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ABSTRACT

Context. Low- and intermediate-mass stars evolve through the asymptotic giant branch (AGB) when an efficient mass-loss process
removes a significant fraction of their initial mass. For most sources, this mass-loss process relies on the interplay between convection,
stellar pulsations, and dust formation. However, predicting the mass-loss history of a given star from first principles is complex and not
yet feasible at present. At the end of the AGB, at least some stars experience a substantial increase in their mass-loss rate for unknown
reasons, leading to the creation of post-AGB objects that are completely enshrouded in thick dusty envelopes. Recent studies have
suggested that some of these sources may be the product of interactions between an evolved star with a close companion.

Aims. We observed six obscured post-AGB stars (four C-rich and two O-rich sources) to constrain the properties of their circumstellar
envelopes, recent mass-loss histories, and initial masses of the central stars.

Methods. We used observations of the J = 2-1 line of *CO, C'70, and C'30 with the Atacama Large Millimeter/submillimeter
Array (ALMA) to determine the circumstellar gas masses and the '7O/'80 isotopic ratios, the latter of which can be used to infer
initial stellar masses. These results were interpreted in the context of comparisons with stellar evolution models in the literature and
existing observations of other post-AGB stars.

Results. Based on the inferred '"0/'80 isotopic ratios, we find all stars to have relatively low initial masses (<2 M), contrary to
literature indications of higher masses for some sources. One of the C-rich sources, HD 187885, has a low 7O/ 180 ratio; coupled
with a low metallicity, this would imply a relatively low mass (~1.15 M) for a carbon star. For all but one source (GLMP 950), we
observe kinematic components with velocities of 230 kms™!, which are higher than typical AGB wind expansion velocities. For most
sources, these higher velocity outflows display point-symmetric morphologies. The case of Hen 3-1475 is especially spectacular, with
the high-velocity molecular outflow appearing to be interleaved with the high-velocity outflow of ionised gas observed at optical
wavelengths. Based on the size of the emission regions of the slow components of the outflows, we derived typical kinematic ages
associated with the C'30 J = 2—1 emission of <1500 years and obtained relatively high associated mass-loss rates (2107 Mg yr™!).
The sources with known spectral types are found to have evolved faster than expected, compared to stellar evolutionary models.

Key words. stars: AGB and post-AGB — circumstellar matter — stars: evolution — stars: jets — stars: kinematics and dynamics —
stars: winds, outflows

1. Introduction lives (Karakas & Lattanzio 2014). In this phase, nuclear burning

e of helium and hydrogen happens in separate layers around the
Shtars zltﬁ initial nasses 'bet\xt/)een flouik(l}ll}; 1 an}cll 8 ]V(Ii@ eIiV(;ll\{e inert core rich in carbon and oxygen (Herwig 2005). The dense,
through the asymptotic giant branch ( ) at the end of their yoified inner region is surrounded by a large (~1 au) convective

stellar envelope, making AGB stars evolve into large red giants.
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The combination of large sizes, low values of surface gravity,
and cool and pulsating outer layers leads to such a strong degree
of mass loss in the AGB phase (between 10~ and 10™* M, yr~!,
Hofner & Olofsson 2018) that it dominates the evolution of the
star from its onset. This process of mass loss continues until the
stellar envelope has essentially been stripped away. The high-
energy radiation field from the newly exposed core eventually
ionises the ejected gas. If the timing between outflow expansion
and evolution of the central remnant is in the right range, the
envelope will be visible as a planetary nebula (PN, Kwok 1994).

Explaining the shapes and properties of planetary nebu-
lae (PNe) has been a long-standing problem in astrophysics.
The transition from the mostly spherically symmetric out-
flows of AGB stars to the complex morphologies of PNe
(e.g. Sahai & Trauger 1998; Parker et al. 2006; Sahai et al. 2007,
2011) has been a particularly challenging problem to resolve.
Recent observations of AGB stars have revealed distributions of
the circumstellar molecular gas (Decin et al. 2020), which are
reminiscent of complex patterns of arcs and shells seen in the
haloes of some PNe. These structures have been suggested to
be created by stellar or even planetary companions. The ejec-
tion of clumps of gas in random directions due to convection has
also been proposed as an important shaping mechanism of AGB
outflows (Velilla-Prieto et al. 2023). However, the evolution of
the structures of the density distributions into later evolutionary
phases, their prevalence in the envelopes of AGB stars, and the
average fraction of the circumstellar envelope (CSE) mass con-
tained in such structures is still not well constrained. On large
scales and at lower resolutions, the molecular CSEs of AGB stars
appear spherically symmetric on average (Ramstedt et al. 2020).

One important process invoked to explain the circumstel-
lar masses of PNe is the so-called super-wind, which has been
proposed to be a short phase of intense mass loss (with rates
of ~107* M, yr~!) taking place at the end of the AGB (Renzini
1981; Vassiliadis & Wood 1993). One possibility is that PNe are
mostly the outcome of binary interactions, featuring a type of
common-envelope phase (for an overview, see Jones & Boffin
2017; Boftin & Jones 2019, and references therein). However,
only a relatively small fraction (~20%) of stars evolving through
the AGB are expected to have stellar companions at small-
enough separations to potentially induce this type of evolution
(e.g. Boffin & Jones 2019; Khouri et al. 2021). This relatively
low fraction might not be in tension with the observed num-
ber of PNe because population synthesis calculations indicate
that only a fraction of low- and intermediate-mass stars produce
bright PNe (Moe & De Marco 2006; De Marco 2009). More-
over, single-star models do not maintain the required rotation
rates to reproduce the observed fraction of non-symmetric PNe
(e.g. Garcia-Segura et al. 2014). Finally, the empirical binarity
fraction of central-stars of PNe is only a lower limit >20%
(Jones & Boffin 2017) to the actual fraction, given the obser-
vational challenges for this type of study (e.g. De Marco et al.
2015). Nonetheless, the clear correlation between the orienta-
tion of the PNe axis and the axis of the orbital plane in PNe
with known binary central stars (Hillwig et al. 2016) implies that
companions strongly affect the shape of PNe.

Given the observational evidence and the current limita-
tions to studies of PNe and AGB stars, studying the phase
before the PN stage and immediately after the AGB (i.e.
the post-AGB phase) is crucial for understanding the final
stages of the lives of low- and intermediate-mass stars. A sub-
class of post-AGB sources with dusty discs (containing >80
objects) are known to very often have detectable close com-
panions (Van Winckel 2007; Oomen et al. 2018). Some of these
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sources even display gaseous discs with Keplerian rotation
that remain stable over long timescales (Van Winckel 2018;
Gallardo Cava et al. 2021). Although determining binary frac-
tions in post-AGB stars more obscured by circumstellar dust is
difficult, observations of the morphology and dynamical com-
ponents of their CSEs provides important clues. Studies of
such objects have found high-velocity outflows with excess
momentum that cannot be explained by radiation-driven out-
flows (e.g. Bujarrabal etal. 2001) as well as complex mor-
phologies (Sahai et al. 2007; Lagadec et al. 2011). In fact, jets
or bipolar outflows are expected to be one of the main agents
affecting the morphologies of these systems and of PNe (e.g.
Sahai & Trauger 1998; Sahai et al. 2011; Soker 2020). Circum-
stellar masses derived based on CO observations of post-AGB
sources range broadly from 1072 to 1 M, (Bujarrabal et al. 2001;
Sanchez Contreras & Sahai 2012). The different configurations
of binary systems leading to the observed post-AGB morphology
and CSE components are the subject of current investigations.
Another important diagnostic is the study of the isotopic
ratios of the ejected material, which can be interpreted based
on our understanding of nucleosynthesis and stellar evolution.
The isotopes of oxygen, and specifically the '70/'80 ratio,
provide particularly powerful constraints on the initial masses
of stars in this mass range. For most low- and intermediate-
mass stars, the significant changes to the oxygen isotopic
ratios take place between the main sequence and the red giant
branch phases, when convective streams in the stellar enve-
lope reach material processed by nucleosynthesis in the stel-
lar interior in a process referred to as the first dredge-up
(e.g. Karakas & Lattanzio 2014). There is an overall agree-
ment between different stellar evolution models on the quan-
titative values of oxygen isotopic ratios after the first dredge-
up (De Nutte et al. 2017). However, the expected dependence of
this ratio on the initial stellar mass of stars has not been fully val-
idated by observations thus far (Abia et al. 2017). The oxygen
isotopic ratios have been extensively studied for AGB stars (e.g.
Harris et al. 1987; Smith & Lambert 1990; Hinkle et al. 2016;
Abia et al. 2017; Danilovich et al. 2017; De Nutte et al. 2017;
Lebzelter et al. 2019), but less often for post-AGB objects.
Stellar evolution models also predict whether or not stars
with a given initial mass and metallicity become carbon-rich
at the end of the AGB. The increase of the carbon abundance
in excess of that of oxygen in the stellar envelope happens for
stars with initial mass between ~1.5 and ~4 M, during the third
dredge-up (Karakas & Lattanzio 2014), which is a mixing event
that takes place during the AGB phase itself (Iben & Renzini
1983). The lower mass limit for stars to become carbon rich is
defined by whether the enrichment is efficient and proceeds for
long enough, while the upper mass limit depends on whether
the temperature at the base of the convective envelope is high
enough to convert carbon mainly into nitrogen in a process
known as hot bottom burning (HBB, e.g. Herwig 2005). The
efficiency of the third dredge-up in enriching the stellar envelope
with carbon depends on many parameters, including mixing effi-
ciency, AGB lifetimes, and prescriptions for the mass-loss rate
included in stellar evolution models (e.g. Stancliffe et al. 2004;
Abia et al. 2017; Rees et al. 2024). If HBB takes place, '30 is
expected to be very efficiently destroyed leading to very low
180 abundances, but the minimum initial stellar mass for which
HBB becomes important is fairly uncertain (Ventura et al. 2018).
A few AGB stars with extreme mass-loss rates seem to belong
to this class (Justtanont et al. 2012), while no post-AGB stars
with very low 80 abundances have been identified thus far to
our knowledge. In fact, recent studies of oxygen isotopic ratios
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in post-AGB stars (Khouri et al. 2021; Alcolea et al. 2022) have
indicated that some of the most obscured post-AGB sources have
relatively low initial masses (<3 M), contrary to the expectation
that these were more massive stars with initial masses =5 M.

A small subclass of post-AGB stars termed water fountains
accounts for a significant fraction of the post-AGB objects with
determined oxygen isotopic ratios (Khouri et al. 2021). These
sources show water maser emission with expansion velocities
higher than those of their own OH maser emission, which is
not observed in any other class of AGB or post-AGB stars.
The water maser emission is thought to arise from the interac-
tion of a nascent jet with a dense CSE (e.g. Imai 2007). The
envelopes present tori-like structure oriented mostly perpendic-
ularly to bipolar lobes sculpted by high-velocity jets (Sahai et al.
2017; Goémez et al. 2018; Tafoya et al. 2020). The ejection of
large amounts of mass in these systems seems to have occurred
<100 years ago (e.g. Boboltz & Marvel 2007; Day et al. 2010).
The compactness of the emission observed towards water foun-
tains and other highly obscured sources suggests a period of
very intense mass loss, which has been proposed to be triggered
by interactions with a nearby companion (Khouri et al. 2021;
Alcolea et al. 2022). The process experienced by these sources
could be connected to the super-wind phase, but whether these
are the same (or related at all) remains presently unknown.

Regarding carbon enrichment, a lot of effort has been put into
reproducing the mass range for which stars become carbon rich
in stellar evolution models. Observations of carbon-rich stars
in open clusters indicate that the lower limit in initial mass for
forming carbon-rich stars is ~1.5 M (Groenewegen et al. 1995)
at solar metallicity. A similar limit is obtained by fitting the
luminosity function of carbon stars in the Milky Way and satel-
lite galaxies using stellar evolution codes (e.g. Groenewegen
2002), but the initial mass might extend down to ~1 M, at lower
metallicities (Stancliffe et al. 2005). However, the predicted min-
imum luminosity is high compared to observations. Stellar evo-
lution models are able to reproduce carbon stars with initial
masses as low as ~1.5 M by including extra mixing for the third
dredge-up to be efficient enough (e.g. Weiss & Ferguson 2009;
Cristallo et al. 2015; Karakas & Lugaro 2016; Ventura et al.
2018; Goriely & Siess 2018; Rees et al. 2024).

In this paper, we study a small sample of six obscured post-
AGB objects and investigate the '’O/'30 ratio, their recent mass-
loss rates, and the CSE morphology at scales of a few thousand
astronomical units (au) using the J = 2-1 transitions of iso-
topologues of CO. In Sect. 2, we list the sample stars and their
relevant characteristics from literature. In Sects. 3 and 4, we
describe the observations and present the results, respectively.
The results are discussed in the context of our current under-
standing in Sect. 6. Finally, a summary and conclusions are pre-
sented in Sect. 7.

2. Sample
2.1. Sample selection

We observed six post-AGB stars selected for having very red
colours. To select our sample, we obtained magnitudes in the
J band from 2MASS and in the SOW and L18W bands from
AKARI using the catalogue by Ita et al. (2010) for post-AGB
stars listed in Szczerba et al. (2007). We selected sources with
J—L18W > 8 and SOW — L18W > 2. When the magnitudes
for AKARI filters were missing, we obtained values by interpo-
lating the spectral energy distribution (SED) of the given source
using the VizieR photometry tool. The colour-colour diagram
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Fig. 1. Position of the sources included in our sample in a colour-
colour diagram for post-AGB stars. The blue pentagons show the
sources included in this study, the green squares represent water foun-
tain sources observed by Khouri et al. (2021), and the grey circles cor-
respond to other known post-AGB stars catalogued by Szczerba et al.
(2007). The vertical arrows indicate our assessment that the J-band
magnitude of GLMP 950 and GLMP 953 is dominated by contaminat-
ing sources close to their position on the sky (see Sects. 4.2 and 4.3 and
Appendix C).

containing the sample of post-AGB stars is shown in Fig. 1.
The sources presented in this paper are shown by the blue pen-
tagons, while water fountain sources studied in Khouri et al.
(2021) (most of which are not included in the catalogue of
Szczerba et al. 2007) are shown by the green squares. Our origi-
nal sample of post-AGB stars consisted of twenty sources, but
only six were successfully observed with ALMA within this
project. Four of these (GLMP 950, GLMP 953, AFGL 5385, and
HD 187885) are rich in carbon, while the other two (Hen 3-1475
and M1-92) have oxygen-rich composition. The bluer colors of
the two oxygen-rich stars in our sample could in principle be
linked to a systematic lower absorption opacity of oxygen-rich
relatively to carbon-rich dust or to lower gas-to-dust ratios in C-
rich sources. This is especially intriguing when considering the
similar gas mass-loss rates and timescales derived below. How-
ever, the small number of sources in our sample prevents us from
investigating this difference further.

2.2. Relevant information on individual sources

GLMP 950 (IRAS 19454+2920) and GLMP 953
(IRAS 19480+2504) were imaged by Lagadecetal. (2011)
at wavelengths between 8 and 13 um using VISIR/Very Large
Telescope (VLT). The authors found GLMP 950 to be spatially
resolved in the images, with a somewhat elliptical shape
extending in the east-west direction to a maximum size of ~2".
GLMP 953 was not spatially resolved in the observations with a
full-width at half maximum (FWHM) of the Gaussian beam of
~0754.

AFGL 5385 (IRAS 17441-2411, Silkworm Nebula) displays
an edge-on torus oriented in the southeast-northwest direction
and bipolar lobes oriented roughly in the north-south direction.
An S-shaped structure is also visible within the lobes. This neb-
ula has been imaged in visible light (Su et al. 1998) and in the
near-IR (Su et al. 2003) with the Hubble Space Telescope (HST),
and in the mid-IR with T-ReCS/Gemini South (Volk et al. 2007)
and VISIR/VLT (Lagadec et al. 2011). The bipolar lobes have a
total extent of ~4’’, while the torus has a size of ~1”.

HD 187885 (IRAS 19500-1709) is commonly classified as
a carbon-rich post-AGB star, but its determined elemental
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abundances indicate a carbon-to-oxygen ratio close to unity
(Van Winckel et al. 1996; Van Winckel & Reyniers 2000). The
source was also determined to be more metal poor than
the Sun, with [Fe/H]=-0.6 (Van Winckel & Reyniers 2000).
Lagadec et al. (2011) observed a slightly elliptical source with
size ~3" at 11.85 and 12.81 wm using VISIR/VLT. They found
an inner radius of the CSE of ~07”4, which confirmed previ-
ous indications from images at 10 and 20 um obtained using
the OSCIR/Gemini North (Clube & Gledhill 2004). Modelling
of the spectral energy distribution (SED) indicates a dust mass in
the CSE of ~7 x 10~* M, and an associated duration of the high-
mass-loss phase of 4000 yr (Clube & Gledhill 2004), where both
values have been converted to the distance of 2.4 kpc adopted
in this work. As discussed by the authors, under the assump-
tion of a gas-to-dust ratio of 220 these results imply a mass-loss
rate of ~4 x 10~ M yr~!, which is large in comparison to other
determinations also through SED modelling (4 x 107> My yr!,
Guertler et al. 1996). Bujarrabal et al. (2001) found a clear sep-
aration between a slow (expansion velocity ~10kms™') and a
faster (expansion velocity ~50kms~!) components of the out-
flow in CO emission lines. The authors derived a total circum-
stellar gas mass of ~7 x 1073 and ~2.6 x 102 My, for the fast and
slow outflows, respectively, considering a distance of 1kpc. At
the distance of 2.4 kpc adopted by us, the fast and slow outflows
would contain masses of ~4 x 1072 and ~0.15 My, respectively.

Hen 3-1475 (IRAS 17423-1755) displays a bipolar morphol-
ogy in images in visible light with a northwest-southeast orien-
tation of the lobes and atomic line widths which imply a veloc-
ity range of ~1000kms~! (Bobrowsky et al. 1995). Within the
bipolar lobes, a point-symmetric structure with knots is visible
in emission of atomic lines (Borkowski et al. 1997). Hen 3-1475
is the only post-AGB object where an ultrafast (~2300kms~')
collimated jet, presumably in a pristine stage before interacting
with the surrounding nebula, has been identified with HST/STIS
(Sanchez Contreras & Sahai 2001). The inclination of the ultra-
fast wind is ~75° with respect to the plane of the sky, whereas
the mean inclination of the nebula (reflecting lobes and CO hour-
glass) is ~50°. Borkowski & Harrington (2001) determined a
distance of 8.3kpc to Hen 3-1475 based on proper motions of
the jet knots, implying a luminosity of 25 000 L. This led them
to conclude that Hen 3-1475 is a massive AGB star or the prod-
uct of binary evolution. Riera et al. (2003) found a smaller dis-
tance (5.8 = 0.9 kpc), but also suggests a high initial mass based
on a nitrogen overabundance reported by Riera et al. (1995).
A distance of 5.8kpc implies a luminosity of ~12000 L.
Bujarrabal et al. (2001) identified a slow (with expansion veloc-
ity ~7kms™!) and a faster (with expansion velocity ~50kms~")
component in the outflow of Hen 3-1475 based on CO and '*CO
J = 1-0 and J = 2-1 lines. They inferred a mass of 0.16 M
and 0.47 M, for the two dynamical components, respectively,
for a distance of 5 kpc. Huggins et al. (2004) derived a circum-
stellar mass of 0.64 M based on the measured continuum emis-
sion of 5.3 + 1.2 and 31 + 4 mlJy at 2.6 and 1.3 mm, respectively,
for a distance of 5.8 kpc and a gas-to-dust ratio of 100. The CO
J =1-0and J = 21 lines were most likely affected by optical
depth effects and implied a lower limit for the circumstellar mass
of 0.19 M. Manteiga et al. (2011) suggest Hen 3-1475 to be a
high-mass (M > 3 M) O-rich post-AGB star based on the pres-
ence of water ice absorption. We adopted a distance of 5.8 kpc
to Hen 3-1475, following Riera et al. (1995).

M1-92 (IRAS 19343+2926, Minkowski’s Foot-
print) displays a bipolar shape at optical wavelengths
(Trammell & Goodrich 1996). The strong molecular emis-
sion has been extensively observed and modelled in detail
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Table 1. Parameters of the observations for each source.

Source Beam Noise level MRS
[FWHM and PA] [mJy/beam] ["]
GLMP950 1709 x 077/ —6° 2.5 10.4
GLMP 953 1700 x 0778/ —8° 2.5 9.8
AFGL 5385 1719 x 0763/-87° 1.9 9.8
HD 187885 0793 x 0/78/-77° 1.9 8.0
Hen 3-1475 1722 x 0"765/-84° 1.6 10.0
M1-92 1710 x 0777/-11° 2.2 10.3

Notes. The beam FWHM is an average value for the spectral window
with lowest frequencies (between ~219.44 GHz and ~221.31 GHz) and
the noise level in the spectral cube is given at a reference frequency of
221 GHz towards the position of the continuum peak.

(Bujarrabal et al. 1997; Alcolea et al. 2007, 2022). The lines
of the isotopologues of CO have been studied previously. In
particular, emission from C!70 and C'80 have been used to
determine a '70/'80 ratio of 1.6 + 0.15 (Alcolea et al. 2022).
Given these detailed studies, we refrain from discussing the
morphology of this source extensively in this work and only
report the values we measured to highlight any differences with
values in the literature.

We adopted distances to each object from Vickers et al.
(2015). The only the exception is Hen 3-1475, for which we
adopted the value from Riera et al. (1995). The distances used in
this work and their respective references are provided in Table 2.

3. Observations

The observations were carried out using the Atacama Large Mil-
limeter/submillimeter Array (ALMA) in the context of project
2021.1.01259.S. The data reduction was performed by the
observatory using the standard ALMA pipeline and the Com-
mon Astronomy Software Applications for Radio Astronomy
(CASA, CASA-Team 2022) versions 6.2.1.7 for HD 187885 and
6.4.1.12 for the other five sources. We obtained the reduced
cubes made available through the ALMA archive. The telescope
setting was planned in Band 6 so that the J = 2-—1 lines of
C'70 (at 224.714 GHz) and C'80 (at 219.560 GHz) could be
observed in the same frequency tuning. The same line of '*CO
(at 220.399 GHz) was also observed in the spectral window used
to observe the C'80 line. No '>CO line was observed as part of
this programme.

The four spectral windows cover frequencies ranging in the
rest frame of the sources from ~219.44 GHz to ~221.31 GHz,
~222.93 GHz to ~224.80 GHz, ~234.05 GHz to ~234.92 GHz,
and ~235.95 GHz to ~237.81 GHz. The exact frequency ranges
varied slightly from one source to the other. We adopted an abso-
lute flux calibration uncertainty of 10%. This does not apply to
the calculations of line ratios, for which the relative flux calibra-
tion is much more accurate. Hence, the relative flux calibration
between the different molecular lines is negligible compared to
the uncertainty from integrating the line emission.

The details of the obtained cubes are given in Table 1. The
resolution of the maps varies between 0”763 and 0”778 for the dif-
ferent sources, while the sensitivity in the continuum-subtracted
maps varies between 1.6 and 2.5 mJy/beam for a channel resolu-
tion of ~1 MHz (~1.4kms™!). The maximum recoverable scale
(MRS) is significantly larger than the extent of all sources in any

! ALMA Technical Handbook for Cycle 8.
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Table 2. Parameters obtained from the literature and measured values of the continuum emission for the sample stars.

Source d L Chem. Spec. ULSR Seont qcont geont FWHM and PA of cont.

[kpc] [10°Lo]  type type [kms™'] [mJy] [ x” /°]
GLMP950 3.9@ 6 c© ? 22 52+0.6  19M47M24543  +29°2871376  0.48(0.04) x 0.39(0.03)/170(20)
GLMP953  3.8@ 6 c© ? 42 11912 19"50™m08520  +25°1175771  0.24(0.02) x 0.26(0.01)/170(70)
AFGL 5385 34@ 12 c@ F41) 7 129+1.4 17M47™13550  —24°12/'51"76 1.4(0.1) x 0.79(0.09)/59(8)
HD 187885 24@ 6 c® FOle ) 25 63+0.7  19"52m52570  —17°01503  1.67(0.06) x 1.43(0.06)/39(12)
Hen3-1475 5.8® 11 0 B7e® 49 29+3 17M45™ 14518 —17°56'46"9 1.10(0.09) x 1.00(0.07)/—
M1-92 2.6@ 6 o B0.5IV @ 2 127+13  19"36™18588  +29°32/4976 -/~

Notes. Adopted distances and corresponding luminosities, chemical types, spectral types, systemic velocities measured from the spectra, and
measured integrated continuum flux densities at 1.31 mm (S5°™), continuum-peak positions, and FWHM sizes and position angle from Gaussian

fit to continuum images.

References. (a) Vickers et al. (2015); (b) Riera et al. (1995); (c) Omont et al. (1993); (d) Su et al. (1998); (e) Van Winckel & Reyniers (2000); (f)

Sudrez et al. (2006); (g) Allen & Swings (1976).

given channel, with the exception of the continuum emission in
M1-92 (see below). Even in this case, the observations presented
here seem to recover all continuum emission as discussed in
Sect. 4.7. The continuum maps produced by the ALMA pipeline
include the four spectral windows and have a representative fre-
quency of 228.6 GHz, which corresponds to a wavelength of
1.31 mm.

4. Observational results

The J = 2-1 lines of the three targeted isotopologues of CO
(3CO0, C'70, and C'80) were detected for all sources. About 30
other lines emitted by ~10 other molecules were also detected
(Appendix A). The vast majority of these lines was detected
only towards the C-rich sources GLMP 950 and GLMP 953. The
detections towards these two sources include lines assigned by us
to NaCl, SiC,, K37Cl (tentative), and HC3N. We also detect a few
unidentified lines. The spectra of the two other C-rich sources
display almost no lines besides those from CO isotopologues,
with only an HC3N line detected towards AFGL 5385, and no
other lines detected towards HD 187885. The lack of lines in the
spectrum of HD 187885 might be caused by its low initial metal-
licity.

The two O-rich sources show a smaller number of lines.
Hen 3-1475 is the most line rich of the two, with five lines
detected besides those from CO isotopologues. We assign the
detected lines to emission from SO, SiS, and SO,. M1-92 shows
emission lines of SO and SO,.

4.1. Methodology for line and continuum measurements

To determine the sizes of the apertures for measuring the '*CO,
C'70, and C'"®O J = 2-1 line emission and the continuum
fluxes, we employ the following procedure. First, we obtain
the line profiles from circular regions with 5" in diameter for
each source. Then, we measure the full-width at zero intensity
of the C'70 and C'80 J = 2-1 lines, which are very simi-
lar for all sources. Using the velocity range measured for the
CB0O J = 2-1 line, we produced moment-zero (integrated in
velocity) maps of the *CO J = 2-1 line. This was done to
obtain a map of the brightest line ('*CO J = 2—1), while exclud-
ing any velocity components not detected in C'80 J = 2—1. If
the contour marking emission three times above the root mean
square (3-0) of this 3COJ = 2-1 moment-zero map was
larger than the 5” aperture, we used an aperture of 7” instead,
which proved sufficiently large to enclose the 3-0 contour for
all sources. We use circular apertures of similar size when pos-

sible for simplicity because the uncertainties introduced by the
aperture shape are small for sources that are nearly circular. Fol-
lowing this procedure, we obtain aperture diameters of 5" for
GLMP 950 and Hen 3-1475 and 7" for GLMP 953, AFGL 5385,
and HD 187885. For M1-92, we integrated the emission with a
non-circular aperture equal to the 3-0- contour. This was moti-
vated by the very elongated morphology and large size of the
emission region in M1-92 (see Appendix B). The high-velocity
emission discussed below observed towards different sources
are produced in regions within the circular apertures described
above for all sources but Hen 3-1475. Hence, to obtain the spec-
tra of the high-velocity component of Hen 3-1475, we used a
rectangular aperture oriented along the axis of the high-velocity
emission as described below. The obtained moment-zero maps
of the C130, C!70, and C'80 J = 2—1 lines are available through
in Appendix B.

The continuum emission is expected to be dominated by
dust emission at these wavelengths, with only a very small
contribution from free-free emission at 1.3mm for the two
objects with B-type central stars, Hen 3-1475 and M1-92 (see
e.g. Sanchez Contreras et al. 2017). The continuum flux den-
sity reported in Table 1 were obtained by integrating the emis-
sion within the same apertures used to extract the line profiles,
and, hence, adapted to fully enclose the emitting area of each
source. The FWHM sizes of the continuum emission reported
below were measured using the Interactive 2D fitting tool in
CASA to fit a Gaussian function convolved with the beam to the
maps in the image plane. Hence, the sizes we report are beam-
deconvolved FWHM of the best-fitting Gaussian distributions.
The measured continuum flux density, position of the emission
centre, and continuum FWHM are given in Table 2. All coor-
dinates throughout the paper are given in the equatorial system
(J2000).

4.2. GLMP 950 (IRAS 19454+2920)

The continuum image and the line profiles of the 1*CO, C'70,
and C'0 J = 2—1 extracted towards GLMP 950 from a circular
region centered on the source and with 5" in diameter are shown
in Fig. 2. The line fluxes obtained from integrating the J = 2—1
lines from 13CO, C!70, and C'®0 over the same region are given
in Table 3.

4.2.1. Continuum

The original pointing direction was « 19h47m245835
and ¢ 29°28’10”7817 based on the visible position
assigned by the SIMBAD database (Wenger et al. 2000) at
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Fig. 2. Continuum (1.3mm) and J = 2-1 *CO, C'®0, and C'"O
line emission towards GLMP 950. Top: Maps of the continuum (colour
map) and CO J = 2-1 emission integrated over the whole
line emission (contours) at 10%, 30%, 50%, and 70% of the peak
value (6.2Jybeam™' kms™"). The continuum emission peaks at @ =
19"47™243430 and 6 = 29°28'13"/556. Bottom: Source-integrated spec-
tra of the *CO J = 2—1, C'80 J = 2—1, and C'"O J = 21 lines. The

vertical line marks the inferred velocity of the source vy sg = 22kms™.

the time of our observations, which was that of the source
GaiaDR32031794791233840128 (Gaia Collaboration 2021).
That position also corresponds to the near-infrared source
2MASS J19472480+2928108. However, we detected a millime-
tre (mm) continuum source at @ = 19P47M24%43 and § =
29°28’13/556, which lies 5796 away from the 2MASS and
Gaia coordinates. We inspected publicly available Spitzer/IRAC
images downloaded from the IRSA archive, and noticed two
individual sources, one at the optical/near-infrared position and
another one at the location of our mm source (Appendix C).
The latter is brighter at longer Spitzer wavelengths. We con-
clude that our mm source corresponds to the far-infrared source
IRAS 19454+2920 and the GLMP entry. Therefore, the position
we report is the actual position of GLMP 950.

The fit of an elliptical Gaussian source to our continuum
image reveals a deconvolved FWHM significantly smaller than
the beam, with a major axis of 485 + 40 milliarcsecond (mas), a
minor axis of 390 + 30 mas, and a position angle of 170 + 20°.
The orientation we find is similar to that of the beam and, hence,
it is unclear whether this an observational effect or a real fea-
ture. Moreover, the orientation reported by Lagadec et al. (2011)
in the mid-IR (~100°) is significantly different from the one
we find. Higher-angular-resolution observations are necessary
to confirm whether this difference is real given the small size
of the source compared to the resolution of the observations we
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report. A flux density of 5.0 = 0.5 mJy is recovered from the fit.
A slightly larger flux density, of 5.2 + 0.6 mJy is obtained from
integrating the continuum image within a region of 5" in diame-
ter.

4.2.2. Line emission

The bulk of the emission in the 3CO J = 2-1 line is seen at
velocities, [u—vrsr| < 16 kms™! from the systemic velocity with
respect to the local standard of rest (LSR), v sg = 22km s,
while a weaker component extends to [v — v sr| < 20km s71.
Integrating the '*CO J = 2-1 line over the interval 16kms™! <
lv—vsr| < 20km s~! produces maps that peak essentially at the
same position as that produced by integrating the central region
of the line, [u—visr| < 16 kms™!. Hence, no sign of a more com-
plex morphology of the line emission as a function of velocity
was detected at the resolution of the observations we report here.

A Gaussian fit to the map produced integrating the *CO J =
2—1 line over the whole profile reveals an essentially circular
source with deconvolved FWHM of major and minor axes of
1”713 £0”708 and 1702 +£ 0”707, respectively, and an unconstrained
position angle.

We see that neither the continuum nor the moment-zero
maps of the 3CO J = 2—1 line reveal a significantly elongated
source. This differs from the 2 east-west source size reported
by Lagadec et al. (2011) from observations of dust emission in
the mid-IR.

4.3. GLMP 953 (IRAS 19480+2504)

The continuum image and the profiles of the '*CO, C!70, and
C'80 J = 21 lines extracted towards GLMP 953 using an aper-
ture of 7" centered on the continuum peak are shown in Fig. 3.
The fluxes of the J = 2—1 lines of *CO, C'70, and C!?0 inte-
grated over the same region are given in Table 3.

4.3.1. Continuum

Similarly to the case of GLMP 950 mentioned above, the
original pointing direction was @ = 19"50™08:281 and & =
+25°12’007813, based on the position reported in the SIMBAD
database (Wenger et al. 2000), which corresponds to the optical
source GaiaDR32026709201998745472 (Gaia Collaboration
2021), also positionally coincident with the near-IR source
2MASS J19500826+42512008 (Cutri et al. 2003). However, we
detected a mm continuum source centered at @ = 19"50™085203
and 6 = +25°11’57"714. The position we find differs by 3”783
from those in the Gaia and 2MASS catalogues. Spitzer/IRAC
images also show two distinct sources (Appendix C), one coin-
ciding with the position of the mm continuum and another coin-
ciding with the optical/near-IR source, which is significantly
weaker in all Spitzer bands. We thus conclude that our posi-
tion (rather than the one reported by SIMBAD at the time of
our observations) corresponds to that of the GLMP entry and the
far-IR source IRAS 19480+2504, and should be adopted as the
actual position of GLMP 953.

By fitting an elliptical Gaussian to the mm-continuum
source, we obtained a nearly circular intensity distribution, with
deconvolved FWHM of 240 + 20 mas along the major axis and
225 + 10 mas along the minor axis, which is roughly a factor of
four smaller than the beam size. The position angle and the flux
density retrieved from the fit are 170 + 70° and 118 + 12 mlJy,
respectively. Integrating the continuum emission within an aper-
ture of 5” in diameter reveals an essentially equal value of
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Table 3. Observed fluxes of the J = 2—1 lines and angular sizes of the emission region (A6’C]80) and full widths at zero intensity (Avc”‘o) of the

C80 J =2-1 line.

30

Source shco sco scto Sg:o Aé’g:o AvC"O
Uykms™] [Jykms™'] [Jykms™!'] [Jykms™!] [”] [kms™!]
GLMP950  15.3(1.6)  1.9(0.3) 1.13(0.15) 1.03(0.14) 24x2.4 41
GLMP953  23.3(2.5) 2.7(0.3) 2.1(0.3) 1.9(0.3) 3.0x25 37
AFGL 5385 49 (5) 2.3(0.4) 3.6 (0.5) 3.8(0.5) 42x3.5 45
HD 187885 64 (7) 1.5(0.3) 2.4 (0.3) 22(0.3) 32x32 61
Hen 3-1475 39 (4) 2.8(0.3) 2.2(0.3) 1.7(03) 2.8x24 100
M1-92 210 (20) 16 (2) 8.9 (1.3) 76(1.3) 8.6x44 89

Notes. The uncertainties shown here include those from flux-calibration, which were not considered when calculating line-ratio uncertainties.

Intensity [Jy/beam]
0.06

0.00 0.02 0.04 0.08 0.10

13¢o, J=2-1

40 60 80

100

C180, J=2-1

0.10

Relative Dec [arcsec]
Flux density [Jy]

-20 0 20

13CQ, J=2-1

40 60 80 100

0.05

0.1 Cc170, J=2-1
0.0

Flux density [Jy]

0.00

2 -20 0 20

1 0 -1 -2
Relative RA [arcsec]

Velocity [km/s]

-0.05500

40 60 80 100 50 100 150 200

0 50
Velocity [km/s]

Fig. 3. Continuum (1.3 mm) and J = 2—1 *CO, C!®0, and C!"O line emission towards GLMP 953. Left: Maps of the continuum (colour map)
and high-velocity line emission (contours). The continuum peak is at @ = 19"50™085203 and 6 = +25°11’57”136. The full lines show emission
in the 3CO J = 2-1 integrated over the spectral intervals marked in grey line plot. Magenta and cyan contours mark red-shifted and blue-shifted
emission, respectively, at 10%, 30%, 50%, and 70% of the peak values of 0.009 (red-shifted) and 0.007 (blue-shifted) Jy beam™! xkms~'. Middle:
Spectra of the *CO J = 2—1, C'80 J = 2—1, and C'70 J = 21 lines. Right: Single-beam spectrum (to maximise the S/N of the weak emission)
of the 3CO J = 21 line towards the continuum peak of GLMP 953 including a broader velocity range.

119+ 12 mly. The size we report here is consistent with the unre-
solved source between 8 and 13 um reported by Lagadec et al.
(2011) based on observations with a beam size of ~0"/54.

4.3.2. Line emission

Most of the emission in the '*CO J = 2—1 line lies within |v —
visrl < 16.5kms™! with vy g ~ 42kms™'. A weaker, higher-
velocity component extending roughly between —60kms~! and
125kms~! is also observed. Hence, the total line width is
~185kms!. Integrating the emission from the high-velocity
component, from |v — v gr| 2 16.5km s~! to the extreme of the
line wings (range marked in gray in Fig. 3), reveals emission
regions slightly offset from the centre of the continuum peak.
The distance between the centers of the red- and blue-shifted
high-velocity components is ~0735 and the position angle is
~—10°, with a high associated uncertainty because of the small
separation between the two components.

4.4. AFGL 5385 (IRAS 17441-2411: Silkworm Nebula)

The continuum image and the profiles of the '*CO, C!70, and
C'30 J = 2-1 lines extracted towards AFGL 5385 using a cir-
cular region with 7" in diameter are shown in Fig. 4. The fluxes

of the J = 2—1 lines of *CO, C'70, and C'30 integrated over
the same region are given in Table 3.

4.4.1. Continuum

Fitting a Gaussian source, we obtained deconvolved FWHM
axes of 1740’1 and 0”779+0709 and a position angle of 59°+8°.
The integrated flux density obtained from the fitis 11.8+1.3 mJy.
The continuum map shows an S-shaped morphology with two
extensions in a roughly perpendicular direction to the elliptical
central source. These reach ~2’/3 in radius from the centre, and
are not captured by the Gaussian fit. Including these extensions
in the continuum integration using the 7" aperture leads to a flux
density of 12.9 + 1.4 mlJy.

An additional point-like source is detected at @ =
17247™14503 and 6§ = —24°12/52"'8, namely, at ~7”5 (~2.5 X
10* au at 3.4 kpc) to the east of AFGL 5385. The flux density of
this second source peaks at 0.4 mJy, which is ~9 times above
the root-mean-square noise level of the continuum map. The
continuum image including this additional source is available in
Appendix D. It is unclear whether this second 1.3 mm continuum
source is associated with AFGL 5385, or is a field object. The
brightness ratio between the two sources at 1.3 mm and the coin-
cidence of the position of the 1.3 mm emission of AFGL 5385
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Fig. 4. Continuum (1.3 mm) and J = 2-1 3CO, C"®0, and C'70 line
emission towards AFGL 5385. Top: Maps of the continuum (colour
map) and high-velocity line emission (contours). The continuum peaks
at @ = 17"47™13%499 and § = —24°12'517617. The full white line
shows the continuum emission at 10%, 30%, 50%, and 70% of the peak
value. The full colored lines show emission in the *CO J = 2—1 inte-
grated over the spectral intervals marked in grey in the line spectra.
Magenta and cyan contours mark red-shifted and blue-shifted emis-
sion, respectively, at 10%, 30%, 50%, and 70% of the peak values of
0.068 (red-shifted) and 0.070 (blue-shifted) Jy beam™' xkms™'. Bot-
tom: Source-integrated spectra of the *CO J = 2—1, C'80 J = 2-1,
and C'70 J = 2-1 lines.

and that from the 2MASS maps imply that this secondary source
does not affect the photometry obtained towards AFGL 5385 in
a significant way.

4.4.2. Line emission

We obtained visg ~ 7kms™! based on the approximate centres
of the C'80 and C'70 J = 2—1 lines. However, this value leads
to the main component of the '*CO J = 21 line exhibiting more
red-shifted than blue-shifted emission, which could be a sign of
relatively high optical depths affecting the '*CO line shape as
this produces the well-known effect of blue-wing self-absorption
(Morris et al. 1985).

The bulk of the 3CO J = 2-1 line emission arises from
—25kms!'<v < 20kms~!. A weaker, higher velocity com-
ponent extending from v ~ —19kms™ to v ~ 30kms™' is
also present. Interestingly, the line shape of this higher-velocity
component is much more symmetric about the systemic velocity.
This reinforces the suggestion that the velocity shift observed in
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the bulk of the 3CO J = 2—1 emission is due to optical depth
effects in the CSE.

Integrating the higher-velocity components in frequency
over the interval marked in gray in Fig. 4 reveals emission pro-
duced by gas offset from the position of the continuum. The dis-
placement of the emission peak in the integrated images with
respect to the continuum peak is ~1”71 for the red-shifted emis-
sion and ~1’’5 for the blue-shifted emission. The high-velocity
gas appears where the extensions of the continuum emission are
also seen.

The position angle of the continuum emission region at
millimeter wavelengths (59° + 8°) differs significantly from
that observed in the mid-IR of ~130° (Volketal. 2007,
Lagadec et al. 2011). Nonetheless, the S-shaped profile seen in
those images is also clearly visible in the images we present. The
emission regions of the higher-velocity gas are aligned roughly
in the north-south direction, in apparent agreement with the ori-
entation of the bipolar nebula seen in visible light (Su et al.
1998). This high-velocity emission also follows the tips of the
S-shaped continuum emission region. The total size of the emis-
sion region of the '*CO J = 2—1 line is ~5”, which is compara-
ble to the size of the bipolar lobes in the HST images (Ueta et al.
2007) and of the mid-IR nebulosity (Lagadec et al. 2011).

4.5. HD 187885 (IRAS 19500-1709)

The continuum image and the profiles of the '*CO, C!70, and
C'80 J = 21 lines extracted towards HD 187885 using a circu-
lar region, with 7" in diameter, are shown in Fig. 5. The fluxes
of the J = 2—1 lines of *CO, C'70, and C'30 integrated over
the same region are given in Table 3.

4.5.1. Continuum

The continuum source is spatially resolved by the observations,
with a Gaussian fit revealing an elongated morphology with a
deconvolved FWHM of 1”767 + 0706 for the major axis and of
1’743 £ 0706 for the minor axis and a position angle of 39° + 12°.
The flux density obtained with the fit is 6.1 + 0.6 mJy. Integrat-
ing the continuum using an aperture of 7” in diameter reveals
a similar flux density of 6.3 + 0.3 mJy. This value is consistent
with the upper limit reported for the flux density of this source at
1.2 mm of 23 mJy by Dehaes et al. (2007). The observations we
report do not reveal an inner cavity in the disk as spotted in the
mid-IR by Lagadec et al. (2011) and suggest based on modelling
by Clube & Gledhill (2004) before, but this is most likely due to
the worse spatial resolution of the ALMA data relatively to that
from VISIR.

4.5.2. Line emission

The profile of the '*CO J = 2—1 line (Fig. 5) shows three differ-
ent components. The central and intermediate components com-
prise velocities [v—vrsr| < 11kms™ and [v—visr| < 27kms™!,
respectively, with vy sg = 25kms~'. The high-velocity com-
ponent is significantly weaker and spans a velocity range of
~145kms!.

Integrating the emission of this high-velocity component
over the spectral region indicated in gray in Fig. 5 reveals two
elongated structures that extend away from the continuum peak
in opposite directions. The elongations also curve in opposite
directions, suggesting a point-symmetric structure. The contin-
uum is elongated in a direction perpendicular to that of the
high-velocity outflow. The red-shifted feature seems to align
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Fig. 5. Continuum (1.3 mm) and J = 2-1 '3CO, C'®0, and C'’O line emission towards HD 187885. Left: Maps of the continuum (colour map)
and high-velocity line emission (contours). The continuum peaks at @ = 19'52™525691 and § = —17°01’507500. The full lines show emission in
the '3CO J = 2-1 integrated over the spectral intervals marked in grey line plot. Magenta and cyan contours mark red-shifted and blue-shifted
emission, respectively, at 10%, 30%, 50%, and 70% of the peak values of 0.0160 (red-shifted) and 0.0146 (blue-shifted) Jy beam™ xkms™'.
Middle: Source-integrated spectra of the 3CO J = 2—1, C'®0 J = 21, and C'70 J = 2-1 lines. Right: Source-integrated, zoomed-in spectrum

of the 1*CO J = 21 line showing the weak high-velocity emission.

well with an emission hole in the 8.59 pm images presented
by Lagadec etal. (2011). Any potential physical connection
between these two features remains unknown.

The peak value of the '3CO J = 2—1 line (2.45Jy) is com-
patible with the value of 2.6Jy observed by Bujarrabal et al.
(2001) using the IRAM 30m telescope. We converted the main
beam temperature presented by the authors to flux density using
historic values for the efficiencies of the IRAM 30m telescope
available at the website of the observatory. Therefore, given the
similarity between the two flux values and the beam size of the
IRAM 30m telescope, which covers the entire extent of the neb-
ula, the structures traced by our ALMA observations contain
most of the emission in the '3CO J = 2-1 line, with no sig-
nificant emission coming from more extended structures.

4.6. Hen 3-1475 (IRAS 17423—-1755)

The continuum image and the profiles of the '*CO, C!70, and
C'80 J = 21 lines extracted towards Hen 3-1475 using a circu-
lar region with 5” in diameter are shown in Fig. 6. The fluxes of
the J = 2—1 lines of '3CO, C!70, and C'80 integrated over the
same region are given in Table 3.

4.6.1. Continuum

The continuum emission is spatially resolved in the observa-
tions and a fit of an elliptical Gaussian source provides a decon-
volved FWHM of 1710(x0"709) x 1’/00(x0"/07). Since the source
is closer to appearing circular on the sky, the position angle is
not well constrained. The Gaussian fit reveals a flux density of
27 + 3 mly. By integrating the continuum using a circular aper-
ture of 5” in diameter, we obtain a flux density of 29 + 3 mly.
These values are consistent with the previous determination of
31 = 4 mJy (Huggins et al. 2004).

4.6.2. Line emission

The visg of ~49kms™ was derived using the peak of the nar-
row feature in the C'0 and C!70 lines and it agrees fairly well

with the peak of the '3CO line. Different velocity components
are observed in the lines of the CO isotopologues. A central
core is apparent in the lines of C'*0 and C!7O between veloc-
ities |v — visrl < 9kms™! (with vpgg = 48.5kms™1), but it is
less clearly discernible in the '*CO line. Wings extending up to
[v — visr| < 45kms~! are prominent even in the lines of the two
rarer isotopologues. In the '*CO line, the wings extend to even
higher velocities |v — vy sr| < 65kms™!. The difference between
the velocity range spanned by the wings in the different lines is
most likely only due to the higher signal-to-noise ratio (S/N) in
the '*CO line. The tips of these wings are marked in dark gray
in Fig. 6. Integrating the line emission over this spectral region
reveals emission regions with peaks offset from the continuum
peak emission by ~1”70 and ~1”/1 for the blue-shifted and red-
shifted components, respectively.

The peak of the emission in the 3CO J = 2—1 line (~0.9 Jy)
is comparable to the single-dish measurements of ~0.7Jy
(Bujarrabal et al. 2001). The flux density was again calculated
using historic values for the efficiencies of the IRAM 30m tele-
scope. The difference is most likely due to the uncertainty in flux
calibration of the single-dish data and implies that no flux is lost
in the ALMA data we present.

At larger scales (up to ~8” from the central source), we find
an even weaker component of the 13CO line, which is marked
in intermediate-dark and light gray in Fig. 6. To maximise the
S/N of the high-velocity spectral features, we extracted spectra
using a rectangular aperture of 3.5”” x 17" and oriented along the
high-velocity-emission direction (Fig. 6). This emission appears
at more extreme projected velocities up to ~240kms™' from
the v sr. Integrating over the intermediate-dark spectral regions
reveals two emission regions with peak emission offset from
the continuum peak by ~4” for the blue- and red-shifted com-
ponents. Emission at the extreme-velocity component (marked
in light gray), at projected velocities of ~240kms~! from the
ULsR, are produced even farther away. Hence, there is a positive
velocity gradient in this high-velocity, point-symmetric molecu-
lar emission. To our knowledge, this is the first time these com-
ponents with projected expansion velocities >50 km/s have been
detected towards Hen 3-1475 in observations of molecular lines.
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Fig. 6. Continuum (1.3 mm) and J = 2—1 3CO, C'®0, and C!"O line emission towards Hen 3-1475. Left: Maps of the continuum (colour map)
and high-velocity line emission (contours). The continuum peaks at @ = 17"45™145177 and § = —17°56'46//895. The full, dashed and dotted lines
show emission in the *CO J = 2—1 integrated over the spectral intervals at increasingly large expansion velocities marked in dark grey, grey, and
light grey, respectively, in the line plots. Magenta and cyan contours mark red-shifted and blue-shifted emission, respectively, at 10%, 30%, 50%,
and 70% of the peak value of each emission component. The 10% value of the most extreme emission is not shown because it is comparable to the
noise level. The peak values for the dark grey, grey, and light grey spectral regions are, respectively, 0.0422, 0.0122, and 0.0030 Jy beam™' x km s~
for the redshifted emission and 0.0205, 0.0156, and 0.0083 Jy beam™! x kms~! for the blue-shifted emission. Middle: Source-integrated spectra
of the *CO J = 2-1, C0O J = 2-1, and C'70 J = 2-1 lines. Right: Source-integrated spectrum of the '3CO J = 2-1 line showing the
very-high-velocity components extracted using a rectangular aperture of 3’5 X 17" and oriented along the high-velocity-emission direction.

Previous observations recovered only the central component of
the line with projected velocities up to ~50 kms~! from the vy sg
(e.g. Bujarrabal et al. 2001; Huggins et al. 2004).

Interestingly, two different orientation directions can be iden-
tified in the high-velocity outflow. The inner, lower-velocity
emission component displays a position angle relative to the
north direction of ~—70°, while the outer, higher-velocity com-
ponents display a position angle of ~—45°. In both cases, point
symmetry about the continuum peak is observed.

4.7. M1-92 (IRAS 19343+2926, Minkowski’s Footprint)

The continuum image and the profiles of the Bco, C!70, and
C'30 J = 21 lines extracted towards M1-92 using a region
equal to the 3-0- contour of the '*CO J = 21 line are shown in
Fig. 7. The fluxes of the J = 2—1 lines of B3co, c!70, and C'*0O
integrated over the same region are given in Table 3.

4.7.1. Continuum

The continuum emission shows a complex morphology with
many different components. In light of this, we chose not to
fit a Gaussian source to the continuum maps. We obtained an
integrated flux density of 130 =+ 13 mJy by integrating the emis-
sion over the 3-0- emission contour of the 3COJ = 2-1 line.
This is very similar to the value of 127 + 13 mJy obtained from
integrating the emission over a circular region with diameter
of 12”. The observed value agrees within uncertainties with
previous single-dish measurements (between 90 and 120 mJy
Sanchez Contreras et al. 1998, 2017). Hence, no loss of flux is
caused by the relatively large extent of the continuum emission.

4.7.2. Line emission

The line peaks indicate a systemic velocity of ~2kms~!. The
lines are about 85 km s~! broad and tentatively display two main
components: a central one spanning a range of velocities of
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lvu—vrgs| < 10kms™!, appearing on top of the broader emission.
The central component appears stronger relative to the broader
component in the '*CO line than in those of the rarer isotopo-
logues. However, the distinction between the two components is
not very clear, and might not reflect two distinct physical veloc-
ity structures. Integrating the high-velocity end of the line pro-
files reveals two emission regions that peak just outside of the
region from where the continuum arises and in the same region
as extensions are observed in the continuum emission.

5. Analysis

Based on the observed angular sizes of the emission regions and
the strengths of the J = 2—1 lines of '*CO, C!70, and C'80
listed in Table 3, we derived linear sizes of the C'30 emis-
sion region based on the assumed distances (AD3C:O), 170/180

ratios, circumstellar masses (Mg,), recent mass-loss rates (M),

and *CO abundances (f©). Based on the 70/'80 ratios we
obtain, we inferred initial masses using the MONASH (M]%m)
and FRUITY (M]RU'TY) models, maximum luminosities using
the evolutionary models of Miller Bertolami (2016) (Lpags),
and maximum distances given these luminosities (dyax). These
derived quantities are given in Table 4. For these calculations,
we assume optically thin emission and an excitation tempera-
ture, Texe, of 10K for all three isotopologues of CO. The value
of the excitation temperature is motivated by the low values usu-
ally observed towards post-AGB stars with high molecular con-
tent (Bujarrabal et al. 2001).

For the calculation of the '70/'80 ratios, total circumstellar
masses and 1*CO abundances, we used the line fluxes extracted
from the regions enclosing the 3-o contour of the 3CO J = 2—1
moment-zero maps for each source as discussed above. The line

. . 13 17
fluxes obtained from these regions are referred to as S €O €70,

and S€"°. For the calculation of the mass-loss rates at the end
of the AGB (M), we measure the C'30 J = 2—1 line fluxes
extracted from smaller regions defined by the 3-0- contours of
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Fig. 7. Continuum (1.3 mm) and J = 2-1 3CO, C"®0, and C!7O line
emission towards M1-92. Top: Maps of the continuum (colour map)
and high-velocity line emission (contours). The continuum peaks at
a = 19"36™18:925 and 6§ = +29°327497687. The full lines show
emission in the 3CO J = 2-1 integrated over the spectral intervals
marked in grey in the line plot. Magenta and cyan contours show red-
shifted and blue-shifted emission, respectively, at 70%, 50%, 30%, and
10% level of the peak values of 0.115 (red-shifted) and 0.127 (blue-
shifted) Jy beam™' x kms~!. Bottom: Source-integrated spectra of the
BCOJ=2-1,C"®0 J =2-1,and C70 J = 21 lines.

the C'80 J = 2-1 line (see Appendix B), with sizes of Aegjo
(Table 3).

5.1. 70/ O isotopic ratios

We used the observed fluxes of the J = 2-1 lines of C'70
and C!30 to infer the 70/'80 ratio. For this, we assumed that
the '70/'30 isotopic ratio is equal to the C'”O/C'80 abundance
ratio. Given the low value assumed for the excitation tempera-
ture (10 K) and the slightly different energy levels of C!'’O and
C'30, the fractions of molecules in the J = 2 level differ between
the two isotopologues. Considering the excitation effects and the
different Einstein-A coefficients and central frequencies of the
lines (v,), the '70/'80 ratio can be derived from the line flux
ratio using

17 18 17
17 o C*0  HC'0 0o
0o S§:2_1 [Avel; " Q (ESTO—ESS0) kT 0.9524=2-1
18y 180 Cl70 C130 ~ Y 180 °
0 S§=2—1 [Ave],”, @ S§=2—1

where S, O, E, and k are the frequency-integrated line flux den-
sity, the partition function, the energy of the upper state, and the

Boltzmann constant, respectively. The small difference between
the energies of the J = 2 levels of C'70 and C'80 implies
that assuming an excitation temperature of 40 K instead of 10 K
causes the derived abundance ratio to be only ~3% lower for a
given observed line ratio. Hence, the isotopic ratios we obtain
are virtually independent of the assumed excitation temperature
as long as the excitation of both molecules is at the same level.
The derived isotopic ratios are given in Table 4.

5.2. Circumstellar gas masses, recent mass-loss rates, and
13C0O abundances

The molecular abundance with respect to hydrogen is a criti-
cal parameter required to derive the hydrogen gas masses in the
CSEs from observed molecular lines. Since the abundances of
the CO isotopologues at the end of the AGB vary significantly
as a function of stellar mass, we selected the isotopologue with
the smallest expected change for this calculation, C180. For stars
with initial masses between 1 and 4 M, the final 30 abun-
dance is at most ~30% lower than the initial value for the mod-
els of Karakas & Lugaro (2016), with more massive stars reach-
ing larger differences than lower-mass ones. For comparison, the
final '*C and 70O abundance can vary by an order of magnitude
or more from the initial value. For the circumstellar mass cal-
culations, we assume an average value of the 30 (and C'80)
abundance, f€"°, of 8.5 x 1077 relative to the number of hydro-
gen nuclei (Karakas & Lugaro 2016), which is based on an ini-
tial solar abundance of ~1.1 x 107°. For HD 187885, which has
been determined to have a lower metallicity (Z = 0.0035), we
adopt an abundance of 2.1 x 1077, also based on the models pre-
sented by Karakas & Lugaro (2016). The total circumstellar gas
mass is calculated using the following expression

1 4nd® QCISO my E=

M,
H e Texc

0.7~ 07 gy Ahv, fC°0

where d is the distance to the source, g;—, is the statistical
weight of the J = 2 level, and My and my are the total
hydrogen mass and the mass of a hydrogen atom, respectively.
The factor 0.7 corresponds to the approximate fraction of the
total mass accounted for by hydrogen at the end of the AGB
(Karakas & Lugaro 2016). The derived circumstellar gas masses
are given in Table 4.

The recent mass-loss rates are determined using Eq. (1)

with S€"© replaced by S, ©. This approach is chosen because

Mgas = SC]SO, (D

1
o

most of the C'80 J = 2-1 emission is produced in smaller
regions than those defined by the 3-o '*CO J = 2-1 con-
tours (see Appendix B). The kinematic ages (Af) of the Cc'®,0
J = 2-1 emission regions are also determined using the 3-o
C'80 J = 2-1 contours. The line widths used for the calcula-
tion of the kinematic ages of the C'80 J = 2—1 emission regions
correspond to the widths of the C'80 J = 2-1 line profiles at
zero intensity. Using the derived expansion velocity, the size of
the emission region and the adopted distances, we determined
kinematic ages of the C'%0 J = 2—1 emission (Af). Based on
these ages and on the gas masses within the 3-0 C'30 J = 2-1
regions, we determine a recent mass-loss rate for each source.
These mass-loss rates represent lower limits to the maximum
mass-loss rates experienced by each source recently, because the
phase of high AGB mass loss probably ceased even hundreds of
years ago for some sources (see Sect. 6.4).

Using an analogous expression to Eq. (1), we also derive the
13CO abundance relative to hydrogen nuclei (f ”CO) that would
make the estimated gas masses consistent with those derived
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Table 4. Quantities derived from the observed values given in Table 3.

Source ADSISO M ppp, B fPCO Ay M 7080 MKLIO MFRUTY  foih din
[au] (Mol [x107]  [yr] [Moyr'] [Me] [Mo]  [10°Lo]  [kpc]
GLMP 950 9360 0.10 L1 1085  8x10° 17(02) 18 1.8 6.9 42
GLMP 953 11400 017 09 1460 1.1x107* 1302 17 1.7 6.7 4.0
AFGL 5385 14280 024  1.1® 1510 17x10™* 0.61(0.10) 1.4 L5 5.9 2.4
HD 187885 8000 035  055® 620  5x107* 059(0.12) 115 <3 ~6.2  ~25
Hen 3-1475 16240 042 15 770 4x107* 129(0.15) 17 1.7 6.7 45
M1-92 22360 035 2.0 1190 25x10*  1.8(0.2) 1.8 1.8 6.9 2.8

Notes. ("Using the larger value of AOgjo. ®PFor an assumed excitation temperature of 10K and C'*O abundance relative to the number of
hydrogen nuclei of 2.1 x 1077 for HD 187885 and 8.5 x 10~ for the other sources (see Sect. 5.2). ' These values might be underestimated because
the corresponding '*CO J = 21 line seems to be affected by optical depth effects.

based on the C'30 J = 2—1 line. Although we assume optically
thin emission, optical depth effects seem to affect the '*CO emis-
sion to some extent because for all sources the brightness tem-
peratures observed towards the peak of the integrated emission
reach values (between 7 and 13 K) comparable to the excitation
temperature we assume. If our assumed excitation temperature
is correct, this implies optical depths >1. Nonetheless, the rela-
tively high values of the '3CO abundances we derive (see below)
suggest that the optical depth effects are not very strong.

6. Discussion
6.1. Isotopic ratios

The '70/'80 isotopic ratios allow us to estimate the initial
masses of the sample stars using results from stellar evolu-
tion models. These are powerful constraints for understanding
the properties and evolution of these sources, and allow us to
infer stellar luminosities and distances and investigate whether
the sources with known spectral types have evolved within the
expected timescales.

6.1.1. Comparison to other sources

To put the values of the '70/'30 ratios determined for the sam-
ple stars in context, we compare them to those available in the
literature for AGB stars using the sample of C-rich AGB stars
studied by Abia et al. (2017), with a total of 29 objects, and the
samples of O-rich AGB stars studied by Hinkle et al. (2016) and
Lebzelter et al. (2019), which include a total of 80 sources.

The minimum and maximum values reported by Abia et al.
(2017) for C-rich sources are ~0.5 and ~2.5. Only three sources
(~10%) display ratios <0.6. Hence, the values we obtain for
AFGL 5385 (0.61) and HD 187885 (0.59) do occur in AGB
stars as well, but are relatively rare. The values we report for
GLMPO950 and GLMP953 are very typical for C-rich AGB
stars based on the sample of Abia et al. (2017). The value of
the '70/'80 ratio is not expected to change during the AGB or
post-AGB for stars that become rich in carbon and do not experi-
ence HBB. Hence, comparing the values for post-AGB and AGB
C-rich stars is meaningful. Nonetheless, we note that a direct
comparison of the observed distributions is not straight-forward,
because the duration of the carbon-rich phase in the AGB and
that of the post-AGB phase depend strongly on initial mass and
metallicity.

The 70/'80 ratios reported by Hinkle et al. (2016) and
Lebzelter et al. (2019) for O-rich AGB stars cover a broad range
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of values, from ~0.05 to ~16. Nonetheless, extreme values are
relatively rare, with only ~11% having ratios lower than 0.2 and
~11% having values larger than 2. Hence, the values we obtain
for Hen 3-1475 (1.29) and M1-92 (1.8) are typical for O-rich
AGB stars. However, we emphasise that these ratios were deter-
mined at different points during the AGB for each source, and at
least some of the O-rich stars studied by Hinkle et al. (2016) and
Lebzelter et al. (2019) will become C-rich or experience HBB
before entering the post-AGB phase.

Observations of isotopic ratios in post-AGB stars are much
rarer, and to our knowledge only six C-rich and ten O-
rich sources have had 70/'80 ratios determined thus far
(Khouri et al. 2021; Gallardo Cava et al. 2022; Alcolea et al., in
prep.). These samples are also heavily biased by observations
of specific subgroups of post-AGB stars, such as the eight O-
rich water fountain sources studied by Khouri et al. (2021). The
observed values range roughly from 0.3 to 4 for C-rich objects
and from 0.2 to 6 for O-rich ones. Hence, the values reported by
us are within the observed ranges.

6.1.2. Derived initial masses

We compared the isotopic ratios derived in this work
to stellar evolution models using the MONASH code
(Karakas & Lugaro 2016; Karakas et al. 2018) and the FRUITY
database (Cristallo et al. 2015). These models assume a solar-
like composition scaled to different metallicities. While there
is no strong disagreement between the predictions of the mod-
els regarding the first dredge-up, which has the dominant effect
on the oxygen isotopic ratios for stars with initial masses
<4 M, the effects of the third dredge-up are much more uncer-
tain (e.g. Palmerini et al. 2021). The uncertain aspects rela-
tive to the third dredge-up relevant for the analysis presented
here concern the mass ranges for which stars become carbon
rich and for which HBB destroys 80 in the stellar envelope
efficiently.

The observed isotopic ratios imply remarkably similar ini-
tial masses for a given metallicity for the two models. The
derived values are given in Table 4 for solar metallicity, with
the exception of HD 187885 for which we consider a metallicity
Z = 0.0035 (Van Winckel & Reyniers 2000). M1-92 is the only
object with a previous determination of the '70/!'80 ratio. Our
value of 1.8 = 0.1 is in agreement within uncertainties with the
value reported in the literature (1.6 = 0.15, Alcolea et al. 2022).
The value that we obtain implies an initial mass ~1.8 M, for
solar composition, similar to the value obtained by Alcolea et al.
(2022), ~1.7 Mo,
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While the MONASH and FRUITY models with the exact
metallicity of HD 187885 ([Fe/H]=-0.6, or Z = 0.0035) are
not available in the literature, we can conclude that the pre-
dicted trends in the '70/'80 ratio with metallicity imply an ini-
tial mass smaller than <1.3 M, in both cases. In the case of the
MONASH code, the predicted '70O/'30 ratios imply an initial
mass of ~1.15 M, for Z = 0.0028 (Karakas et al. 2018), which is
the closest metallicity to that of HD 187885 for which the mod-
els have been calculated. For the FRUITY database, the models
with lowest initial mass available (1.3 M) predict larger '70/'80
values for both Z = 0.003 and Z = 0.006, and the predicted
value decreases with decreasing initial mass in this range. The
relatively low mass and carbon-rich nature of this source is in
agreement with the findings from Karakas et al. (2018), which
imply that stars with masses as low as 1.15 M become rich in
carbon by the end of the AGB for Z = 0.0028. Hence, the ini-
tial mass of HD 187885 seems to be very close to the minimum
mass required for becoming a carbon star given its initial metal-
licity. We note that the models of Karakas et al. (2018) assume
initial isotopic ratios equal to solar even at lower metallicities,
which might not be representative of the initial isotopic ratios
of HD 187885. Our results imply initial masses for GLMP 950
and GLMP953 (1.8 and 1.7 M, respectively) within the range
usually attributed to carbon stars.

Interestingly, the derived initial masses for Hen 3-1475 and
M1-92 also fall in the range expected for stars to become carbon
rich. The fact that these sources are observed to still be oxy-
gen rich in the post-AGB phase might be explained by an inter-
rupted evolution, for instance with the envelope being ejected
by interactions with a close companion (e.g. Khouri et al. 2021;
Alcolea et al. 2022). Alternatively, these sources might have an
initial metallicity higher than solar and initial masses between
2.0 to 2.4 My, In this scenario, their O-rich nature could be con-
sistent with stellar evolution models, which remain oxygen rich
up to initial masses ~2.4 My, at higher metallicity (e.g. Z = 0.03).

Despite the encouraging agreement between the two evolu-
tionary models considered for the interpretation of the derived
170/'80 ratios, we note that the initial masses we derive are
fairly uncertain both because of uncertainties in the model cal-
culations and in the initial composition of these sources. More
robust results can be obtained using larger statistical samples.

6.1.3. Implications for luminosities and distances

The initial masses we derive are relatively low, and set limits
on the maximum luminosities reached by each star. To assess
how these limits compare to our assumptions, we determine
the maximum expected post-AGB luminosity for each source
from evolutionary models presented by Miller Bertolami (2016)
given the inferred initial masses. Using these luminosities (pre-
sented in Table 4), we scaled the distance for each sources
based on the luminosities adopted from the literature (Table 2).
These distances are also given in Table 4. The distances for
GLMP 950, GLMP 953, HD 187885, and M1-92 are consistent
with those adopted from the literature with differences <10%,
while those for AFGL 5385 and Hen 3-1475 show larger dis-
crepancies of 30% and 22%, respectively. Nonetheless, consid-
ering the uncertainties in the derived initial masses and on the
determination of distances, the overall agreement is good. We
note that distances up to 8.3 kpc have been reported for Hen 3-
1475 (Borkowski & Harrington 2001). Our results indicate that
such large distances are not realistic. Riera et al. (2003) derived
a distance of 5.8 kpc based on improved measurements of radial
velocities and proper motions of the jet features. Our results sug-

gest an even smaller distance which, based on the discussion in
Riera et al. (2003), implies a larger value (355°) for the inclina-
tion angle of the jet than what is assumed in their calculations
(50°).

6.1.4. Implications for post-AGB lifetimes

Given the definition of the beginning of the post-AGB as when
the mass of the envelope becomes 0.01 times the present-day
mass of the given star (e.g. Miller Bertolami 2016), the large cir-
cumstellar masses we derive imply that these sources must have
been on the AGB when the high-mass-loss phase started. Hence,
the kinematic ages given in Table 4 represent an upper limit for
the duration of the post-AGB evolution of these sources up to
now. Using the spectral types available in the literature for four
of the sources (AFGL 5385, HD 187885, Hen 3-1475, and M1-
92, see Table 2) we are able to compare the time these objects
took to transition between the end of the AGB and their present
position in the Hertzsprung-Russell (HR) diagram with predic-
tions from evolutionary models.

Relatively large uncertainties are associated with the
timescales predicted by stellar evolution models mostly because
of the unknown evolution of the mass-loss rate in the post-
AGB phase. This is particularly critical in the beginning of
the post-AGB, because stellar temperatures are still relatively
low in this phase and AGB-like mass loss can still take place
(Miller Bertolami 2016). Miller Bertolami (2016) divides the
evolution during the post-AGB phase in two stages, the early
and late post-AGB, with associated timescales 7y and T¢ross,
respectively. The final point of the post-AGB evolution is
defined when the maximum effective temperature is reached,
which corresponds to Te; > 10° K in all models presented by
Miller Bertolami (2016).

Since the changes experienced by the stars are gradual,
definitions of transition points are to a large extent arbitrary.
Nonetheless, the general trend is that model stars move to the
blue in the HR diagram as the envelope mass decreases. This
change is slow at first and accelerates strongly as the envelope
mass becomes lower. At the start of the post-AGB (envelope
mass equal to 0.01 of present-day mass), the effective temper-
ature of the model stars are relatively low (54000 K) for initial
stellar mass between 1.2 and 2 M, as inferred from Fig. 8 in
Miller Bertolami (2016). The point of transition between early
and late post-AGB phase is set by Miller Bertolami (2016) to be
log(Teg) =3.85 (T ~ 7080 K). Since the change in temperature
as a function of time is fast in the late post-AGB, the definition
of this transition point is of relative little consequence for the
derived timescales according to the author, as long as the tem-
peratures are relatively low, but high enough to prevent AGB-
like outflows.

AFGL 5385, HD 187885, Hen3-1475, and M1-92 have
effective temperatures ranging between ~6800 K and ~30 000 K
based on their spectral types (Table 2). Hence, they have evolved
significantly beyond what would be considered the start of the
post-AGB phase. Moreover, only the source with the lowest
effective temperature (AFGL 5385) would be classified as an
early post-AGB source, but even this object is relatively close
to transitioning into the late post-AGB in which a rapid evolu-
tion of the effective temperature takes place.

By comparing the predicted times for stars to evolve from the
beginning of the post-AGB to effective temperatures ~7000 K
(T¢) to the kinematic ages of the C'30 J = 2-1 emission, it
is clear that these four sources exhibited an evolution that pro-
ceeded faster than predicted by models (by a factor of at least a
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few). By interpolating the values for Z = 0.02 and Z = 0.01
in Table 3 in Miller Bertolami (2016), we find that 7, varies
between ~4400 yr for 1.25 My, stars to ~2370 yr for 2.0 M, for
solar metallicity (Z = 0.014). At lower metallicities (Z = 0.001),
T becomes shorter and varies between ~3700 yr and ~1600 yr
for models with 1.15 and 2.0 My. AFGL 5385, HD 187885,
Hen 3-1475, and M1-92 all seem to have reached their present
position at least two times faster (and even faster in most cases)
than expected. This particularly striking for M1-92 and Hen 3-
1475 which have B-type central stars, with T > 10000 K, and
kinematic ages <1000 yr. HD 187885 also seems to have evolved
more than five times faster than expected into the late post-AGB
phase.

Previous models for post-AGB evolution presented by
Vassiliadis & Wood (1994) display on average a slower evolu-
tion between the end of the strong AGB-like mass loss and the
less intense post-AGB one. However, the comparison between
different stellar evolution models is not completely straight for-
ward because of different definitions of transitions points. In
contrast to Miller Bertolami (2016), Vassiliadis & Wood (1994)
defined the beginning of the post-AGB phase as the phase when
the stellar temperature in the models increases by a factor of
2 from the value during the AGB. For a solar composition,
this indicates that stellar temperatures at the beginning of the
post-AGB would vary between ~4500 K and ~4200 K for a star
with initial masses between 1.5 and 2 M, respectively. From
these starting points, the models reached stellar temperatures of
10* K in 28000 yr for initial masses 1.5 M. For a metallicity
Z = 0.004 comparable to that of HD 187885 (Z = 0.0035) and
an initial mass equal to 1 M, the evolution is shorter ~6000 yr
from an initial post-AGB stellar temperature ~5600 K.

The timescales reported by Vassiliadis & Wood (1994) are
almost an order of magnitude larger than that inferred for the
evolution of Hen 3-1475 and M 1-92, which have evolved to stel-
lar temperature larger than 10* K. A comparison to HD 187885
and AFGL 5385 is not as clear because these sources have stel-
lar temperatures lower than 10* K, and the durations of shorter
steps of evolution below this limit are not specified. According to
the models, AFGL 5385 and HD 187885 should have had stellar
temperatures at the beginning of the post-AGB phase of ~4500 K
and ~5600 K, respectively. The evolution of AFGL 5385 to the
present value of ~7300K in 1500 yr seems to have happened
faster than predicted considering that the source has experienced
half the evolution to 10* K (expected to happen in ~8600 yr) and
that the pace of evolution is slower at lower stellar temperatures.
For HD 187885, the change in temperature to the present value
of ~6800K is relatively small, and we refrain from making a
comparison that would require too many assumptions.

The fast evolution we infer with respect to those predicted
by models discussed above might be caused by a different evo-
lutionary path from the single-star evolution considered in the
models. However, if at least some of these four sources evolved
without the direct effect of a close companion, our results indi-
cate that the central remnant warms up faster than expected.
Séanchez Contreras et al. (2017) also suggested a faster evolution
of the central source in the post-AGB phase based on high mass-
loss rates derived for a small sample of post-AGB sources.

6.2. 3CO and C'80 abundances

For the stars assumed to have initial solar composition, we find
13CO abundances between 0.9 x 107> and 2.0 x 10~ with respect
to the total number density of hydrogen atoms (including atomic
and molecular sources). We find the largest values of 1.5 and
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2.0 x 107> for Hen 3-1475 and M1-92, which are oxygen-rich
sources. This fits the expectation that the abundance of '*C is
larger in O-rich stars, but the values are 1.5 and 2 times larger
than often assumed for post-AGB stars with solar-like elemen-
tal abundances and high molecular content, ~1 x 107 (e.g.
Bujarrabal et al. 2001, 2017). The values for C-rich sources with
assumed solar metallicity are lower with respect to the O-rich
ones, but the difference in values for these five sources is only a
factor of approximately 2. The relatively high abundances of *C
we find are somewhat surprising because optical depth effects
are expected to affect the '*CO lines more strongly than the C'30
ones, which should lead to lower inferred values for the 3CO
abundances than the real ones. From this, it seems that optical
depth effects are at most mild in the *CO lines.

If the C'30 envelope is much smaller than the '*CO because
of more efficient dissociation, we would overestimate the 3CO
abundances. To examine this possibility, we compared the ratio
between intensities of the '3CO and C'80 J = 21 lines in the
central beam of the maps to the same ratio between the line
fluxes given in Table 3, which are integrated over larger aper-
tures. We find larger ratios for all sources when larger aper-
tures are used, implying that the C'80 emission is more cen-
trally peaked than the that of '*CO. This could be caused by the
13CO emission being either optically thick in the central beam
or more extended than that of C'80. Nonetheless, compared to
the ratios from '*CO J = 2-1 3-0 regions, those measured
from the central beams are only between 15 and 20% smaller
for GLMP 950, GLMP 953, HD 187885, and M1-92, and 30%
smaller for AFGL 5385 and Hen 3-1475. Furthermore, the dif-
ferent sizes of the 3-o contours of the J = 2—1 emission of '*CO
and C'30 are consistent with the lower S/N in the maps of the
C!80 lines. Based on these considerations, we conclude that, if
present, the effect of different dissociation radii on the line ratios
seems to be relatively small, and the 13CO abundance seems to
be indeed relatively high in these sources.

Interestingly, the three C-rich sources with assumed solar
metallicity display '3CO/C'30 ratios between 10 and 13, while
the C-rich source with lower metallicity (HD 187885) shows
a value of ~26, which is even larger than the values of 18
(Hen 3-1475) and 24 (M1-92) determined for the two O-rich
sources. This might be caused by the chemical composition of
HD 187885 not having been as strongly affected by the third
dredge-up as those of the other C-rich sources, given the rela-
tively low value of its C/O ratio ~1 (Van Winckel et al. 1996;
Van Winckel & Reyniers 2000).

6.3. Circumstellar gas masses
6.3.1. Uncertainties

The uncertainties on the circumstellar masses determined by
us arise from uncertainties on the excitation temperature, dis-
tance, and C'80 abundance. The circumstellar masses depend
on the assumed excitation temperature in a non-linear manner.
Increasing the excitation temperature from 10K to 20K causes
the derived masses to decrease by approximately 20%, while
increasing it from 10K to 40K causes the derived masses to
increase by about 10%. Hence, we estimate the uncertainty on
the excitation temperature translates to an uncertainty of at most
~20% on the derived circumstellar gas masses. The circumstel-
lar masses are proportional to the square of the adopted dis-
tance, which we assume to be uncertain by 30%. Considering
the uncertainty of 30% from '80 abundance variation (Sect. 5.2),
we find the circumstellar masses to be uncertain by a factor of
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1.7. This does not account for uncertainties regarding the initial
metallicity or, more specifically, the initial '®O abundance.

6.3.2. Comparison to the literature

The derived circumstellar gas masses correspond to a substantial
fraction of the initial stellar mass of each source, given the initial
masses <2 M. These values are on the high end when compared
to those observed in a sample of 21 post-AGB stars, pre-PN, and
PN, for which circumstellar masses between ~10~2 and 1 M,
were inferred (Sanchez Contreras & Sahai 2012).

Oppenheimer et al. (2005) modelled the spectral energy dis-
tribution of AFGL 5385 and derived a dust mass-loss rate of
~107% M, yr~!. This is somewhat high compared to gas mass-
loss rate of 1.7 x 107 M yr™! derived by us, and would imply
a gas-to-dust ratio of 170. This relatively low value implies sub-
stantial depletion of refractory elements, but is comparable to
values ~200 determined for AGB stars with large mass-loss
rates 2107 M, yr~! (e.g. Blommaert et al. 2018; Olofsson et al.
2022). The outer radius derived from their model implied a
timescale for building up the envelope larger than 2000 yr for an
assumed expansion velocity of 15kms~!. The expansion veloc-
ity we find using the C'%0 J = 2-1 line (22.5kms™!) would
imply a timescale for the dust envelope larger than 1300 yr,
which is consistent with the kinematic ages of the C'80 J = 2—1
emission, ~1500 yr.

The total circumstellar masses derived by Bujarrabal et al.
(2001) of ~2.6x1072 M, and 0.63 M, for HD 187885 and Hen 3-
1475, respectively, can be compared to the values we find by
using the distances assumed by them (1kpc for HD 187885
and Skpc for Hen3-1475). We find a circumstellar mass of
6 x 1072 and 0.32 M, for HD 187885 and Hen 3-1475, respec-
tively. The discrepancy is mostly explained by the different
value of the '3CO abundance relative to hydrogen adopted by
Bujarrabal et al. (2001), 1 x 107>, compared to that derived by
us, 1.5 x 107 and 0.55 x 1073 for Hen 3-1475 and HD 187885,
respectively.

A significantly larger circumstellar gas mass (~1 M) has
been determined for M1-92 (Alcolea et al. 2022) than what we
find (0.35 M). This can also be mostly explained by a difference
between the '3CO abundance assumed by Alcolea et al. (2022)
(1 x 107°) and that determined by us (2 x 107%). Li et al. (2024)
also find a circumstellar mass ~1 M based on observations of
optical scattered light and an assumed gas-to-dust ratio of 200.
The lower circumstellar gas mass we find would imply a lower
gas-to-dust ratio ~70, which is quite low even if full condensa-
tion of refractory elements is considered.

6.4. Recent mass-loss rates

The mass-loss rates we derive ~10™* Myyr~! are roughly
an order of magnitude higher than the peak values
achieved by stars with initial masses between 1 and 2 M,
(~107> Mg yr~!) in commonly used mass-loss-rate prescriptions
(e.g. Vassiliadis & Wood 1993). Nonetheless, our calculations
might even underestimate the actual peak mass-loss rates
experienced by these sources. For instance, the inner radius of
the envelope of HD 187885 observed by Lagadec et al. (2011),
of 0.4”, implies a timescale for the cessation of mass loss
~160yr ago assuming the same expansion velocity we use,
~30kms~!. This is only four times smaller than kinematic age
of the C'80 J = 2—1 derived by us. The dust model calculated
by Oppenheimer et al. (2005) for AFGL 5385 also implies

a cessation of the high-mass-loss-rate phase ~300years ago
(at the distance of 3.4kpc considered by us). Hence, these
non-negligible times since copious mass loss has ceased imply
lower times spent in the phase of large mass-loss rates than
given in Table 4, indicating that the maximum instantaneous
mass-loss rates experienced by these sources are even larger
than the average values we report.

We also note that the derived timescales pertain to the region
traced by the J = 2-1 line of the observed isotopologues. If
the size of the emission region is being determined by dissoci-
ation or excitation of the J = 2 levels, rather than by the onset
of the high-mass-loss-rate phase, the timescales and circumstel-
lar masses we infer will be lower than those experienced by the
sources. Nonetheless, the obtained mass-loss rates are indepen-
dent of whether the high-mass-loss-rate phase has been ongoing
for longer than listed in Table 4.

6.5. Progenitor sources

One interesting question is whether the oxygen-rich stars in our
sample could be an evolved stage of water fountain sources.
The inferred kinematic ages for the C'80 J = 2-1 emis-
sion for M1-92 and Hen 3-1475 (~1190 and ~770 years, respec-
tively) are a factor of at least 4 larger than typical ages for the
envelopes of water fountains (5200 years, Khouri et al. 2021).
When compared to average mass-loss rates derived for water
fountains (210’3 Mgy yr’l, Khouri et al. 2021), the values we
present here are lower. However, this mostly reflects the larger
timescales since the creation of the envelopes. If the intense
mass-loss process of M1-92 and Hen 3-1475 lasted <200 years
instead of the kinetic ages of the C'80 J = 2-1 we deter-
mine, their mass-loss rates would have been ~1073 My yr™!, in
the same range derived for water fountains. In fact, Alcolea et al.
(2022) argues that it is not possible to exclude scenarios in
which the whole envelope of M1-92 was created in a short
mass-loss event. Moreover, the large excess momentum in the
outflow compared to that provided by the radiation field in
these two sources (Bujarrabal et al. 2001) imply an acceleration
mechanism that probably requires the action of a companion.
Khouri et al. (2021) suggested water fountains to have experi-
enced common-envelope evolution, and similar suggestions have
been made for M1-92 (e.g. Alcolea et al. 2022; Li et al. 2024)
and Hen3-1475 (Borkowski & Harrington 2001). The redder
colours of water fountains (see Fig. 1) are most likely caused
at least in part by their envelopes being more compact, with
shorter timescales since the start of their high-mass-loss phase.
Moreover, the high-velocity water masers, which are the dis-
tinguishing feature of water fountains, are only expected to be
produced in the ~200 years that define the class. Whether M1-
92 and Hen 3-1475 displayed such high-velocity masers several
hundred years ago is possible but unknown.

Confirming that these classes of sources are associated is not
straight-forward, but statistical studies that include more sources
at different evolutionary stages and should reveal whether this
scenario is in agreement with observations when taking into
account the different relevant timescales. Moreover, hydrody-
namical modeling of the evolution of water fountain systems
should also indicate whether the evolution of spectral energy dis-
tributions and morphologies are consistent. Another interesting
question that deserves further investigation is whether an evo-
lutionary relationship exists between post-AGB stars with dusty
discs (e.g. Van Winckel 2007) and the objects studies here and
water fountains.
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Fig. 8. Maps of the high-velocity '*CO J = 2-1 emission towards
Hen 3-1475 as shown in Fig. 6 compared to images obtained with the
HST WFPC2 through the F658N ([NII] at 6584 A) filter (Riera et al.
2003).

Regarding the carbon-rich stars, their expected too-low water
abundances imply that water masers are not produced, which
would prevent these sources from even being classified as
water fountains. Nonetheless, their compact envelopes and high
mass-loss rates suggests that some sources (e.g. HD 187885,
GLMP 950, GLMP 953, and AFGL 5385) might be carbon-rich
stars that have followed the same evolutionary path as the path
associated with water-fountain sources, namely, common enve-
lope evolution.

6.6. High-velocity outflow of Hen 3-1475

As shown in Fig. 8, the high-velocity molecular outflow
observed in Hen 3-1475 is well aligned with the images of [NII]
emission obtained with the HST. Interestingly, the molecular
gas appears in the dark regions between the bright clumps. The
clumps observed by the HST show no significant proper motion,
which has been interpreted as an indication that these structures
trace quasi-stationary shocks (Fang et al. 2018).

The projected velocity of the '*CO emission increases with
distance from the star up to ~240kms~" at the emission clumps
observed the farthest away from the star (at ~5”). The ionised
gas displays velocities that also increase up to the same dis-
tance, but to a maximum of ~600kms~! at ~5”. The ionised
gas, then, decelerate outwards by ~100kms~! up to ~9” from
the central source (Bobrowsky et al. 1995). Hence, the velocity
of the molecular gas is a factor of roughly 2 lower than that of
the ionised gas at a similar distance from the star, indicating that
most of the molecular material is entrained in a faster outflow.

The bright knot to the northeast has been detected in X-rays
(Sahai et al. 2003). Strong emission of energetic radiation in the
clumps of ionised gas could be the cause for the lack of molec-
ular emission from them. It is also possible that molecules are
destroyed by the shock, but form again after (part of) the gas
cools in the post-shock region.

The oxygen isotopic ratio we determine implies that Hen 3-
1475 is not a high-mass O-rich post-AGB star, as suggested
in the literature (Borkowski & Harrington 2001; Manteiga et al.
2011), but had a more typical initial mass for a post-AGB star
(52 My). The interpretation of this object (and similar ones)
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as the product of binary interactions (Borkowski & Harrington
2001) seems the most plausible option.

6.7. Comparison between GLMP 950 and GLMP 953

GLMP 950 and GLMP 953 display many similarities, but also
striking differences. For instance, while the fluxes of the Bco,
C!70, and C'80 J = 2-1 lines (Table 3) and the derived cir-
cumstellar masses (Table 4) display a difference of less than
a factor of 2 between the two sources, the difference in the
continuum emission measured at ~1.3 mm (Table 2) exceeds a
factor of 20. GLMP 953 shows higher values in both line and
continuum emission. Another significant difference is that high-
velocity emission (v > 30kms~! from the systemic velocity) is
observed towards GLMP 953, but not towards GLMP 950.

The large difference in continuum emission is puzzling,
given the other similarities, including the similar kinematic ages,
initial masses, circumstellar gas masses. and averaged mass-loss
rates derived for the two sources. One possibility is that the emis-
sion from GLMP 953 at these wavelengths is mainly due to free-
free emission, rather than dust . However, the flux density of this
source at 353 GHz of 0.32Jy (Eden et al. 2017) implies a spec-
tral index between 353 and 228 GHz of ~2.3, which does not
suggest strong free-free emission.

The number of detected lines is similar towards the two
sources. However, on the one hand, we observe lines we assign
to K¥7Cl towards GLMP 953 (if confirmed, it is most likely pro-
duced in the inner and denser CSE), but not towards GLMP 950.
On the other hand, a few unidentified lines are clearly detected
towards GLMP 950, but not towards GLMP 953.

The cause of these differences is not obvious from the obser-
vations we report. While a different inclination could explain
why we do not see high-velocity emission towards GLMP 950, it
does not account for the much weaker continuum emission and
the slightly different molecular spectra. A difference in C/O ratio
could potentially explain the different chemistry and stronger
continuum if it leads to the formation of more dust in GLMP 953,
or of different types of dust between the two sources. Addition-
ally, the high-velocity emission towards GLMP 953 hints at the
presence of a companion in that system. If that is indeed the case,
and the lack of high-velocity emission towards GLMP 950 indi-
cates no companion is present, the observed differences might be
all related to GLMP 953 being in a binary system and GLMP 950
not.

7. Summary and conclusions

We observed the J=2-1 lines of '*CO, C'70, and C'"¥O
with ALMA towards a sample of six obscured post-AGB
stars: four carbon-rich (GLMP 950, GLMP 953, AFGL 5385,
and HD 187885) and two oxygen-rich sources (Hen 3-1475 and
M1-92). Emission was detected and emission-region sizes were
determined for all sources in the three lines and 1.3 mm con-
tinuum. The richness of the spectra varies strongly within the
sample, with detection of emission lines assigned by us to NaCl,
SiC,, SiS, K¥'CI (tentative), and HC;N towards the carbon-
rich sources and SO, SO,, and SiS towards the O-rich sources.
The two sources with by far the largest number of detected
lines (GLMP 950 and GLMP 953) have comparable strengths of
the lines of CO isotopologues and similar luminosities, initial
masses, and kinematic ages of the C'80 J = 2—1 emission, but
continuum emission at 238 GHz that differs by a factor of ~20.
All but one source (GLMP 950) show high-velocity emission
in the form of low-intensity wings (v 2 30kms™') in the 1*CO
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J = 2—1 line. The emission regions of these components show
point-symmetric structure in all cases. The high-velocity molec-
ular outflow of Hen 3-1475 was found to be particularly remark-
able, with expansion velocities of >200km s~! and emission
regions that are interleaved with emission from hotter ionised
gas observed by the HST. The lower velocities of the molecular
gas with respect to the ionised gas at the same distance from the
central source suggests that the molecules are entrained in the
atomic outflow.

We inferred initial masses between 1.15 and 1.8 for the stars
in our sample using the '70/'80 isotopic ratio, which we derived
based on the observed ratios of the C'70 and C'30 lines. We
found high circumstellar masses (between ~0.1 and ~0.42 M)
and low kinematic ages (ranging from ~600 to ~1500 yr) cor-
responding to the C'0 J = 2—1 emission. Together, these val-
ues imply very large recent mass-loss rates (2107* Mg yr™!). The
high effective temperatures of AFGL 5385, HD 187885, Hen 3-
1475, and M1-92, along with the relatively short times since the
phases of strong mass loss, imply that the central sources have
evolved faster than expected for single stars.

Our results highlight how our understanding of post-AGB
stars can advance using ALMA observations of galactic sources
and through a comprehensive study of their properties (circum-
stellar mass, kinematic ages, and isotopic ratios). The extent to
which the population of obscured post-AGB stars are the prod-
uct of single-star evolution or binary interactions remains open,
but we confirmed that their characteristics are similar to those
of water fountains, which are suggested to be the product of
binary interactions. Moreover, the two O-rich sources M1-92
and Hen 3-1475 have remained rich in oxygen despite having
initial masses in the range where the transition to a carbon-rich
composition is expected. In conclusion, observations of this type
of a larger sample of objects have the potential to substantially
advance our understanding of post-AGB stars, planetary nebu-
lae, and the end of the AGB.

Data availability

The table with detected lines and the figures of integrated
J=2-118C0, 0, and C'30 emission, Spitzer/IRAC images
towards GLMP 950 and GLMP 953, and continuum image of
AFGL 5385 showing the secondary source have been uploaded
to Zenodo and are available through the following link: https:
//zenodo.org/records/14615590
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