given in Table A3 . Left: Zeroth moment map of e component of NS towards 
OH 30.1 −0.7. The contours are dra wn at lev els of 3 σ and 5 σ . The pink dotted lines are drawn such that one connects the AGB continuum peak (red cross) with 
the peak of feature B (not shown) and the second line is perpendicular to this, passing through the AGB continuum peak. The beam is shown as a white ellipse 
in the bottom-left corner. North is up and east is left. Right: Spectra extracted from centred circular apertures with radii of 2 arcsec (black histograms) for NS 
lines observed towards OH 30.1 −0.7. The positions of the hyperfine components are shown as vertical red lines with heights corresponding to their relative 

intensities. The dotted red lines show the predicted line profiles for Gaussian hyperfine components of width 5 km s 
−1 

. The velocities are calculated with respect 
to the brightest hyperfine component. 
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ith widths of 5 km s −1 ) to emphasize the theoretical line shapes.
he observed e component has a more double-peaked profile than the
redicted Gaussian profile, suggesting that emission might originate
n a shell around the star, rather than in a spherical region centred on
he star. 

The zeroth moment map in Fig. 9 shows that the NS emission is
ostly located to the east and north of OH 30.1 −0.7, and is only
arginally spatially resolved. The emission is highly asymmetric;

he averaged 3 σ contour of the emission extends out to only 0.7
rcsec to the south-southwest and out to 1.8 arcsec to the east-
ortheast. The major axis of the emitting region lies perpendicular
o the projected axis joining the AGB continuum peak and feature
. This is emphasized by o v erplotting two dotted lines on the zeroth
oment map in Fig. 9 . Although the S/N of the NS emission is

ather low in individual channels (summing to a 5 σ detection in
he zeroth moment map), we constructed a position–velocity ( PV )
iagram along the major axis (69 ◦ east of north, as illustrated in
ig. 9 ), which shows emission offset from the continuum peak by
round ∼ 1 . 5 to 2 arcsec and ∼ 5 km s 

−1 
(see Fig. A8 ). The potential

strochemical implications of the NS distribution will be discussed
n Section 4.1.1 . 

.6 NaCl and KCl 

e detect several lines of NaCl and KCl, including lines from the
5 Cl and 37 Cl isotopologues of both species. We detect lines up to the
hird and fourth vibrationally excited states of Na 35 Cl and up to the
hird vibrationally excited state of K 

35 Cl . These data represent the
rst detections of highly excited vibrational states of both NaCl and
Cl towards AGB stars. Zeroth moment maps of NaCl are given in
ig. 10 , and of KCl in Fig. 11 . The emitting regions of both molecules
re generally featureless and uniform, even for the lower energy lines
hich are spatially resolved. 
No lines of Na 35 Cl in the ground vibrational state were co v ered by

ur observ ations. Ho we ver, we clearly detect three lines of Na 37 Cl in
he ground vibrational state. All lines of both isotopologues co v ered
n Band 6 were detected up to � = 4. Owing to the lower sensitivity
f the Band 3 data, only one Na 35 Cl line in the first vibrationally
xcited state was detected. 
NRAS 536, 684–713 (2025) 

o  
The � = 0 , J = 8 − 7 line of Na 37 Cl is appears to be marginally
patially resolved, with the 3 σ contour extended out to 1–1.6 arcsec
rom the continuum peak. This is likely an o v erestimate of the
mission extent owing to the larger beam for the Band 3 observations
ompared with the Band 6 observations. We note that the J = 9 − 8
ine appears slightly smaller, despite the line being a little brighter,
ut this is almost certainly a sensitivity effect since the line lies in a
lightly noisier part of the spectrum. Most of the NaCl lines co v ered
n Band 6 appear to be more spatially resolved than the Band 3
ines (with the exception of the � = 4 line). Ho we ver, we note that
ven the two brightest lines, the Na 37 Cl � = 0 , J = 18 − 17 and
 = 1 , J = 19 − 18 lines, which appear several times larger than
he beam, still have a slightly oblong shape along the same axis as
he beam, suggesting that they are not truly resolved. The smoothed
 σ contour for the Na 37 Cl � = 0 , J = 18 − 17 line (the only ground
ibrational state line observed in Band 6) extends out to 0.3–0.6
rcsec. 

Our Band 3 data were only sensitive enough to detect the single
o v ered 39 K 

35 Cl line in the ground vibrational state, which is partly
lended with CO, and none of the lines in higher vibrational states.
n the Band 6 data, we detect all co v ered lines in the ground,
rst and second vibrational states of 39 K 

35 Cl and 39 K 

37 Cl . We
etect two lines of 41 K 

35 Cl in the second vibrationally excited
tate, one tentatively, and we note that no lines in the ground
r first vibrationally excited state were covered in the Band 6
bservations. 
As can be seen in Fig. 11 , the KCl lines are not spatially resolved.

imilar to the observed NaCl emission, the two KCl lines in the
round vibrational state appear larger than the beam but are still
lightly elongated along the same axis as the beam. The 3 σ contours
or both lines extend out to 0.2–0.5 arcsec from the continuum
eak. 

The significance of detecting so many (high-energy) lines of
aCl and KCl are discussed in Section 4.1.2 , as are the potential

hemical formation pathways. Based on the data presented here, we
onstructed population diagrams for Na 35 Cl and K 

35 Cl . The resultant
lot is given in Fig. A9 . We derive very similar temperatures for both
pecies: approximately 600 K. This is consistent with the emission
riginating from the inner wind, unlike the low-energy SO 2 emission
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Figure 10. Zeroth moment maps of NaCl towards OH 30.1 −0.7. The lines in the top row were observed with ALMA Band 3 and the middle and bottom rows 
were observed with ALMA Band 6. Note the different angular scales and resolutions. The details of the transitions are given in Table A3 . The contours are 
drawn at levels of 3 σ , 5 σ , 10 σ , and 30 σ . The beam is shown as a white ellipse in the bottom-left corner and the location of the continuum peak is indicated by 
the cross at (0,0). North is up and east is left. 
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see Section 3.4 ). We also derive column densities of 1 . 4 × 10 12 cm 

−2 

or Na 35 Cl and 1 . 6 × 10 11 cm 

−2 for K 

35 Cl, resulting in Na 35 Cl/K 

35 Cl
 8.8. This is higher than expected based on chemical equilibrium 

nd may be an indication that the abundance ratio of Na/K is higher
han solar (in agreement with models for intermediate-mass stars, 
specially if OH 30.1 −0.7 had a higher initial metallicity than solar,
inquegrana & Karakas 2022 ). This will be explored in more detail

n a follow-up study. 

 DISCUSSION  

.1 The circumstellar chemistry of OH 30.1 −0.7 

everal of the molecules detected towards OH 30.1 −0.7 are com- 
only seen around oxygen-rich AGB stars generally. These include 
O, SiS, and CS. In the case of oxygen-rich AGB stars, SiS,
S are commonly seen for those with high mass-loss rates (or,
qui v alently, high wind densities; Danilovich et al. 2018 ). SO 2 

s very commonly detected around oxygen-rich AGB stars (but 
as not been detected for carbon-rich or S-type stars), with a 
hell-like distribution for high mass-loss rate stars (Danilovich 
t al. 2020 ; Wallstr ̈om et al. 2024 ). The observations of all
f these molecules towards OH 30.1 −0.7 agree with previ- 
usly established trends, as explained in more detail in Ap- 
endix C . 
NS, NaCl, and KCl have been observed less frequently and hence

tudied in less detail thus far. It is on these three molecules that
e will focus our discussion in the following subsections. Some 

dditional background on past observations of these molecules is 
lso given in Appendix C . 

.1.1 NS 

re vious observ ations of the NS molecule to wards AGB stars include
he oxygen-rich AGB star IK Tau (Velilla Prieto et al. 2017 ), where
esolved ALMA observations show its emitting region to be close to
he continuum peak (within 170 au, Decin et al. 2018 ), and the S-type
GB star W Aql (Danilovich et al. 2024 ). F or W Aql, Danilo vich
t al. ( 2024 ) found that NS may have been formed when the main-
equence (F9V) companion to the AGB star passed through the dense
nner CSE, temporarily driving UV photochemistry in that region. 
his conclusion is based on the chemical models of Van de Sande &
MNRAS 536, 684–713 (2025) 
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M

Figure 11. Zeroth moment maps of KCl towards OH 30.1 −0.7. The details of the transitions are given in Table A3 . The contours are drawn at levels of 3 σ , 5 σ , 
10 σ , and 30 σ . The beam is shown as a white ellipse in the bottom-left corner and the location of the continuum peak is indicated by the cross at (0,0). North is 
up and east is left. 
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illar ( 2022 ), who found that the formation of NS was enhanced in
he presence of UV photons from a companion star. Although NS
owards IK Tau has not been analysed in detail (only some basic
easurements are given in Decin et al. 2018 ), the recent analysis

f NaCl in the same star found evidence that a companion may be
riving or enhancing the formation of NaCl (Coenegrachts et al.
023 ). It is also possible that the formation of NS around IK Tau
ould be driven by that companion, albeit primarily through UV
hemistry rather than the shock-heating proposed by Coenegrachts
t al. ( 2023 ) for NaCl. 

The radial extent of NS in the case of OH 30.1 −0.7 is much
arger than the extents seen for IK Tau or W Aql. The integrated NS
mission towards W Aql is irregular but is detected no more than
.4 arcsec ≈ 160 au from the star (Danilovich et al. 2024 ). For IK
au, the angular width is reported to be 490–650 mas (Decin et al.
018 ), which corresponds to radial extents of ∼ 130 to 170 au. In
ontrast, for OH 30.1 −0.7, the most distant NS emission within the
 σ contour is seen at 1.8 arcsec. This corresponds to 7000 au, while
he southeastern extent of 0.7 arcsec corresponds to 2700 au. These
istances come with the caveat that the Band 3 emission is only
arginally resolved, so the radial extents may be overestimated and

nly represent upper limits (e.g. see the difference between the Band
NRAS 536, 684–713 (2025) 

v  
 and 6 emission extents for NaCl in Section 3.6 ). Taken at face
alue, this emission appears to be 20–40 times further from the AGB
tar than the most distant NS emission seen around W Aql and IK
au. The theoretical study of Van de Sande & Millar ( 2022 ) found

hat higher mass-loss rates result in NS peaks further from AGB star
nd that a relatively warm companion star is required to form NS;
.e. a solar-type or white dwarf companion will drive NS formation
ut a red dwarf will not. 

The asymmetric NS emission in the zeroth moment map (Fig. 9 )
s reminiscent of the SiN emission around W Aql (Danilovich et al.
024 ), which was determined to lie on the side of the AGB star that
ligned with the periastron of the binary orbit. If a similar scenario
an account for the NS around OH 30.1 −0.7, then the alignment
f the NS emission can help constrain the projection of the orbital
lane on the sky. Another possibility is a companion on a circular
ut wider orbit such that NS is preferentially formed on the side of
he CSE where the companion is presently located. 

.1.2 Chlorides 

here have been enough adequately sensitive observations of a
ariety of AGB stars that we can firmly say that NaCl and KCl
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re not ubiquitously present in CSEs. This is most clearly illustrated 
y the detection of one or both molecules in 3 AGB stars out of
 sample of 14 in the ATOMIUM surv e y (Wallstr ̈om et al. 2024 ).
ome physical or chemical characteristic must set these stars apart 
rom their unsalted counterparts. Similarly, something should also 
et stars like OH 30.1 −0.7, with a large number of NaCl and KCl
ines, apart from stars like IK Tau, with detections only in the ground
ibrational state (Velilla Prieto et al. 2017 ; Decin et al. 2018 ). 
Coenegrachts et al. ( 2023 ) proposed that an unseen companion 

ould be contributing to the formation of NaCl around IK Tau, since
he motion of the companion through the CSE would be supersonic, 
ence generating a shock. As discussed by Decin et al. ( 2019 ), and
videnced by our detection of NS, OH 30.1 −0.7 is also thought to
ave a companion. Since the OH 30.1 −0.7 shows evidence of HBB
Justtanont et al. 2015 ), we can conclude it had an intermediate initial
ass, � 4 M �. In this mass range, the binary fraction is thought

o be close to one or higher (that is, stars with masses from 4–
 M � are expected to have one or more companions with mass ratios
 > 0 . 1, Moe & Di Stefano 2017 ). In light of this, and the results
f Coenegrachts et al. ( 2023 ), it is highly likely that a companion
s present around OH 30.1 −0.7 and that such a companion could
e driving the formation of NaCl and KCl in a similar w ay. Unlik e
he case of IK Tau, we see many vibrationally excited NaCl and
Cl lines around OH 30.1 −0.7. This is consistent with the different

emperatures found for NaCl around the two stars: 14–70 K for IK
au (Velilla Prieto et al. 2017 ; Coenegrachts et al. 2023 ) and 600 K
or OH 30.1 −0.7 (see Section 3.6 and Fig. A9 ). This may be a result
f more extreme shocks owing to the higher wind density of OH
0.1 −0.7 and possibly a higher orbital velocity of the companion. 
The formation pathways of NaCl and KCl are discussed in detail 

n Appendix C5.1 . We conclude that a companion star hotter than
round ∼ 12000 K would cause too much photoionization of Na and 
 to reconcile our observations, unless densities are very high in that

egion of the wind. Hence, we can hypothesize that the companion 
o OH 30.1 −0.7 cannot be hotter than a late B-type main-sequence
tar. 

.2 Our evolving understanding of OH 30.1 −0.7 

H 30.1 −0.7 has been classified as an extreme OH/IR star, which
s to say, a dusty AGB star with a high mass-loss rate and bright OH

asers (Justtanont et al. 2006 ). It is an example of a large-amplitude
ariable star with one of the longest periods known ( P = 2170 d ∼ 6
r, 1 Engels et al. 2024 ). Such stars are thought to have evolved to
he end of the AGB phase (e.g. Olofsson et al. 2022 ). From Herschel
bservations of H 2 O isotopologues, OH 30.1 −0.7 was determined 
o have an intermediate initial mass ( � 4 M �, Justtanont et al. 2015 ).
his is in contrast with several other OH/IR stars which have been

ound to have lower initial masses ∼ 1 . 5 M � (Olofsson et al. 2022 ).
n o v ervie w of past observ ational dif ficulties, including a discussion
n the reliability of observations in light of ISM contamination 
owards OH 30.1 −0.7, are given in Appendix D . 

.2.1 Past results from the literature 

H 30.1 −0.7 was included in the CO study of Heske et al. ( 1990 ),
hich was the first to observe a sample of OH/IR stars in CO

mission. Heske et al. ( 1990 ) found that their observed intensity
 Obtained from its OH maser light curve: https://hsweb.hs.uni-hamburg.de/ 
rojects/ nrt monitoring/ stockert.html 

w  

t  

3  

i  
atios of the CO J = 1 − 0 and J = 2 − 1 lines could be explained
y variable mass-loss rates at different eras, which could be the
eason why mass-loss rates derived from CO observations resulted 
n an order of magnitude lower mass-loss than those from dust. This
dea, first dubbed the ‘superwind’ scenario by Renzini ( 1981 ), was
aken up and developed in subsequent work (e.g. Justtanont & Tielens 
992 ; Delfosse et al. 1997 ; Justtanont et al. 2013 ). The idea, as it
eveloped, being that in the last portion of the AGB phase, mass loss
ncreases substantially (i.e. the stellar wind becomes a superwind) 
uring a relatively short period immediately before the completion 
f the AGB phase. 
Decin et al. ( 2019 ) presented the ALMA CO observations of OH

0.1 −0.7 (from the data set also presented here, though we have
erformed a new reduction of the ALMA data using self-calibration, 
ee Section 2.1 ) and of another extreme OH/IR star, OH 26.5 + 0.6. A
ey argument of Decin et al.’s ( 2019 ) work was that it is statistically
nlikely that a dozen extreme OH/IR stars should all be observed
n the midst of the relatively short superwind phase. Rather, they
nterpret the structures within the CO emission of OH 30.1 −0.7 (and
he spiral structure seen for OH 26.5 + 0.6) as interactions with a
ompanion star. The ultimate result of these interactions, they argue, 
s an equatorial density enhancement; that is, the companion pulls 
ome of the wind into a toroidal structure of denser gas and dust
round the star. This equatorial density enhancement could then 
imic the superwind by making the mass-loss rate appear high 

ecause of the line of sight alignment of this region. 
Low 

12 CO/ 13 CO ratios ∼ 3 . 5 were found by both Delfosse et al.
 1997 ) and Justtanont et al. ( 2013 ) for OH 30.1 −0.7, using different
bservational data-sets and a similar approach involving radiative 
ransfer modelling. This low 

12 CO/ 13 CO ratio provides further 
vidence of HBB in OH 30.1 −0.7, and hence that it must be an
ntermediate-mass star, with an initial mass 4 M � � M i � 8 M �. 

The recent study of Marini et al. ( 2023 ) modelled the SED of
H 30.1 −0.7 and compared various properties such as luminosity 

nd pulsation period of the star to theoretical models. Based on
heir results (and considering the distance derived by Engels et al.
015 ), their determination of the initial mass of OH 30.1 −0.7 is
ikely between 4 and 5 M �. Ho we ver, if the luminosity is higher
i.e. 5 × 10 4 L � based on the luminosity adopted by Justtanont et al.
 2013 ), scaled to our adopted distance of 3.9 kpc) then OH 30.1 −0.7
ould have an initial mass of 6 M �. 

.2.2 New understanding from ALMA CO 

ur ALMA observ ations sho w that the angular extent of the CO
mission for both the J = 2 − 1 and J = 1 − 0 are essentially the
ame. Our measured maximum angular extents (see Section 3.1 ) are
 . 5 arcsec for J = 2 − 1 from the combined data and 4.2 arcsec for
 = 1 − 0. Although it may appear from this that the J = 1 − 0
xtent is larger than the J = 2 − 1 extent, this is primarily a function
f the different beam sizes (see Table A1 ). If we instead compare the
ata from only the compact array configuration for J = 2 − 1 (with
 comparable beam to the Band 3 data), then we find a maximum
ngular extent of 4.2 arcsec, as for the J = 1 − 0. This unexpected
esult suggests that both the emission from CO J = 1 − 0 and J =
 − 1 trace the outer extent of the CO envelope. Note also that in the
hannel maps close to the LSR velocity (and ignoring the regions
ith the most contamination) the lowest few contours are very close

ogether (3 σ , 5 σ , and 10 σ for J = 1 − 0, Fig. A6 , and 5 σ , 10 σ ,
0 σ , and 50 σ for J = 2 − 1, Fig. 3 ), indicating a sharp drop-off
n CO emission and likely also CO abundance. This is also seen
MNRAS 536, 684–713 (2025) 

https://hsweb.hs.uni-hamburg.de/projects/nrt_monitoring/stockert.html
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n the reddest and bluest channels (more clearly for CO J = 2 − 1
ecause of higher contamination for CO J = 1 − 0) where the CO
mission is detected abo v e 30 σ , then not detected in the subsequent
hannel at all. This behaviour is in contrast with other spatially
esolved observations of AGB stars which typically have less abrupt
dges, with gradually decreasing emission across the velocity and
ngular axes (see e.g. Cernicharo et al. 2015 ; Kim et al. 2017 and the
hannel maps in the supplementary material of Decin et al. 2020 , for
 selection of varied AGB stars). 

If we take half the maximum velocity extent in the CO channel
aps as the wind speed (23 km s −1 ) and consider the well-constrained

istance of 3.9 kpc, we find that it took around 2800 yr for the gas
o expand to 3 . 5 ′′ (2 × 10 17 cm = 14 000 au) from the star. This is
round a factor of 3 longer than the superwind phase obtained for
his star by Delfosse et al. ( 1997 ) and a factor of 8 larger than the
uperwind radius derived by Justtanont et al. ( 2013 ). We also do not
etect any significant emission beyond this radius, aside from the
ackground contamination, which is not evenly distributed around
he star. In conjunction with the sharp drop-off in CO emission
iscussed abo v e, this suggests that an y earlier mass loss must hav e
een at a much lower rate, if it was present at all. If we consider the
hotodissociation radius of CO based on the mass-loss rate, expan-
ion velocity and interstellar radiation field, and take the measured
nvelope size to be the half-abundance radius for CO destruction,
hen the mass loss corresponding to the observed envelope size
s Ṁ ≈ 2 × 10 −5 M �yr −1 (Mamon, Glassgold & Huggins 1988 ;
aberi, Vlemmings & De Beck 2019 ). Essentially, any earlier mass

oss at this rate or lower would not be detectable, because that CO
ould have photodissociated before expanding to larger radii. So if

here was a lower mass-loss rate ( ≤ 2 × 10 −5 M �yr −1 ) before the
urrent high mass-loss rate period commenced 2800 yr ago, it would
ot be detectable. 
If we take the mass-loss rate of Ṁ = 1 . 8 × 10 −4 M �yr −1 com-

uted by Justtanont et al. ( 2013 ), and assume it has not changed
 v er the past 2800 yr, we calculate that 0 . 5 M � has been ejected
y the star in this time. If we instead use a lower rate such as
˙
 = 2 × 10 −5 M �yr −1 , close to the value found by Heske et al.

 1990 ) and in agreement with the findings of Decin et al. ( 2019 ),
e correspondingly find less mass ejected in that time frame: only
 . 06 M �. Clearly the mass-loss rate will significantly affect the
ongevity of this object. A further analysis of the CO properties
f OH 30.1 −0.7 would require a detailed radiative transfer analysis
nd is beyond the scope of th ̄ıs work, but will be the subject of a
ollow-up paper. 

.2.3 Evidence from other molecular species 

s discussed in Section 4.1 , the circumstellar chemistry of OH
0.1 −0.7, especially the detection of NS, strongly suggests the
resence of a companion star emitting UV in the inner wind.
o we ver, while the companion star should emit enough UV to

acilitate the formation of NS through the photodissociation of N 2 

it should not be a red dwarf), the companion should not be too hot
 < 12000 K) to a v oid photoionizing Na and K and inhibiting the
ormation of NaCl and KCl. Hence, the companion ought not to be
 massive star and is likely to be a late B- to G-type star. This would
ut a companion in the mass range of ∼ 1 to 4 M �, which also fulfills
he criteria of being less massive than the A GB star , since the AGB
tar has evolved off the main sequence first. 

Based on the temperature we calculated for the SO 2 lines (see
ig. 7 and Section 3.4 ), we can make an estimate of the average radial
NRAS 536, 684–713 (2025) 
emperature profile of the CSE. For this we take the SO 2 temperature
o be 25 K and the average outer radius of SO 2 to be 1 × 10 17 cm
corresponding to ∼ 1 . 7 arcsec , close to the average maximal extent
f the SO 2 observations, see Fig. 8 , and in good agreement with
he radius of the outer SO 2 shell visible in Fig. A7 ). We take the
nner temperature to be 2000 K close to the surface of the star (at
 . 3 × 10 14 cm). Assuming a power-law radial temperature profile,
 ( r) = T � ( r/ R � ) 

−ε , we then calculate the exponent, ε = 0 . 66. This
s very close to the values found for lower mass-loss rate oxygen-rich
GB stars such as R Dor (0.65, Van de Sande et al. 2018 ) and W Hya

0.65, Khouri et al. 2014 ). If we try to include the average NaCl and
Cl temperature (600 K, Fig. A9 ) at the apparent size of the emitting

egion, we find an implausibly high value of ε = 2 . 4. This is most
ikely because the NaCl and KCl lines are not spatially resolved
n our observations, as noted in Section 3.6 . If we instead use the
stimated radial temperature profile with ε = 0 . 66 to calculate the
verage radius of the salt extents, we find R salt = 8 × 10 14 cm, which
orresponds to ∼ 0 . 014 arcsec (and ∼ 50 au), much smaller than our
estoring beams (Table A1 ). 

The companion is most likely driving the formation of the salt
olecules. Hence, the abo v e indicates that the separation between the
GB star and the likely main-sequence companion is significantly

maller than our minimum resolution of ∼ 0 . 3 arcsec = 1200 au
2 × 10 16 cm. From our estimate of the average salt extent, we

redict that observations with an angular resolution of 5 mas or
etter are required to resolve the structures in the inner wind. Further
bservations targeting molecular tracers of UV-emitting companions
uch as NS and SiN (Van de Sande & Millar 2022 ), will help us to
nderstand the nature and orbit of such a companion. 
Finally, we note that as well as affecting the circumstellar chem-

stry and gravitationally shaping the wind, a companion may also
ontribute to dust formation. Even wide binary companions (with
emimajor axes on the order of hundreds of au) are essentially
uaranteed to have orbital velocities in excess of the local sound
peed, resulting in additional shocks in the wind. Freytag & H ̈ofner
 2023 ) found, in the context of stellar pulsations, that dust forms in
he w ak e of shocks. Some evidence for this was seen by Coenegrachts
t al. ( 2023 ) who found that an asymmetric dust distribution in
he inner CSE of IK Tau correlated with a clumpy spiral of NaCl
mission that may have formed partly as a result of shocks and
ther interactions with an unseen binary companion. Indeed, a more
 xtreme v ersion of companion-enhanced dust formation has long
een known to take place for Wolf–Rayet stars, where dust forms at
he nexus of colliding winds from massive stars (Usov 1991 ). The
ack of prior direct detection of such a companion is not evidence
f its absence, since the optically thick circumstellar dust would
ery strongly attenuate the signal at optical wavelengths (e.g. see the
trong silicate absorption in fig. 1 of Justtanont et al. 2013 ). 

.3 On the nature of feature ‘B’ 

eature B is detected in the continuum and lies 4.6 arcsec north
nd slightly west of the primary continuum peak. The lower limit
n the separation is 1 . 8 × 10 4 au. We extracted spectra around this
eak, using a circular aperture with a radius of 0.3 arcsec, and did
ot detect any line emission abo v e the noise aside from CO. As
hown in our channel maps (Figs 3 and A5 ), this emission is most
ikely dominated by contamination from the background molecular
loud associated with W43. Inspecting the channel maps, there are
o localized features in the CO emission associated with the position
f feature B. As can be clearly seen in the channel maps and in
he integrated intensity (zeroth moment) map in Fig. 4 , feature B
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ies be yond an y of the molecular emission associated with the AGB
tar. The size of feature B, when considering the 5 σ contours, is
pproximately 0 . 8 × 0 . 5 arcsec . 

In Section 2.2.2 we calculated the spectral indices of both the 
rimary continuum peak and feature B. The spectral index of the 
rimary peak, 2 . 8 ± 0 . 3 is in general agreement with past results
or OH 30.1 −0.7. For example Nicolaes et al. ( 2018 ) found spectral
ndices ranging from 2.13 at shorter (f ar-IR) w avelengths to 3.42 at
ong wavelengths, based on Herschel /PACS and Herschel /SPIRE 

bserv ations. The lo wer limit of 3.6 for feature B is very high
ompared with commonly found spectral indices (see for example 
uvela et al. 2015 , who find values around 1–2 for cold cores).
icolaes et al. ( 2018 ) found some comparably steep slopes for
ther evolved stars in their sample, notably at longer wavelengths 
 > 100 μm ) and for stars classed as OH/IR stars, similar to OH
0.1 −0.7. When it comes to dust sources not associated with evolved
tars, Kuan, Mehringer & Snyder ( 1996 ) found very steep spectral
ndices (up to 4.6) for Sagittarius B2(N). They conclude that this
s most likely a result of a cold dust temperature and ice-coated
rains and that Sgr B2(N) is a young object in an early stage of star
ormation. Whether our feature B is a similar background source to 
gr B2(N) or more closely associated with OH 30.1 −0.7, cold ice-
oated dust grains are a feasible explanation for the spectral index. 
iven that Justtanont et al. ( 2006 ) found evidence of H 2 O ice in

he dust around OH 30.1 −0.7, the high spectral index of feature B
ould indicate a similar dust composition (i.e. ice-coated grains) but 
t a lower temperature since the feature is located further from the
GB star with much of the stellar light obscured by the circumstellar
ust. 

.3.1 A direct association with OH 30.1 −0.7? 

f we draw a line connecting the primary continuum peak and feature
, we find it lies 20 . 5 ◦ west of north (clockwise on the observed maps

n Fig. 1 ). The CO emission appears mostly round in shape (Fig. 3 ),
o we ver, there is a slight indentation in the direction of feature B. The
entre of the indentation sits about 2.4 ′′ from the primary continuum 

eak, whereas on the opposite side the 5 σ contour of the CO emission
xtends to around 3.1 arcsec from the primary continuum peak. This
lignment could be coincidental, but it is also possible that feature 
 is contributing to the shaping of the CO emission or was formed

hrough the same interaction as the CO indentation. This would imply 
hat feature B is an object at the same distance as OH 30.1 −0.7.
iven the large separation between the CO indentation and feature 
 (around 2.2 arcsec), it is unlikely that the source of feature B is

at present) contributing to significant gravitational shaping of the 
 GB circumstellar en vironment. Decin et al. ( 2019 ) suggested that

he indentation in the CO was a knot caused by a companion and
ts density w ak e. Another possibility is that feature B is causing the
ndentation through non-gravitational means, perhaps through high- 
nergy UV photons, although this is difficult to reconcile with the 
old dust implied by the spectral index. 

A recent study of the S-type A GB star , W Aql, found that the F-type
ain-sequence companion, located around 200 au from the A GB star , 

ontributed to the enhanced photodissociation of several molecular 
pecies, including SiO, SiS, CS, and HCN. The channels exhibiting 
uch photodissociation bear some resemblance to the CO towards OH 

0.1 −0.7, although the CO indentation is less extreme. At 6000 K,
he companion to W Aql did not produce enough energetic UV 

hotons to significantly photodissociate CO. Ho we ver, a hotter stellar
ompanion could potentially affect the CO distribution. For example, 
hen analysing the impact of increasing the interstellar radiation field 
n the size of the CO envelopes of AGB stars, Saberi et al. ( 2019 )
ound that, for stars with similar mass-loss rates and velocities to
H 30.1 −0.7, doubling the strength of the interstellar radiation field

educed the size of the CO envelope by 14 per cent–20 per cent. High
ass-loss rates result in smaller effects because of CO self-shielding. 
 or e xample, Van de Sande & Millar ( 2022 ) found that including a
ot 80 000 K (white dwarf) inner companion in their model did not
ignificantly impact the CO distribution for higher mass-loss rates. 
f feature B is a hot star, it could act as a localized increase in the
V radiation field. Counter to this and unlike a companion located
ithin the dust envelope of OH 30.1 −0.7, it is unclear why such a
V source would be too attenuated to be detected from Earth but
ot too attenuated to affect the OH 30.1 −0.7 CO envelope. Or why
uch a hot source would not destroy ice-co v ered dust grains. We also
ote that if feature B does correspond to a companion, this would not
egate the potential presence of a closer companion that does shape
he wind, even though feature B is too distant to be such a companion
tself. 

A more likely possibility is that feature B is a clump of dust
and perhaps undetected gas) that was ejected from OH 30.1 −0.7
tself, perhaps as a pre-cursor to the present-day mass loss (beginning
800 y-r ago, according to the CO extent) or owing to a complex
inary interaction. The fact that the extent of the NS emission lies
erpendicular to the projected separation between the AGB star and 
eature B lends some weight to this scenario. If feature B were ejected
ith the same velocity as the observ ed CO env elope, that would

uggest an ejection around 3700 yr ago. Ho we ver, if the ejection
ook place at the same time that mass loss was initiated, that would
mply a velocity of 30 km s −1 , which is not implausibly high. If
eature B is rather a high-velocity bullet, such as those seen for the
arbon star V Hya (which has a relatively close companion on an
ccentric orbit; Sahai, Scibelli & Morris 2016 ), then feature B could
ave been ejected more recently at a higher velocity. In both of these
ases we are assuming that feature B was moving in the plane of
he sky, making our time and distance estimates lower limits. An
jection scenario could, ho we ver, account for the apparent bridge
etween the primary continuum peak and feature B, if some ejecta
ere not accelerated as strongly. 

.3.2 A background source? 

t is possible that feature B is a coincident background (or foreground)
ource. Given the line-of-sight proximity of OH 30.1 −0.7 to the star-
orming region W43, that is the most likely origin of background
ources. The distance to W43 has been determined to be 5 . 5 ± 0 . 3
pc (Zhang et al. 2014 ), significantly further than the 3.9 kpc to OH
0.1 −0.7 (Engels et al. 2015 ). At the distance of W43, the extent of
eature B would correspond to around 2800–4400 au. Placing it at
he distance of OH 30.1 −0.7 gives an extent of around 2000–3000
u. Both of these sizes are upper limits as they are not significantly
arger than the beam size. 

 C O N C L U S I O N S  

e present newly reduced ALMA observations of the intermediate- 
ass AGB star OH 30.1 −0.7, including continuum and line emis-

ion. In the continuum maps, we identified a secondary peak (feature
), detected with a certainty of > 10 σ , and we speculate that it is most

ikely ejecta associated with the A GB star , but may be a background
ource or a companion object. With a high lower limit for its spectral
MNRAS 536, 684–713 (2025) 
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ndex, feature B is likely composed of cold dust with ice covering
he dust grains. We do not conclusively find any molecular emission
ssociated with the feature, aside from some weak CO emission
hich may originate from background contamination rather than

rom that source. 
We identified all the molecular emission present in the ALMA
aps and spectra, finding rotational transitions arising from CO, SiS,
S, SO 2 , NS, NaCl, and KCl. In addition to transitions in the ground
ibrational state, we find several rotational transitions in vibrationally
xcited states from SiS (up to � = 1), NaCl (up to � = 4), and KCl (up
o � = 2). Based on a simplified molecular line excitation analysis,
e estimate the radial temperature profile as a power law with a

imilar index to other oxygen-rich AGB stars. 
We interpret the presence of NS as indicative of a UV-emitting
ain-sequence companion in the inner regions of the OH 30.1 −0.7
ind, with a separation smaller than our resolution limit of ∼ 1200

u. The distribution of the NS emission suggests an eccentric binary
rbit with an orbital plane that may be perpendicular to the direction
f feature B. While the presence of NS suggests a UV emitting
ompanion, the presence of NaCl and KCl require that the companion
ot be too hot. From this, we determine that the companion cannot
e hotter than a late B-type main-sequence star, but may be as cool
s a G-type star, and that a red dwarf star would not be able to trigger
dequate NS formation. 

Past observations and studies of OH 30.1 −0.7 have indicated
ptically thick dust and CO emission – which our observations
upport – and have suggested that the AGB star may have entered a
uperwind phase at the tail end of the AGB. Our observ ations re veal a
ery steep drop off at the edges of the CO emission, both in the plane
f the sky and in velocity space. This suggests that the bounds of the
O envelope are not truncated by the interstellar radiation field, as is
sually the case. Instead it seems that the observed CO corresponds
o a period of high mass loss beginning around 2800 years ago. This
s a longer period than predicted by the superwind scenario, and a
etailed explanation is deferred to a later study. We also conclude
hat any earlier period of lower mass loss (with a mass-loss rate
˙
 ≤ 2 × 10 −5 M �yr −1 ) would not be detectable in light of the recent

igh mass loss. We suggest companion-enhanced dust production,
eading to a higher mass-loss rate, as a possible explanation for the
urrent high mass-loss rate. 

Additional higher angular resolution observations are required to
ully understand OH 30.1 −0.7 and its high mass loss and dense wind.
n particular, we recommend observations with angular resolution of
 mas or better to resolve possible companion interactions in the
nner wind. 
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PPENDIX  A :  A D D I T I O NA L  TA BLES  A N D  

LOTS  

n this section, we present additional tables and plots which provide
dditional details of our observations. Table A1 provides details of
he ALMA line observations and Table A2 provides details of the
ontinuum images. Additional continuum images, with a focus on
he Band 3 data, are shown in Fig. A1 . The molecular line IDs are
iven in Table A3 and the full spectra are shown in Fig. A2 for the
and 6 spectra (with one spectral window given in Fig. 2 ) and in
ig. A3 for the Band 6 spectra. 
The additional figures in this section are supplemental to the

esults presented in the body of the paper. In Fig. A4 , we show
ome examples of soft parabola fits, as were discussed in Section
.5 . Figs A5 and A6 present channel maps of the CO emission as
espectiv ely observ ed with the e xtended array configuration in Band
 and with Band 3. Fig. A7 shows the channel maps of the brightest
bserved SO 2 line, which is discussed in Section 3.4 . In Fig. A8 , we
ive a PV diagram of the NS line detected in Band 3, discussed in
ection 3.5 , and in Fig. A9 , we present the population diagrams of
a 35 Cl and K 

35 Cl, as discussed in Section 3.6 . 
NRAS 536, 684–713 (2025) 

able A1. Parameters of Band 3 and Band 6 ALMA observations for OH 30.1 −0.

and, configuration Frequencies Restoring beam Beam
[GHz] [arcsec] [ ◦

and 3 100.028–101.899 1 . 756 × 1 . 179 −56
and 3 101.830–103.701 1 . 731 × 1 . 155 −55
and 3 111.947–113.818 1 . 576 × 1 . 078 −54
and 3 113.827–115.698 1 . 535 × 1 . 059 −54
and 6, extended 226.086–227.957 0 . 390 × 0 . 265 −67
and 6, compact 226.086–227.957 1 . 714 × 1 . 500 −76
and 6, combined 226.090–227.957 0 . 412 × 0 . 277 −67
and 6, extended 229.085–230.956 0 . 395 × 0 . 256 −78
and 6, compact 229.085–230.956 1 . 711 × 1 . 480 −75
and 6, combined 229.089–230.956 0 . 427 × 0 . 273 −78
and 6, extended 242.073–243.944 0 . 355 × 0 . 255 −73
and 6, compact 242.073–243.943 1 . 626 × 1 . 397 −75
and 6, combined 242.073–243.940 0 . 379 × 0 . 269 −73
and 6, extended 244.086–245.957 0 . 373 × 0 . 251 −78
and 6, compact 244.086–245.957 1 . 617 × 1 . 384 −76
and 6, combined 244.086–245.953 0 . 401 × 0 . 265 −78

ote. a MRS is the maximum recoverable scale. 

able A2. Parameters of continuum images of OH 30.1 −0.7 constructed from the

and, configuration Restoring beam Be
[arcsec] 

and 3 1 . 661 × 1 . 105 −
and 3, resolution matching Band 6, compact 1 . 630 × 1 . 400 −
and 6, extended 0 . 372 × 0 . 239 −
and 6, compact 1 . 628 × 1 . 399 −
and 6, combined, full resolution 0 . 397 × 0 . 252 −
and 6, combined, taper = 0 . 5 0 . 662 × 0 . 536 −
and 6, combined, taper = 0 . 8 0 . 986 × 0 . 829 −
PPENDI X  B:  I NTERSTELLAR  

O N TA M I NAT I O N  

ere, we discuss in more detail the interstellar contamination
xperienced by OH 30.1 −0.7 (see also Section 2.4 ), which we believe
rises from the background star-forming region W43. Contamination
an be seen in most previous studies of CO towards this object (e.g.
e Beck et al. 2010 ), most of which rely on single-dish observations.
lthough some clever observational techniques can be employed to

mpro v e the single-dish observations of contaminated stars (see for
xample Heske et al. 1990 ), these are generally less precise than the
patial filtering of an interferometer. 

In Fig. B1 , we plot the combined ALMA spectra of CO J =
 − 1, extracted for two apertures of different size, superposed
ith the spectra of the same line observed with the Atacama
athfinder EXperiment (APEX, G ̈usten et al. 2006 ), the James Clerk
axwell Telescope (JCMT), and the Institut de Radioastronomie
illim ́etrique (IRAM) 30-m telescope. The JCMT spectrum was

rst published in De Beck et al. ( 2010 ), the IRAM spectrum was
rst published in Justtanont et al. ( 2013 ), and the APEX spectrum

s previously unpublished and was observed by the APEX/PI230
7 from project 2016.1.00005.S. 

 PA Channel separation MRS a Date observed 
] [km s −1 ] [MHz] [arcsec] 

 . 0 2.88 0.98 15.0 2016-12-05 
 . 7 2.83 0.98 15.0 2016-12-05 
 . 6 2.62 0.98 15.0 2016-12-05 
 . 9 2.57 0.98 15.0 2016-12-05 
 . 2 2.57 1.95 4.5 2017-05-05 
 . 6 2.57 1.95 12.8 2017-03-28 
 . 1 2.57 1.95 − −
 . 4 2.54 1.95 4.5 2017-05-05 
 . 8 2.54 1.95 12.8 2017-03-28 
 . 0 2.54 1.95 − −
 . 5 2.42 1.95 4.5 2017-05-05 
 . 9 2.42 1.95 12.8 2017-03-28 
 . 1 2.42 1.95 − −
 . 0 2.40 1.95 4.5 2017-05-05 
 . 2 2.40 1.95 12.8 2017-03-28 
 . 6 2.40 1.95 − −

 observations of project 2016.1.00005.S. 

am PA Rms Peak flux Dynamic range 
[ ◦] [mJy beam 

−1 ] [mJy beam 

−1 ] 

55 . 9 1 . 27 × 10 −2 0.746 59 
75 . 0 1 . 34 × 10 −2 0.788 59 
71 . 7 1 . 40 × 10 −2 5.22 372 
75 . 0 4 . 21 × 10 −2 7.26 172 
71 . 6 1 . 41 × 10 −2 5.26 374 
88 . 3 1 . 51 × 10 −2 6.47 427 
87 . 7 1 . 78 × 10 −2 7.19 403 

m
/m
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The salty emission of OH 30.1 −0.7 703 

Figure A1. The continuum plots for OH 30.1 −0.7 observed with ALMA Band 3 (left) and the compact configuration of ALMA Band 6 (centre), plotted on a 
logarithmic flux scale. The Band 3 image has been convolve to have the same beam as the Band 6 image. The contours indicate levels of 3 σ (thinnest white 
line), and 5 σ , 10 σ , 30 σ , and 100 σ (thicker white lines). On the right, we plot the Band 3 continuum with the 5 σ and 10 σ contours of the compact Band 6 
continuum o v erplotted in pink. In all panels, the crosses at (0,0) indicate the continuum peak. The beams are shown as white ellipses in the bottom-left corners. 
North is up and east is left. 
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nstrument 2 in 2018 August (project ID: O-0102.F-9301B). There 
s considerable contamination in the JCMT observation, especially 
elow velocities of around 107 km s −1 . The effect is even larger for
he APEX observation, which has a larger HPBW ( θ = 27 arcsec
or APEX and θ = 20 arcsec for JCMT). IRAM, which has the 
mallest beam ( θ = 10 . 7 arcsec ), suffers from the least amount
f contamination, but the contamination still impacts the flux 
elow ∼ 107 km s −1 . In Fig. B1 , we adjust the flux axis of the
eft panel to best show the CO emission originating from OH 

0.1 −0.7, while the middle panel shows the full range of the emis-
ion/absorption detected by APEX and JCMT. The contamination 
ntirely dominates the APEX and JCMT flux below 100 km s −1 .
e vertheless, the ALMA observ ations are in general agreement 
ith the single-dish observations abo v e 107 km s −1 , suggesting that

he AGB flux is likely not resolved out at those velocities in the
and 6 observations. The fact that the ALMA spectra extracted 

or two apertures of different sizes (radii of 8 and 3 arcsec) largely
gree with each other indicates that the CO flux is mostly confined
ithin 3 arcsec of the continuum peak. We also checked the line
rofile of the ALMA observations taken with only the extended 
rray configuration, and found that the flux (for an extraction 
perture with diameter 6 arcsec) does not deviate from that of the
ombined data; i.e. even for the extended configuration, there is 
o resolved-out flux (see also the extended configuration channel 
aps in Fig. A5 ). Based on these comparisons, and consider- 

ng that CO is the most extended observed molecule, we assert
hat none of the Band 6 observations suffer from resolved-out 
ux. 
We also compare the ALMA Band 3 CO J = 1 − 0 line with the

RAM observation of the same line first published in Justtanont 
t al. ( 2013 ), plotted in the right panel of Fig. B1 . Since the
ingle-dish beam is larger at the lower frequency, the IRAM line 
 PI230 is a collaboration between the European Southern Observatory (ESO) 
nd the Max-Planck-Institut f ̈ur Radioastronomie (MPIfR). 

r  

S  

d  

o

uffers from significant contamination. The Band 3 observation has 
 larger maximum resolvable scale than the Band 6 observation, 
nd hence is also more susceptible to contamination. From inspect- 
ng the channel maps, shown in Fig. A6 , we can see significant
ontamination, in the form of diagonal bars, in the channels with
elocities below 100 km s −1 . The contamination can also be seen
s spikes in the full spectrum in Fig. A3 and contributes to a
ifficulty in disentangling a possible K 

35 Cl � = 0 line from both 
he AGB CO emission and the background contamination (see 
able A3 ). Ho we ver, gi ven the shape of the CO emission and

he larger maximum resolvable scale for the Band 3 data, we
lso assume that there is no resolved-out flux in the Band 3
bservations. 

PPENDI X  C :  C O M PA R I S O N  WI TH  P R E V I O U S  

TUDIES  O F  M O L E C U L A R  D E T E C T I O N S  A N D  

I STRI BU TI ONS  

1 SiS 

iS is a commonly observed molecule that has been detected in
he envelopes of all chemical types of AGB stars. It is generally
ound to be more abundant in carbon-rich CSEs than oxygen-rich 
SEs (Sch ̈oier et al. 2007 ). Ho we v er, Danilo vich et al. ( 2018 )

ound that SiS was more likely to be detected for AGB stars
ith higher mass-loss rates and hence denser CSEs, across chem- 

cal types. This trend was confirmed by Massalkhi, Ag ́undez &
ernicharo ( 2019 ) for a larger sample of carbon stars, although
anilovich et al. ( 2019 ) also found that very sensitive ALMA
bservations could detect low abundances of SiS (down to ∼ 10 −8 

elative to H 2 ) for even low mass-loss rate oxygen-rich stars.
ince OH 30.1 −0.7 is thought to have a high mass-loss rate,
etections of SiS are expected where the lines are co v ered by our
bservations. 
MNRAS 536, 684–713 (2025) 
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Table A3. Lines identified towards OH 30.1 −0.7. Spectra are shown in Figs A2 and A3 . 

Species Freq E low Transition υcent υw Flux Ap. a Notes 
[GHz] [K] [km s −1 ] [km s −1 ] [Jy km s −1 ] [arcsec] 

SO 2 100.878 7.8 ν = 0 , J K a ,K c = 2 2 , 0 − 3 1 , 3 99.3 18.9 0.32 3.0 
Na 37 Cl 101.962 17.1 � = 0 , J = 8 − 7 100.2 19.0 0.24 2.0 
34 SO 2 102.032 2.7 ν = 0 , J K a ,K c = 3 1 , 3 − 2 0 , 2 99.9 19.0 0.40 3.0 
33 SO 2 102.998 2.8 ν = 0 , J K a ,K c = 3 1 , 3 − 2 0 , 2 ... ... ... ... Tentative and hyperfine 
Na 35 Cl 103.415 537.4 � = 1 , J = 8 − 7 103.7 12.0 0.06 2.0 
C 

17 O 112.359 0.0 � = 0 , J = 1 − 0 ... ... ... ... Tentative 
Na 37 Cl 114.701 22.0 � = 0 , J = 9 − 8 99.4 23.2 0.19 1.0 
NS 115.154 3.3 2 � 1 / 2 , � = 0 , e, J = 

5 / 2 − 3 / 2 , F = 7 / 2 − 5 / 2 
... ... ... ... Brightest hyperfine component 

NS 115.157 3.3 2 � 1 / 2 , � = 0 , e, J = 

5 / 2 − 3 / 2 , F = 5 / 2 − 3 / 2 
... ... ... ... Hyperfine 

NS 115.163 3.3 2 � 1 / 2 , � = 0 , e, J = 

5 / 2 − 3 / 2 , F = 3 / 2 − 1 / 2 
... ... ... ... Hyperfine 

CO 115.271 0.0 � = 0 , J = 1 − 0 100.9 17.0 48.20 5.0 
K 

35 Cl 115.292 38.8 � = 0 , J = 15 − 14 ... ... ... ... Blend with CO; tentative 
NS 115.556 3.4 2 � 1 / 2 , � = 0 , f , J = 

5 / 2 − 3 / 2 , F = 5 / 2 − 3 / 1 
... ... ... ... Brightest hyperfine, tentative 

NS 115.571 3.4 2 � 1 / 2 , � = 0 , f , J = 

5 / 2 − 3 / 2 , F = 5 / 2 − 3 / 2 
... ... ... ... Hyperfine, tentative 

NS 115.572 3.3 2 � 1 / 2 , � = 0 , f , J = 

5 / 2 − 3 / 2 , F = 3 / 2 − 1 / 2 
... ... ... ... Hyperfine, tentative 

SO 2 226.300 108.2 ν = 0 , J K a ,K c = 14 3 , 11 − 14 2 , 12 99.2 19.0 0.79 2.0 
30 SiS 226.502 1118.2 � = 1 , J = 13 − 12 99.7 11.7 0.05 0.3 
Na 35 Cl 227.351 2143.1 � = 4 , J = 18 − 17 101.2 7.6 0.05 0.5 
K 

35 Cl 227.497 954.4 � = 2 , J = 30 − 29 100.3 7.0 0.07 0.5 
Na 37 Cl 227.560 607.5 � = 1 , J = 18 − 17 101.8 12.6 0.33 0.5 Blend with wing of 30 SiS 
30 SiS 227.590 65.6 � = 0 , J = 13 − 12 99.8 22.0 1.04 1.0 Blend with wing of Na 37 Cl 
Na 37 Cl 229.246 93.6 � = 0 , J = 18 − 17 100.2 18.1 1.11 1.0 
Si 34 S 229.501 66.1 � = 0 , J = 13 − 12 98.7 22.8 1.34 1.0 
41 K 

35 Cl 229.682 952.3 � = 2 , J = 31 − 30 98.6 14.6 0.06 0.3 
K 

37 Cl 229.819 559.6 � = 1 , J = 31 − 30 100.6 9.5 0.07 0.5 
34 SO 2 229.858 7.6 ν = 0 , J K a ,K c = 4 2 , 2 − 3 1 , 3 99.9 22.6 1.54 3.0 
K 

35 Cl 230.321 160.5 � = 0 , J = 30 − 29 101.6 13.4 0.36 0.5 
29 SiS 230.510 1128.6 � = 1 , J = 13 − 12 ... ... ... ... Blend with wing of CO 

CO 230.538 5.5 � = 0 , J = 2 − 1 101.9 17.9 214.50 5.0 
Na 35 Cl 230.779 1129.3 � = 2 , J = 18 − 17 101.2 11.8 0.31 0.5 
29 Si 34 S 242.478 75.7 � = 0 , J = 14 − 13 ... ... ... ... 
K 

35 Cl 242.612 976.6 � = 2 , J = 32 − 31 100.5 14.8 0.12 0.5 
SO 2 243.088 41.4 ν = 0 , J K a ,K c = 5 4 , 2 − 6 3 , 3 ... ... ... ... Tentative. Blend with K 

37 Cl 
K 

37 Cl 243.110 971.5 � = 2 , J = 33 − 32 ... ... ... ... Blend with SO 2 

Na 35 Cl 243.574 1140.4 � = 2 , J = 19 − 18 101.5 11.4 0.34 0.5 
30 SiS 243.917 1129.1 � = 1 , J = 14 − 13 100.2 6.2 0.07 0.3 
SO 2 244.254 82.2 ν = 0 , J K a ,K c = 14 0 , 14 − 13 1 , 13 98.7 21.7 5.38 3.0 
41 K 

35 Cl 244.448 974.7 � = 2 , J = 33 − 32 ... ... ... ... Tentative 
34 SO 2 244.482 81.9 ν = 0 , J K a ,K c = 14 0 , 14 − 13 1 , 13 ... ... ... ... Tentative 
K 

37 Cl 244.594 582.1 � = 1 , J = 33 − 32 100.6 8.0 0.03 0.3 
CS 244.936 23.5 � = 0 , J = 5 − 4 99.39 18.2 1.95 3.0 
30 SiS 245.088 76.5 � = 0 , J = 14 − 13 99.3 19.6 1.10 1.0 
34 SO 2 245.302 28.9 ν = 0 , J K a ,K c = 6 3 , 3 − 6 2 , 4 ... ... ... ... Tentative 
Na 35 Cl 245.401 626.2 � = 1 , J = 19 − 18 101.3 14.6 0.77 0.5 
SO 2 245.563 61.0 ν = 0 , J K a ,K c = 10 3 , 7 − 10 2 , 8 98.3 19.7 2.79 3.0 
K 

35 Cl 245.624 183.0 � = 0 , J = 32 − 31 101.9 12.2 0.34 0.5 
Si 34 S 245.960 1134.2 � = 1 , J = 14 − 13 99.7 7.7 0.07 0.5 

Notes. For NS, we list the three brightest hyperfine components (see discussion in Section 3.5 ). For C 

17 O , we give the frequency and quantum numbers 
corresponding to the brightest hyperfine component, which happens to also be the central hyperfine component. a Ap. gives the radius of the circular aperture 
used to extract the spectrum from which the central velocity ( υcent ), velocity width ( υw ) and integrated flux were calculated. These line parameters were not 
calculated for known blended lines or lines that were too marginal in the spectra to fit a soft parabola function (see the text for details). 
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Figure A2. ALMA Band 6 spectra for OH 30.1 −0.7. For each spectral window, we show spectra for a large extraction aperture and a small extraction aperture, 
with the extraction aperture radius and ALMA configuration given in the top right of each subplot. The molecular carriers of various spectral lines are indicated 
at the top of each plot. See Table A3 for details. 
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2 CS 

ince it is a carbon-bearing molecule, CS has often been associated 
ith carbon-rich CSEs. Ho we ver, it has also been detected in

everal oxygen-rich CSEs, as well as towards S-type AGB stars (e.g. 
indqvist et al. 1988 ; Danilovich et al. 2018 ). Similar to SiS, CS has
een found to be more pre v alent in higher density oxygen-rich and
-type CSEs (Danilovich et al. 2018 ), possibly because of a higher
re v alence of shocks (e.g. from larger pulsations in Mira variables
s compared with semi-regular variables) in these CSEs which can 
iberate C from CO to enable the formation of CS. This may also
esult in CS being more abundant for Mira variable stars than semi-
egular variable stars, among the oxygen-rich AGBs (Danilovich 
t al. 2019 ). Ho we ver , for carbon-rich A GB stars, the abundance of
S has generally been found to be one to two orders of magnitude
 o  
igher than for oxygen-rich stars (Danilovich et al. 2018 ; Massalkhi
t al. 2019 ). Since OH 30.1 −0.7 has a high mass-loss rate and hence
igh wind density, detections of CS are expected despite it being an
xygen-rich star. 

3 SO 2 

O 2 is thought to be formed in CSEs from SO. Previous studies,
ostly focusing on AGB stars known to have low initial masses,

ave shown that the distributions of SO and SO 2 can be divided into
wo groups of morphological structures in AGB CSEs. Danilovich 
t al. ( 2016 ) found, from a small sample, that SO distributions
ould either be centred on the star or could exhibit a shell-like
istribution, with the relative abundance of SO peaking further 
ut in the CSE, rather than being centred on the star. It was
MNRAS 536, 684–713 (2025) 
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Figure A2. – continued . 
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ound that the stars with lower mass-loss rates (or lower wind
ensities) exhibited centralized SO distributions, while stars with
igher mass-loss rates (or higher wind densities) exhibited shell-
ike SO distributions. The lar ger AT OMIUM surv e y, using spatially
esolved ALMA observations, confirmed this trend for SO and also
or SO 2 (Wallstr ̈om et al. 2024 ). Earlier data had been insufficient
o determine the spatial distribution of SO 2 . The chemical models of
an de Sande & Millar ( 2022 ) and Van de Sande, Walsh & Millar
 2023 ) predict more shell-like SO and SO 2 distributions for AGB
tars with UV-producing companions and/or with more clumpy 
SEs. 

4 NS 

side from the AGB stars discussed in Section 4.1.1 , NS has been
etected towards an early planetary nebula (S ́anchez Contreras et al.
000 ), giant molecular clouds (where it seen to be enhanced in
assive star-forming regions such as Orion KL, McGonagle & Irvine

997 ), hot cores (Xu & Wang 2013 ), comets (e.g. Irvine et al. 2000 ),
nd a starburst galaxy (Mart ́ın et al. 2003 , 2021 ). All of these objects
ontain regions with high UV fluxes (or experience UV flux during
art of their orbits, in the case of comets), suggesting that this could
e the dominant formation mechanism of astronomical NS. Viti et al.
 2001 ) performed chemical models of shocks in hot cores and found
hat NS can be enhanced through shock heating, which is broadly
imilar to the UV-driven chemistry driving the NS formation around
 Aql (Van de Sande & Millar 2022 ; Danilovich et al. 2024 ). Older

hemical models, which do not consider shocks or enhanced UV
hemistry were not able to reproduce the observed abundances of
S in hot cores by several orders of magnitude (e.g. Millar & Herbst
990 ). 

5 Chlorides 

he first astronomical detections of NaCl and KCl were reported by
ernicharo & Guelin ( 1987 ) towards the nearby carbon-rich AGB

tar CW Leo (along with AlCl). Subsequently, abundances relative
NRAS 536, 684–713 (2025) 
o H 2 of 1 . 8 × 10 −9 for NaCl and ∼ 5 × 10 −10 for KCl were derived
rom more comprehensive observations by Ag ́undez et al. ( 2012 ),
ho also found the 35 Cl / 37 Cl isotopic ratio to be 2 . 9 ± 0 . 3, close to

he solar isotopic value of 3 . 3 ± 0 . 3. Spatially resolved observations
y Quintana-Lacaci et al. ( 2016 ) found elongated NaCl and KCl
mission and concluded that the NaCl was likely arranged in a spiral
r torus (with the formation of such a structure likely driven by a
ompanion). That study also detected NaCl in the first vibrationally
xcited state for the first time. 

NaCl has also been detected towards a handful of oxygen-rich
tars. The low-mass AGB star IK Tau (initial mass ∼ 1 . 3 M �,
anilovich et al. 2017a ) has been observed to exhibit several different

otational lines of NaCl in the ground vibrational state (Milam et al.
007 ; Velilla Prieto et al. 2017 ). Spatially resolved observations with
LMA found it to have clumpy irregular NaCl ( � = 0) emission

Decin et al. 2018 ). A subsequent 3D analysis by Coenegrachts et al.
 2023 ) found that the emission was roughly arranged in a clumpy
piral and the formation of NaCl may have been driven by a stellar
r planetary companion. We note that the nearby low-mass AGB
tar R Dor – observed with the same spectral setup and sensitivity
s IK Tau but not presently thought to have a solar type binary
ompanion (Vlemmings et al. 2018 ) – did not hav e an y detections
f NaCl (or NS, Decin et al. 2018 ). Additional detections of NaCl
nd KCl were reported by Wallstr ̈om et al. ( 2024 ) in the ATOMIUM
urv e y for the AGB stars IRC-10529 (NaCl in � = 0 , 1 and KCl in
 = 0), IRC + 10011 (NaCl in � = 0 , 1 , 2 and KCl in � = 0) and GY
ql (NaCl in � = 0). All three of these oxygen-rich AGB stars are

hought to have companions shaping their winds, though the precise
atures of these companions are not yet known (Decin et al. 2020 ).
he RSGs VY CMa, NML Cyg, and VX Sgr also have NaCl detected

owards them (Milam et al. 2007 ; Kami ́nski et al. 2013 ; Decin et al.
016 ; Singh, Edwards & Ziurys 2022 ; Quintana-Lacaci et al. 2023 ;
allstr ̈om et al. 2024 ). In the spatially resolved observations of VY
Ma, NaCl is seen to trace high-velocity jets (Quintana-Lacaci et al.
023 ). 
There have also been detections of NaCl towards early post-AGB

tars, such as CRL 2688 (the Egg Nebula, Highberger et al. 2003 )
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Figure A3. ALMA Band 3 spectra for OH 30.1 −0.7. For each spectral window, we show spectra for a large extraction aperture and a small extraction aperture, 
with the extraction aperture radius in the top right of each subplot. The molecular carriers of various spectral lines are indicated at the top of each plot. See 
Table A3 for details. 
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nd OH 231.8 + 4.2 (the Rotten Egg Nebula, S ́anchez Contreras
t al. 2018 , 2022 ), both of which have bipolar outflows, with
aCl detected in shell-like structures. Highberger et al. ( 2003 ) 
sed the IRAM 30-m telescope to detect several NaCl lines in 
he ground vibrational state towards CRL 2688. They suggest that 
he formation of NaCl is likely driven by shocks and clumping in
he high-velocity outflows. S ́anchez Contreras et al. ( 2022 ) used
LMA to observe OH 231.8 + 4.2, an AGB star which seems to
e undergoing a premature evolution into the pre-Planetary Nebula 
hase, possibly driven by the A0 companion on a relatively close 
rbit (20 au). They detect vibrationally excited NaCl up to � = 2
and tentatively � = 3) and KCl (up to � = 1) in a rotating and
 xpanding c ylindrical structure around the central star, coinciding 
ith a circumbinary dust disc. They also find a relatively high 
ibrational temperature ( T vib = 1125 ± 160 K), consistent with NaCl 
orming in hot conditions. In this case the dust disc could also
hield the Na and K atoms, prev enting e xcessiv e photoionization.
 ́anchez Contreras et al. ( 2022 ) conclude that NaCl and KCl are good

racers of high-density regions and may be shock tracers. While OH
0.1 −0.7 may have a similar companion to OH 231.8 + 4.2, it clearly
oes not have a bipolar outflow (and is not easily detected in the
ptical, unlike the Rotten Egg Nebula), suggesting a different orbital 
onfiguration. 

Another astrophysical environment in which NaCl and KCl 
ave been frequently detected are high-mass young stellar objects 
Ginsburg et al. 2019 , 2023 ). Dubbed ‘binaries’ because of the
trong correlation between NaCl and H 2 O detections, Ginsburg 
t al. ( 2023 ) found that the salt detections were neither rare nor
biquitous. They also find that the NaCl emission is restricted to the
elatively inner regions of discs or outflows, which are likely to be
MNRAS 536, 684–713 (2025) 
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Figure A3. – continued . 

Figure A4. Examples of soft parabola fits to selected lines towards OH 30.1 −0.7. Data are plotted as black histograms and the fits are shown as dashed red lines. 
The molecular carriers and the corresponding transitions are given in the top-right corner of each panel. Further details for each line, including the extraction 
aperture for the spectrum, are given in Table A3 . Details of the fitting procedure are given in Section 2.5 . 
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Figure A5. Channel maps for CO J = 2 − 1 towards OH 30.1 −0.7, as observed with the more extended ALMA configuration. The thicker white contours are 
drawn at levels of 10 σ , 30 σ , 50 σ , 70 σ , 100 σ , 150 σ , 200 σ , 300 σ , and 500 σ , the thinner gre y contours at lev els of 3 σ and 5 σ , and the dashed c yan contours at 
levels of −3 σ and −5 σ . The cross at (0,0) indicates the position of the continuum peak. The velocity of each channel is shown in the top-right corner of each 
panel and the beam is shown as a white ellipse in the bottom-left corners. North is up and east is left. Note that although some interstellar contamination has 
been resolved out by ALMA, a significant amount remains, especially for channels with velocities lower than 100 km s −1 . 
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he warmer (but not ionized) regions of their sources. This is broadly
imilar to the centrally confined NaCl and KCl detected here for OH
0.1 −0.7, and likely correspond to similar hot and shocked formation 
onditions. 

5.1 The formation of NaCl and KCl 

he main formation pathway for NaCl and KCl is thought to be
hrough neutral–neutral reactions between the alkali metal atom 

nd HCl. The reaction for NaCl has a relatively high acti v ation
nergy of 42 kJ mol −1 (Husain & Marshall 1986 ; Plane, Ra-
asekhar & Bartolotti 1989 ), significantly more than the 12 kJ mol −1 
arrier for K + HCl (Helmer & Plane 1993 ). Thus, formation of
aCl and KCl is fa v oured at higher temperatures. Furthermore,
oth reactions are endothermic (by 19.2 and 7.8 kJ mol −1 , re-
pecti vely), and the re verse reactions of NaCl and KCl with H
re fast with small temperature dependences. This means that 
aCl and KCl can only persist if the H density is relatively low

see below). Another important consideration is that Na 
nd K have low ionization potentials (5.139 eV for Na, 
.341 eV for K, NCBI 2024 , which correspond to wave-
engths of 241 and 286 nm, respectively) and their singly ion-
zed states, Na + and K 

+ , are unreactive closed shell ions. 
his means that UV photons from a hot star could easily ionize Na
MNRAS 536, 684–713 (2025) 
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Figure A6. Channel maps for CO J = 1 − 0 towards OH 30.1 −0.7. The contours are drawn at levels of 3 σ , 5 σ , 10 σ , 30 σ , 50 σ , and 100 σ and the cross at 
(0,0) indicates the position of the continuum peak. The velocity of each channel is shown in the top-right corner of each panel and the beam is shown as a white 
ellipse in the bottom-left corners. North is up and east is left. Note that there is significant interstellar contamination for channels with velocities lower than 
100 km s −1 . 
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nd K and subsequent ion-neutral reactions would not readily occur,
ence ef fecti v ely remo ving Na and K and prev enting the formation
f their chlorides. This dilemma is a v oided if the environment is
ense enough to provide shielding against ionization. Given the thick,
usty envelope of OH 30.1 −0.7 (see Section 4.2 and Marini et al.
023 ) and its high mass-loss rate, there should be an extremely
igh amount of extinction in the inner wind, which would strongly
ttenuate any UV photons except for in the immediate vicinity of
he UV-producing star. For this reason, heating from UV photons
lone is unlikely to drive the formation of NaCl or KCl since the
V photons will be highly attenuated and, if they were not, they
ould instead ionize the metals and prevent the formation of NaCl

nd KCl. Note that this is the opposite scenario to the formation of
S. NS forms after its precursor N 2 has been photodissociated (Van
e Sande & Millar 2022 ; Danilovich et al. 2024 ), whereas NaCl
NRAS 536, 684–713 (2025) 
nd KCl require that their precursors Na and K not be photoionized.
his difference could explain why the distributions of NaCl and
S in the Band 3 zeroth moment maps (Figs 10 and 9 ) are not

olocated. An interesting additional check on the chemistry would
e mapping the SiN emission (which was not co v ered in our obser-
ations) because its formation follows after the photoionization of
i to Si + . 
Another possible obstacle for the formation of NaCl and KCl is

he H/H 2 ratio in the wind. If this is too high (e.g. if H/H 2 � 10 −4 )
hen the steady-state reactions will fa v our the formation of HCl, Na,
nd K, rather than NaCl and KCl. Given the observations presented
ere and the implied high abundances of both NaCl and KCl, we can
onfidently say that the H/H 2 ratio is low. High temperatures (e.g.
000–2000 K) and high densities will also contribute to more rapid
ormation of NaCl and KCl (as all chemical reactions proceed more
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Figure A7. Channel maps for SO 2 J K a ,K c = 14 0 , 14 → 13 1 , 13 at 244.254 GHz towards OH 30.1 −0.7. The contours are drawn at levels of 3 σ , 5 σ , and 10 σ , 
and the cross at (0,0) indicates the position of the continuum peak. The velocity of each channel is shown in the top-right corner of each panel and the beam is 
shown as a white ellipse in the bottom-left corners. North is up and east is left. 

Figure A8. PV diagram for NS e towards OH 30.1 −0.7. The diagram was 
constructed for line passing through the continuum peak at an angle of 69 ◦
east from north (as shown in Fig. 9 ). The contours are drawn at levels of 3 σ
and the red cross at (100.3,0) indicates the position and systemic velocity of 
the AGB star. 

Figure A9. Population diagrams for Na 35 Cl (blue squares) and K 

35 Cl (pink 
circles). The lines give the best linear fit to the data. Average gas temperatures 
are given in the legend and are close to 600 K for both molecules. The source- 
averaged column densities are 1 . 4 × 10 12 and 1 . 6 × 10 11 cm 

−2 for Na 35 Cl 
and K 

35 Cl, respectively. 
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Figure B1. ALMA observations of CO towards OH 30.1 −0.7 compared with APEX, JCMT, and IRAM 30-m observations of the same lines. The legends give 
the HPBW, θ , for the single-dish data, and the diameter of the circular extraction apertures, D , for the ALMA data. TE refers to data observed with only the 
ALMA extended configuration. The single-dish observ ations sho w significant line contamination from sources other than the AGB stars. The left and middle 
panels show CO ( J = 2 − 1) with the left panel having a flux scale that allows the CO emission to be clearly seen, while the middle panel has a flux scale that 
shows the full range of the ISM contamination at velocities � 100 km s −1 . The right panel shows CO ( J = 1 − 0). 
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apidly at higher number densities). This fits with previous results
nding that NaCl is preferentially formed as a consequence of shocks
Cherchneff 2012 ). 

6 Species not detected or not co v ered 

ome of the species that we might expect to see towards a star such
s OH 30.1 −0.7 were either not co v ered in our observations or were
ot detected. To eliminate confusion between these two possibilities,
e briefly summarize here which key molecular species were not
etected and which were not co v ered. 

SiO and HCN are both seen almost ubiquitously towards AGB
tars of all types. Our spectral set up was such that no lines in the
round or first four vibrationally excited states of 28 Si 16 O , 29 Si 16 O ,
r 30 Si 16 O were co v ered. No lines of HCN or H 

13 CN in the ground
ibrational state were co v ered. Transitions of CN, the photodisso-
iation product of HCN, were co v ered but not detected abo v e the
oise. 
SO is generally observed towards the same stars as SO 2 , with

imilar distribution patterns in the CSEs (Danilovich et al. 2016 ;
allstr ̈om et al. 2024 ). Although we present several detections of

O 2 towards OH 30.1 −0.7, no lines of SO or its isotopologues
 

32 SO , 34 SO , or 33 SO) were co v ered in our observations. 
The recent work of Baudry et al. ( 2023 ) identified several highly

xcited H 2 O lines (with upper level energies in the range 3954–
012 K) in ALMA observations of a sample of oxygen-rich AGB
nd RSG stars. Unfortunately, none of the emission lines detected
n the Baudry et al. ( 2023 ) sample were co v ered in our spectral
onfigurations. We found no other lines of H 2 O towards OH
0.1 −0.7, despite clear detections of relati vely lo w-energy H 2 O
ines observed by Herschel /HIFI (Justtanont et al. 2015 ). No OH
ines in the ground vibrational state were co v ered in the Band 6
ata. 
H 2 S is associated with high mass-loss rate/high CSE density

xygen-rich AGB stars (Danilovich et al. 2017b ). Only two lines
f H 2 S were co v ered in our observations and both were high-energy
ines ( E low > 2000 K) that have not previously been detected for any
GB stars. One lower energy line of H 2 

34 S was co v ered ( E low = 240
) but not detected. 
Despite our detections of NaCl and KCl, Al 35 Cl was not detected.

o we ver, the only line in the ground vibrational state of Al 35 Cl fell
n the less sensitive Band 3 data and could be blended with 34 SO 2 .
NRAS 536, 684–713 (2025) 
n the case of Al 37 Cl, one line in the ground vibrational state fell in
ach of the Band 3 and 6 observations. Neither is detected abo v e the
oise. 
AlF, which was detected alongside AlCl towards W Aql

Danilovich et al. 2021 ) and has been seen towards various oxygen-
ich AGB stars (Saberi et al. 2022 ; Wallstr ̈om et al. 2024 ), was
ot detected towards OH 30.1 −0.7. This is despite a line in the
round vibrational state being co v ered by our Band 6 observa-
ions. The chemistry behind AlF is not yet fully understood (see
anilovich et al. 2021 , for a more extended discussion), but it

eems to not be directly linked to the other metal halides (i.e.
aCl and KCl) that are so conclusively detected towards OH
0.1 −0.7. 
SiN and SiC were identified by Van de Sande & Millar ( 2022 ) as

racers of a UV-emitting companion star, along with NS. Although
S was detected for OH 30.1 −0.7, SiN was not co v ered in our
bservations, and two lines of SiC were co v ered in Band 6 but not
etected abo v e the noise. 

PPENDI X  D :  P R E V I O U S  OBSERVATI ONA L  

TUDIES  O F  O H  3 0 . 1  −0 . 7  

he study of rotational CO lines towards OH 30.1 −0.7 has been
ampered by contamination along its line of sight, as discussed in
ection 2.4 (see also De Beck et al. 2010 ), mainly originating from

he massive star-forming region W43, located around 1.6 kpc behind
H 30.1 −0.7. The observations taken with APEX and JCMT shown

n Fig. B1 are too contaminated to allow any meaningful study of
he star and, indeed, a determination of the mass-loss rate was not
arried out by De Beck et al. ( 2010 ) for this reason. The IRAM 30-
 telescope has a smaller HPBW and hence appears to suffer less

rom ISM contamination, especially for the CO J = 2 − 1 line, but
t is clear from our ALMA observations, especially from inspection
f the channel maps (Fig. 3 and Fig. A6 ) that there is una v oidable
ontamination directly along the line of sight to OH 30.1 −0.7. Even
hough a lot of this is resolved out by ALMA, some elements of
he contaminating molecular cloud cannot be a v oided owing to the
mall angular sizes of dense elements, comparable in size to the OH
0.1 −0.7 CO env elope e xtent. Giant molecular clouds are generally
xpected to be relatively cold, so they are brighter in the lower
nergy CO transitions. Ho we ver, massi ve star-forming clumps have
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Figure D1. Location on the sky of OH 30.1 −0.7 and the pointings of various observations targeting the star. The continuum peak based on our observations is 
plotted as a purple star and a purple shaded circular region with a radius of 3.5 arcsec represents the extent of the CO J = 2 − 1 (see Fig. 3 ). The coordinates 
and HPBW of various other observations are also plotted (see the text for references). Note that the centres of the APEX CO (2 −1) and IRAM beams are at the 
same coordinates, as are the HIFI observations, the large beams for which are not plotted. Not shown are the coordinates given in the WISE , ISO , and GCVS 
catalogues, which are all within ∼ 1 arcsec of the ALMA continuum peak. 
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een shown to also exhibit high- J CO lines (e.g. Hoang et al. 2023 ).
ithout spatially resolved observations for all studied CO transitions, 
e cannot completely rule out contamination in any CO towards OH 

0.1 −0.7. 

1 Forensic astronomy 

hrough a careful examination of past catalogues and other ob- 
ervations of OH 30.1 −0.7, we have determined that there has 
istorically been some uncertainty in the precise position of this 
tar. Our ALMA continuum observations are of high astrometric 
ccuracy (see Table 1 ) and represent the best measured position 
or OH 30.1 −0.7. Some examples of past uncertainties are detailed 
elow. 
The study of Justtanont et al. ( 2013 ) included the IRAM observa-

ions shown in Fig. B1 and two higher energy CO lines observed with
PEX, J = 7 − 6 and J = 4 − 3. Both of these higher energy lines
ere not detected abo v e the noise but also do not exhibit significant

ontamination, which is somewhat perplexing, since the J = 9 − 8 
nd J = 5 − 4 lines were clearly detected by Herschel /HIFI (with
ome possible contamination seen in J = 5 − 4, see fig. 10 in
usttanont et al. 2013 ). 

To investigate this conundrum we checked the original ob- 
ervations discussed abo v e and plot the HPBW and right as-
ension and declination (RA and Dec.) of these observations in 
ig. D1 . We also checked various catalogues and past observations 
or the coordinates listed for OH 30.1 −0.7 and compared them with
he RA and Dec. we find for the continuum peak in this work (based
n the Band 6 extended continuum, see Table 1 ). The majority of the
isted coordinates for this star fall within � 1 arcsec of our continuum

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is a
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, 
eak, including those from the Wide-field Infrared Survey Explorer 
 WISE , Cutri et al. 2012 ), the General Catalogue of Variable Stars
GCVS 5.1, Samus’ et al. 2017 ), the Infrared Space Observatory
 ISO , Kessler et al. 1996 ) and from the aforementioned IRAM,
IFI (Justtanont et al. 2013 ), and APEX ( J = 2 − 1, this work,

D: O-0102.F-9301B) observations. The JCMT CO J = 2 − 1 and
 = 3 − 2 observations (De Beck et al. 2010 ) are offset from the
LMA continuum peak by about 7 arcsec, meaning that the telescope 
eam at J = 2 − 1 mostly co v ers the e xtent of the emission observ ed
ith ALMA, but the smaller J = 3 − 2 misses a significant portion
f the AGB emission. 
This is illustrated in Fig. D1 , where we approximate the ALMA

O emission as a circle of radius 3.5 arcsec centred on the continuum
eak and plot various telescope beams and their pointings. The 
elatively small APEX beams covering the CO J = 4 − 3 and
 = 7 − 6 lines are centred on a point ∼ 17 arcsec from the ALMA
ontinuum peak and, as shown in Fig. D1 , do not o v erlap with the
O envelope at all. 
We also note that some older catalogues, such as the Infrared

stronomical Satellite ( IRAS , Helou & Walker 1988 ) and the
evised Air Force Geophysical Laboratory Infrared Sky Survey 

RAFGL, Price & Murdock 1983 ), list coordinates even more 
ignificantly offset from our continuum peak (by ∼ 25 arcsec for 
oth IRAS and RAFGL), most likely owing to resolution limita- 
ions. The coordinates listed in the study of Heske et al. ( 1990 ),
iscussed in Section 4.2.1 , agree with our position to within
.33 arcsec. 
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