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ABSTRACT

Context. Maser emission of SiO, H2O, and OH is widespread in asymptotic giant branch (AGB) stars with oxygen- (O-) rich envelopes.
This emission quickly disappears during the post-AGB phase and is extremely rare in planetary nebulae (PNe). So far, only eight PNe
have been confirmed to show OH and/or H2O maser emission, and none have ever been found to show SiO maser emission.
Aims. We intend to obtain the first detection of a SiO maser from a PN. Such a detection would provide us with a useful tool to probe
mass loss in PNe at a scales of a few AU from the central star, much shorter than the scales traced by H2O or OH masers.
Methods. We compiled two different samples. The first one comprises all known PNe with confirmed OH and/or H2O maser emission,
as well as two candidate PNe showing OH masers. For the second sample, we compiled single-dish SiO maser detections in the
literature, and compared them with catalogs of PNe and radio continuum emission (which could trace photoionized gas in PNe).
We identified five targets (either PN or radio continuum sources) within the beam of the single-dish SiO maser observations. We then
carried out interferometric observations of both samples with the Australia Telescope Compact Array, to confirm the spatial association
between continuum and SiO maser emission.
Results. We find no SiO maser emission associated with any confirmed or candidate PN. In all targets, except IRAS 17390−3014,
there is no spatial coincidence between SiO masers and radio continuum emission. While in IRAS 17390−3014 we cannot completely
rule out a possible association, it is unlikely that the radio continuum emission arises from a PN.
Conclusions. The absence of SiO maser emission in PNe showing OH or H2O masers is of special interest, since thermal SiO emission
has been reported in at least one of these targets, indicating that SiO molecules can be present in the gas phase. Since some maser-
emitting PNe show evidence of having O-rich outer envelopes, and carbon- (C-) rich central stars and inner envelopes, we speculate
that SiO abundance could be very low in the central regions where physical conditions are optimal for maser pumping, and C-bearing
molecules may be dominant in the gas phase at those locations.
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1. Introduction
Circumstellar maser emission of the SiO, H2O, and OH
molecules is widespread in asymptotic giant branch (AGB) stars
with O-rich envelopes. These different species show a stratified
distribution, with SiO masers located close to the star <∼10 au
(Diamond et al. 1994; Desmurs et al. 2000; Reid & Menten
2007), and H2O and OH farther away (≃10–102 and 103–104 au,
respectively; e.g., Bowers & Johnston 1994; Richards et al. 2012;
Reid et al. 1977; Etoka & Diamond 2010), tracing a nearly spher-
ical expansion of the envelope at different radii. This maser
emission tends to disappear after the end of the AGB phase,
when mass loss drops by several orders of magnitude, from rates
up to ≃10−4 M⊙ yr−1 in the AGB (Vassiliadis & Wood 1993;
Blöcker 1995a) to 10−7–10−8 M⊙ yr−1 in the post-AGB phase
(Vassiliadis & Wood 1994; Blöcker 1995b).

Considering the estimated timescale of disappearance of
these maser species after the end of the AGB (10, 100, and
1000 yr for SiO, H2O, and OH, respectively; Gómez et al. 1990;
⋆ Corresponding author; rcala@iaa.es

Engels & Jiménez-Esteban 2007) and the duration of the transi-
tional post-AGB phase (103–105 yr, Miller Bertolami 2016), no
SiO nor H2O maser emission was expected when the planetary
nebula (PN) phase begins (i.e., when the central star becomes
hot enough, Teff ≃ 25 000 K, to photoionize its circumstellar
environment), while only extremely young PNe (shortly after
the onset of this photoionization) should show OH masers. This
makes OH-maser emitting PNe (OHPNe, Zijlstra et al. 1989)
very interesting objects to understand the early evolution of PNe.
There are only six confirmed OHPNe (Uscanga et al. 2012; Qiao
et al. 2016b), and several additional candidates (Cala et al. 2022).

Despite not being expected, five PNe are known to emit H2O
masers (Miranda et al. 2001; de Gregorio-Monsalvo et al. 2004;
Gómez et al. 2008; Uscanga et al. 2014; Gómez et al. 2015). The
first identified case, K 3-35 (Miranda et al. 2001), actually emits
both OH and H2O masers. Two other PNe, IRAS 17347−3139
(de Gregorio-Monsalvo et al. 2004; Tafoya et al. 2009) and
IRAS 16333−4807 (Uscanga et al. 2014; Qiao et al. 2016b), also
show emission of both species. The unexpected detection of H2O
masers suggests that this emission in PNe is not the remnant of
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that seen in the AGB phase, which is related to isotropic winds,
but it traces nonspherical mass-loss events instead (Suárez et al.
2007). In particular, interferometric observations usually show
that OH and H2O maser emission in PNe is associated with equa-
torial ejections (expanding tori) and/or collimated jets (Miranda
et al. 2001; Uscanga et al. 2014; Gómez et al. 2015; Qiao et al.
2016b). While these mass-loss phenomena allow the presence of
maser emission in PNe for longer than previously expected, it is
generally assumed that only extremely young PNe can be maser
emitters, since the advance of the ionization front would even-
tually photodissociate OH and H2O molecules at the locations
where those masers can be produced. The assumption of extreme
youth of maser-emitting PNe is compatible with their scarcity.

Considering that new, nonspherical mass-loss events in the
post-AGB and PN phases can provide the conditions of pop-
ulation inversion of OH and H2O levels (required for maser
emission), it is reasonable to think that the same might hap-
pen in the case of SiO. In fact, a few late AGB and post-AGB
stars are known to harbor SiO maser emission (e.g., Yoon et al.
2014; Nakashima & Deguchi 2003a; Amada et al. 2022), which
is probably tracing either the base of collimated outflows (Imai
et al. 2005) or circumstellar toroids (Sánchez Contreras et al.
2002). However, in the case of objects already in the PN phase,
several attempts have been made to detect SiO masers, all with
negative results (e.g., Bachiller et al. 1997; Nyman et al. 1998). In
any case, SiO searches specifically targeting PNe remain scarce.

Obtaining a first detection of SiO masers in PNe would open
a new window of research. It would allow us to probe mass loss
at scales different from those traced by H2O and OH, probably
closer to the central star. Moreover, we could characterize the
physical conditions that favor the presence of SiO masers, and
determine how this correlates with the presence of other maser
species.

In this paper, we present the results of a new sensitive survey
for SiO masers in confirmed and candidate PNe, carried out with
the Australia Telescope Compact Array (ATCA). We selected
two different samples, which are described in Sect. 2. We present
our results in Sect. 4, which we subsequently discuss in Sect. 5

2. Source samples

2.1. Sample 1: Planetary nebulae with known OH and/or H2O
masers

Planetary nebulae with either OH or H2O maser emission are
considered to be at the beginning of this evolutionary phase.
Thus, these nascent PNe are among the best targets to search
for SiO maser emission as well, since we expect it to disappear
shortly after the end of the AGB phase, at even shorter timescales
than the OH or H2O masers. Our sample comprises 11 sources
and includes all eight confirmed PN with OH or H2O maser
emission, as well as two additional objects whose nature as PN
has not been confirmed, presented in Cala et al. (2022): IRAS
16372−4808 and OH 341.6811+00.2634. We also included NGC
6302, a well known PN displaying OH line emission (Turner
1979; Zijlstra et al. 1989), although it has been suggested that
this emission could be thermal, instead of maser (Gómez et al.
2016; Qiao et al. 2020). The list of sources is given in the first
part of Table 1.

Some of these objects have already been observed in SiO
transitions at 43 GHz (Jewell et al. 1991; Nyman et al. 1998), but
with modest sensitivities (rms noise ≃1 Jy). The observations in
this paper are significantly more sensitive (around two orders of
magnitude).

2.2. Sample 2: Previous single-dish SiO maser detections
near planetary nebulae and radio continuum sources

We carried out an extensive search in the literature and in
publicly available catalogs for, on the one hand, reports on
single-dish detections of SiO maser emission and, on the other
hand, different catalogs of PNe and radio continuum emission,
considering the latter as a possible tracer of free-free radia-
tion from ionized gas in a PN (the list of references for the
published works and catalogs we compiled would be too long
to be detailed here, but some examples can be seen in refer-
ences 21–30 in Table 1, and in the description of each source
below). We then cross-matched these single-dish SiO detections
with PNe and radio continuum sources, which resulted in five
candidate sources (Table 1, bottom five sources) within the
beam of the single-dish SiO observations. A definite confirma-
tion of the association of maser emission with known PNe or
with radio continuum emission requires interferometric confir-
mation, to ascertain that the SiO maser emission actually arises
from the target object, and not from a different source within the
single-dish beam.

3. Observations and data processing

ATCA observations were carried out in two sessions. The sam-
ple described in Sect. 2.1 (Sample 1, project C3324, PI: R. A.
Cala) was observed on 2019 October 21, with the H168 con-
figuration of ATCA (minimum and maximum baselines of 61
and 192 m, respectively, when discarding antenna CA06) and the
sample in Sect. 2.2 (Sample 2, project C3391, PI: R. A. Cala) on
2020 October 16 with the 6B configuration (baselines between
214 and 5969 m). In both sessions, we observed at two differ-
ent intermediate frequencies (IFs), centered at 43 and 45 GHz,
obtaining full linear polarization products with a bandwidth of
2 GHz each. We used the CFB 64M-32k mode of the Compact
Array Broadband Backend (CABB) of ATCA, which samples
each 2-GHz bandwidth into broadband channels with a width of
64 MHz, used for continuum observations. The CABB inter-
nally oversamples the total bandwidth, by obtaining broadband
channels with separation of half the channel width, but only
half of them (with final channel separation equal to the channel
width) are provided to the user for the continuum dataset (a total
of 32 channels of 64 MHz for the CFB 64M-32k mode). Five
of the internal broadband channels were independently zoomed
in with a finer spectral resolution, to obtain five individual spec-
tral windows, each including one SiO transition and sampled into
2048 channels of 32 kHz width (velocity resolution 0.22 km s−1).
Of these channels, only the central 1847 ones were kept, pro-
viding a total coverage of ≃404 km s−1. An additional set of
5 adjacent internal broadband channels was combined and also
zoomed in, providing a spectral window with 6144 channels, of
which the central 5943 ones were kept (velocity resolution and
coverage of 0.22 and 1296 km s−1, respectively). This last set of
channels includes both the hydrogen recombination line H53α
(rest frequency = 42 951.968 MHz), and the 29Si16O (v=0, J=1–
0) line. Therefore, in total we observed six SiO transitions: four
of the main isotopologue, 28Si16O (hereafter 28SiO), and two of
29Si16O (hereafter 29SiO). These transitions are listed in Table 2.

In both sessions, the bandpass calibrator was 3C 279
(PKS 1253−055), while the absolute flux calibrator was PKS
1934−638. Further information on our observational parameters,
including the complex-gain calibrator for each target, is listed in
Table 1. We note that the observations of project C3324 (sam-
ple 1) were carried out in the H168 configuration, in which five of
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Table 1. Parameters of our ATCA observations.

Source RA(J2000) Dec(J2000) Gain calibrator Beam size Beam p.a. Ton References
(arcsec) (degree) (hour)

Sample 1

IRAS 15103−5754 15:14:18.397 −58:05:20.47 PMN J1515−5559 7.2 × 4.9 +85 0.65 1, 2
IRAS 16333−4807 16:37:06.601 −48:13:42.88 IERS B1646−506 8.0 × 4.6 +78 0.65 3, 4
IRAS 16372−4808 16:40:55.818 −48:13:59.93 IERS B1646−506 7.1 × 4.6 +82 0.65 5, 6
OH 341.6811+00.2634 16:51:53.640 −43:47:16.50 IERS B1646−506 9.5 × 4.1 +81 0.65 5
NGC 6302 17:13:44.489 −37:06:11.71 IERS B1729−373 6.9 × 4.3 +75 0.65 7, 8
IRAS 17347−3139 17:38:00.624 −31:40:54.91 IERS B1741−312 6.8 × 4.2 +75 0.66 9, 10
JaSt 23 17:40:23.067 −27:49:12.00 IERS B1741−312 6.5 × 4.1 +88 0.67 11, 12
IRAS 17393−2727 17:42:33.140 −27:28:24.70 IERS B1741−312 7.2 × 3.9 −88 0.65 13, 14
IRAS 18061−2505 18 09 12.400 −25:04:34.50 IERS B1817−254 6.2 × 4.1 +72 0.65 15, 16
Vy 2−2 19:24:22.218 +09:53:56.33 IVS B1936+046 6.8 × 5.7 +78 1.24 17, 18
K 3−35 19:27:44.026 +21:30:03.57 IVS B1936+046 8.1 × 5.1 +31 0.66 19, 20

Sample 2

IRAS 17239−2812 17:27:05.030 −28:15:27.50 PKS 1710−269 0.76 × 0.18 +7 0.74 21, 22
IRAS 17390−3014 17:42:18.870 −30:15:29.00 PKS 1710−269 0.73 × 0.17 +6 0.74 23, 24
H 2−18 17:43:28.840 −21:09:52.50 PKS 1710−269 0.95 × 0.18 +3 0.74 25, 26
IRAS 18052−2016 18:08:16.380 −20:16:11.30 IERS B1829−207 1.37 × 0.17 +4 0.74 27, 28
IRAS 19508+2659 19:52:57.900 +27:07:44.70 VCS2 J1956+2820 1.12 × 0.16 +2 0.57 29, 30

Notes. Right ascension and declination represent the coordinates of the phase center of the observations. “Gain calibrator” is the complex-gain
calibrator used for each target. Beam sizes (full width at half maximum) and beam position angles (p.a., measured north to east) are those of the
continuum images at 43 GHz. Ton is the total integration time on each source. The coordinates of H 2–18 are those given in Gathier et al. (1983),
since the position given in the SIMBAD database, at the time of our observations, actually corresponded to a different object, IRAS 17403−2107
(see Sect. 4.2.3). Sample 1 comprises PNe with known OH and/or H2O masers (Sect. 2.1). The references listed for this sample correspond to
their identification as PNe and the report on the presence maser emission. Sample 2 includes single-dish SiO maser detections near PNe and radio
continuum sources (Sect. 2.2). Their references correspond to their identification as PNe or the presence of radio continuum emission, and the
single-dish reporting of maser emission. (1) Gómez et al. (2015), (2) Suárez et al. (2015), (3) Kimeswenger (2001), (4) Uscanga et al. (2014), (5)
Cala et al. (2022), (6) Sevenster et al. (1997b), (7) Payne et al. (1988), (8) Henize (1967), (9) de Gregorio-Monsalvo et al. (2004), (10) Gómez et al.
(2005), (11) Jacoby & Van de Steene (2004), (12) Sevenster et al. (1997a), (13) Pottasch et al. (1987), (14) García-Hernández et al. (2007), (15)
Suárez et al. (2006), (16) Gómez et al. (2008), (17) Vyssotsky et al. (1945), (18) Seaquist & Davis (1983), (19) Miranda et al. (1998), (20) Miranda
et al. (2001), (21) Hall et al. (1990), (22) Douglas et al. (1996), (23) Deguchi et al. (2004), (24) Condon et al. (1998), (25) Gathier et al. (1983), (26)
Izumiura et al. (1995), (27) Deacon et al. (2007), (28) Garwood et al. (1988), (29) White et al. (2005), (30) Nakashima & Deguchi (2003a).

Table 2. Observed SiO transitions.

Isotopologue Transition Rest frequency
(MHz)

28Si16O v=0, J=1–0 43 423.853
28Si16O v=1, J=1–0 43 122.090
28Si16O v=2, J=1–0 42 820.570
28Si16O v=3, J=1–0 42 519.375
29Si16O v=0, J=1–0 42 879.941
29Si16O v=1, J=1–0 42 583.830

Notes. These rest frequencies were taken from the Lovas & Dragoset
(2004) list. In the case of the 29Si16O, v=1, J=1–0, for which no fre-
quency is available in that list, we assumed the value given by Müller
et al. (2005).

the ATCA antennas have a relatively compact distribution, with
maximum baseline of 192 m, and there is a sixth antenna (CA06)
at a fixed position, ≃4.5 km away from the main array. Although
we included CA06 in our initial maps, the quality of the resulting
maps was poor, given the highly inhomogeneous sampling of the
uv-plane. Therefore, we excluded antenna CA06 from the data
we presented for this project C3324. However, for project C3391

(sample 2) we used the whole array of six antennas, which gave
good-quality maps, since the antenna distribution was optimized
for observations at high angular resolution.

Data were calibrated with the Miriad software (Sault et al.
1995), following standard procedures for millimeter data pro-
cessing in the ATCA users’ guide. We then further processed
the calibrated data using both the Common Astronomy Software
Applications (CASA, CASA Team 2022) and the Astronomi-
cal Image Processing System (AIPS, Fomalont 1981). We used
CASA for initial data inspection, creating images and data cubes
with task tclean. With this, we could identify the sources where
line and continuum emission were detected. We also attempted
self-calibration of the data with CASA, but its performance
proved to be somewhat worse than AIPS self-calibration, at least
for our data, using equivalent parameters. As an example, the
signal-to-noise improvement of AIPS vs. CASA was a factor of 2
when self-calibration was carried out with continuum data (sam-
ple 1), and a factor of ≃1.5 when using masers (sample 2). Even
though this improvement may seem modest, it could be impor-
tant for a detection project like ours, in case the emission is close
the sensitivity limit. Therefore, we decided to continue all further
data processing using AIPS. Tasks mentioned below correspond
to the AIPS package, unless stated otherwise.

Since the ATCA does not correct the frequency drift due to
the Earth’s motion during the observing session, we carried out
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an off-line correction of the visibilities of the line spectral win-
dows for this Doppler shift, using task CVEL, to align all data to
the same velocity (with respect to the kinematical definition of
the Local Standard of Rest, hereafter LSR). All radial velocities
mentioned in this paper are given with respect to the LSR. In the
fields where obvious SiO emission was detected (most sources
in sample 2), we selected the velocity channel with strongest
emission of the 28SiO v=1 line, and carried out phase and ampli-
tude self-calibration. In most cases we could obtain solutions at
intervals as short as the integration cycle time of the individual
visibilities (6 seconds for sample 1, 10 seconds for sample 2).
We then copied the solutions to the whole dataset, including all
spectral lines and the continuum emission. For sample 1, where
no SiO emission was detected, we carried out self-calibration on
the radio continuum data at 43 GHz, and the solutions were then
copied to the spectral line data and the continuum at 45 GHz.
By using the same self-calibration solutions for all data in each
source, we ensure a better relative accuracy in the flux density
measurements.

Moreover, for sample 1, the sampling of the interferometric
plane provided by the ATCA with the short time span covered by
the observations of each source (≃45 min in most cases) is poor,
which results in point spread functions with strong sidelobes. In
the case of the unresolved sources with a good signal-to-noise
ratio, this is not a major problem, since the CLEAN algorithm
can work properly and remove the sidelobes. However, the con-
tinuum emission in NGC 6302 is resolved, which significantly
affects the image reconstruction. In fact, several of the resulting
sidelobes of the maps are actually stronger than the peak closest
to the expected location of the source. Even restricting deconvo-
lution to this central peak, we could not obtain continuum maps
with good enough fidelity to provide reliable source parame-
ters. The interferometric visibilities, however, clearly show the
presence of emission. Thus, the parameters of the continuum
emission in this source, presented below, were obtained by fit-
ting an elliptical Gaussian function to the visibilities using task
uvmodelfit of CASA.

We subtracted the continuum emission from the visibilities
of the spectral lines using task UVLIN, by selecting channels
without line emission in the spectral window of each transition.
For the continuum emission, we used the broadband channels
covering 2 GHz at each IF, flagging out the frequencies were
the line emission was detected. Final maps were obtained with
task IMAGR, using Brigg’s weighting of visibilities, with robust
parameter equal 0 (which is equivalent to 0.5 in the imaging
tasks of CASA, such as tclean). The continuum images were
obtained with multi-frequency synthesis. All continuum and line
images were deconvolved using the CLEAN algorithm (Clark
1980), implemented in task IMAGR.

The absolute astrometric accuracy of the ATCA has been
estimated to be ≃0.4′′ for well-calibrated data and under good
weather conditions (e.g., Caswell 1997; Ellingsen et al. 2018).
Since we self-calibrated our data and the weather conditions
were acceptable but not excellent, our astrometric accuracy is
then determined by the positional accuracy of our model for each
source (the position of the radio continuum emission at 43 GHz
for sample 1 or the peak of the 28SiO (v=1, J=1–0) emission in
sample 2). A comparison of the position in final images of the
features used for self-calibration, with that of their counterpart
sources in the Gaia DR3 catalog (Gaia Collaboration 2016,
2023), 2MASS point source catalog (Skrutskie et al. 2006), and
Spitzer catalogs (Spitzer Science 2009) allows us to estimate
that our absolute astrometry is accurate to <1.2′′ for sample
1, and <0.7′′ for sample 2. Positional information in our data

was obtained by fitting elliptical Gaussians to the emission,
with task JMFIT. The positions we report in the results of this
paper correspond to the emission used as a self-calibration ref-
erence. Therefore, for sources detected in continuum emission,
we provide the absolute positions at 43 GHz. In the case of
sources with detected maser emission, considering the angular
resolution of the observations and the signal-to-noise ratio
achieved, the different maser components of all SiO transitions
within each source were compatible, within the errors, so we
cannot provide information about the spatial distribution of the
emission. Therefore, for these maser detections, we only give
the estimated position of the strongest maser component for
the 28SiO (v = 1, J=1–0) transition as representative of all SiO
maser emission, in the results presented in Sect. 4.2.

The uncertainty of flux calibration in ATCA observations at
7 mm is estimated to be ≃10%. However, we note that we do not
include this uncertainty when quoting flux density errors in the
tables of this paper. The flux density errors in this paper only
consider the contribution of thermal noise in the maps, and are
given at a 1σ level. These errors provide a good representation
of the relative flux uncertainties among the different SiO tran-
sitions, and between these and the continuum emission, since
they all share the same flux and complex gain calibration, and
observations are simultaneous. The errors we quote are thus use-
ful for estimating line ratios and their uncertainties in our data.
However, the 10% uncertainty in absolute calibration should be
added to the flux density errors quoted in this paper, when com-
paring with the emission from other datasets. We also note that
the errors quoted in this paper for all parameters are given at a
1σ level, while upper limits are at 3σ.

4. Results

We have not detected any SiO maser emission associated with
PNe or PN candidates, in either observed sample. In particu-
lar, in the young PNe of sample 1 we detected radio continuum
emission but no SiO. In sample 2, we detected SiO emission that
corresponds that previously reported in single-dish observations
toward these objects, but we could not confirm any association
of SiO and radio continuum emission. Instead, our interfero-
metric observations allow us to firmly establish the association
of the detected SiO emission with strong, point-like infrared
sources. Together with the absence of radio continuum emission,
we infer that these SiO-emitting sources are most likely AGB or
post-AGB stars.

4.1. Sample 1

In the case of the sample of confirmed and candidate PNe that
emit maser emission of other molecular species (OH and/or
H2O), we do not detect any SiO emission within the observed
fields. We detect the continuum emission associated with all the
targets in this sample. A summary of the results is presented
in Table 3. The continuum emission of all sources, except NGC
6302, is unresolved in our images (with an angular resolution
≃6′′). As mentioned in Sect. 3, the position and flux densities
reported in Table 3 for NGC 6302 were obtained by fitting a
model of an elliptical Gaussian source to the visibilities. The full
width at half maximum of the fitted Gaussian was 11′′ × 9′′, with
position angle ≃−53◦.

We note that values of the radio continuum emission at
43 and 45 GHz using this dataset were already presented for
IRAS 16372−4808 and OH 341.6811+00.2634 by Cala et al.
(2022). Here we present slightly revised values for these sources.
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Table 3. Radio continuum emission and representative SiO upper limits in confirmed and candidate PNe with OH and/or H2O masers (sample 1).

Source RA(J2000) Dec(J2000) S 43 S 45 S v1 S v2
(mJy) (mJy) (mJy) (mJy)

IRAS 15103−5754 15:14:18.42 −58:05:21.0 18.41 ± 0.09 19.26 ± 0.15 <8 < 8
IRAS 16333−4807 16:37:06.55 −48:13:43.9 103.6 ± 0.3 109.9 ± 0.7 <8 <8
IRAS 16372−4808 16:40:55.97 −48:13:59.9 57.98 ± 0.08 59.6 ± 0.4 <7 <6
OH 341.6811+00.2634 16:51:53.66 −43:47:16.8 16.44 ± 0.08 16.32 ± 0.11 <7 <7
NGC 6302 17:13:44.56 −37:06:10.4 1475.2 ± 1.1 1449.2 ± 1.2 <41 <43
IRAS 17347−3139 17:38:00.55 −31:40:55.4 320.15 ± 0.15 313.3 ± 2.2 <7 <5
JaSt 23 17:40:23.05 −27:49:11.5 21.98 ± 0.05 22.49 ± 0.15 <7 <6
IRAS 17393−2727 17:42:33.13 −27:28:25.0 22.41 ± 0.08 23.38 ± 0.14 <6 <6
IRAS 18061−2505 18:09:12.44 −25:04:34.1 55.88 ± 0.07 56.7 ± 0.6 <6 <5
Vy 2–2 19 24 22.22 +09:53:56.3 253.28 ± 0.14 264.0 ± 1.1 <7 <7
K 3–35 19:27:44.01 +21:30:05.1 12.45 ± 0.07 12.38 ± 0.14 <7 <8

Notes. The positions listed in this table were obtained by fitting elliptical Gaussians to the images at 43 GHz. S 43 are S 45 the flux densities at 43
and 45 GHz, respectively. S v1 and S v2 are the 3σ upper limits per channel of v = 1 and 2 of 28SiO, respectively, as representative of the sensitivity
for spectral line detection in our data. Uncertainties are at 1σ level. In the case of NGC 6302, for which we could not obtain reliable images, the
reported position and flux densities of the continuum emission were obtained by fitting a model of elliptical Gaussian source to the visibilities. For
this source, we report the formal error for the flux density obtained in the fit, which most likely underestimate the actual flux density uncertainty
if the flux distribution significantly departs from a Gaussian function. The SiO upper limits for NGC 6302 were calculated in spectra obtained
directly from the calibrated visibility data.

The main difference with respect to Cala et al. (2022) is that,
in that paper, the data at each frequency were self-calibrated
independently, while in the present paper we used the same self-
calibration solutions (those obtained at 43 GHz), as mentioned
in Sect. 3. The new values are compatible with the previously
reported ones.

We also detected the H53α recombination line in seven of
the targets of this sample. These results will be presented in a
forthcoming paper.

4.2. Sample 2

SiO maser emission was detected in most of the observed fields
(Table 4). SiO maser emission had been previously reported in
those sources via single-dish observations, but we provide accu-
rate interferometric positions, for the first time in most cases.
Based on this, in no case we could confirm that it was associ-
ated with a PN. In particular, the position of the SiO emission
we obtain in our interferometric maps does not match any of
the radio continuum sources reported in their neighborhood or,
in some cases, the reported continuum sources may be spuri-
ous. Only in the case of IRAS 17390−3014, there is an extended
radio continuum source that overlaps the optical/infrared posi-
tion of the SiO-emitting object. However, as discussed in 4.2.1,
we think it unlikely that the radio continuum source corresponds
to a planetary nebula. Moreover, the large offsets found in some
sources between SiO and the previously reported radio contin-
uum emission cannot be due to proper motions, since these are
lower than 7 mas in all cases, according to Gaia data. We present
below the results for each individual source, discussing the rela-
tive position of the SiO emission with respect to radio, infrared,
and optical sources that could be potential hosts of these masers.

4.2.1. IRAS 17239−2812

Emission from the 28SiO transitions v = 1, 2, J=1–0 was detected
by Hall et al. (1990) in single-dish observations toward the posi-
tion listed in the IRAS point source catalog, using the Parkes
Radio Telescope, with angular resolution of 1.6 arcmin, and

peak flux densities 25 and 37 Jy for the v = 1 and v = 2 lines,
respectively. More recent interferometric observations with the
Very Large Array (VLA) (Dike et al. 2021) detected emission
of the 28SiO v = 0, J=1–0 transition. Emission from this tran-
sition can have both thermal and maser origin, although Dike
et al. (2021) conclude that, in this source, it is mostly of maser
nature. No explicit coordinates for the emission is given by these
authors, although their identification with a 2MASS source is
consistent with ours.

IRAS 17239−2812 can be associated with the infrared source
2MASS J17270541−2815299 and the optical object Gaia DR3
4059869891553026048, which provide a more accurate posi-
tion. It has infrared colors compatible with those of AGB stars,
and its OH spectrum shows the typical double-peak profile of
this type of objects (Sivagnanam et al. 1990). There are sev-
eral reports of radio continuum emission, with catalog positions
within the beam of the single-dish SiO observations, such as
TXS 1723−282 (Douglas et al. 1996) at 365 MHz, MGPS
J172702−281511 (Murphy et al. 2007) at 843 MHz, or NVSS
J172702−281525 (Condon et al. 1998) at 1.4 GHz. The for-
mal position in the TXS catalog is only ≃6′′ away from the
optical/infrared counterpart of IRAS 17239−2812, a distance
which is close to the positional uncertainty quoted for TXS
1723−282 (4′′ in right ascension and 1.6′′ in declination). How-
ever, the positions of the sources reported in the MGPS and
NVSS catalogs are significantly offset from the optical/infrared
one, considering that their positional errors are better than
≃1′′ − 2′′ (e.g., NVSS J172702−281525 is 34′′ away from Gaia
DR3 4059869891553026048 but the position error reported for
the radio source is ≃0.09′′ × 1.3′′).

We detected several transitions of SiO. Spectra are shown
in Fig. 1. In Fig. 2 we compare the location of the SiO maser
emission with respect to some of the optical, infrared, and
radio sources mentioned above. Our interferometric observa-
tions clearly show that the SiO emission is associated with
IRAS 17239−2812, but we found no radio continuum emission,
with 3σ upper limits of 90 and 130 µJy beam−1 at 43 and
45 GHz, respectively. Moreover, the position of the SiO masers
is not compatible with the radio continuum sources NVSS
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Table 4. SiO(J=1–0) emission for sources of sample 2.

Source Transition RA(J2000) Dec(J2000) S peak Vpeak
∫

S νdV Vmin Vmax

(mJy) (km s−1) (mJy km s−1) (km s−1) (km s−1)

IRAS 17239−2812 28SiO,v = 0 146 ± 3 −27.6 377 ± 14 −30.2 −27.2
28SiO,v = 1 17:27:05.41 −28:15:29.8 7578 ± 5 −29.6 21 436 ± 25 −37.6 −23.0
28SiO,v = 2 9627 ± 8 −29.8 28 950 ± 30 −38.3 −23.5
28SiO,v = 3 1642 ± 5 −28.6 2885 ± 18 −31.7 −26.7
29SiO,v = 0 490 ± 4 −24.8 1648 ± 21 −30.3 −23.5
29SiO,v = 1 <18

IRAS 17390−3014 28SiO,v = 0 85 ± 6 −23.9 76 ± 9 −24.8 −23.7
28SiO,v = 1 17:42:18.86 −30:15:29.0 2128 ± 5 −20.4 5310 ± 30 −27.1 −18.0
28SiO,v = 2 4538 ± 8 −20.8 9780 ± 30 −27.3 −17.1
28SiO,v = 3 739 ± 5 −20.6 845 ± 12 −22.2 −20.0
29SiO,v = 0 <15
29SiO,v = 1 <18

H 2–18 28SiO,v = 0 <25
28SiO,v = 1 <45
28SiO,v = 2 < 25
28SiO,v = 3 <25
29SiO,v = 0 <48
29SiO,v = 1 <15

IRAS 18052−2016 28SiO,v = 0 60 ± 6 +52.3 200 ± 30 +50.5 +63.3
28SiO,v = 1 18:08:16.39 −20:16:12.2 4424 ± 4 +50.5 30 130 ± 70 +17.4 +59.2
28SiO,v = 2 3866 ± 6 +49.9 18 180 ± 60 +33.3 +61.5
28SiO,v = 3 133 ± 5 +54.7 350 ± 25 +49.2 +55.6
29SiO,v = 0 317 ± 5 +52.8 928 ± 24 +49.1 +56.1
29SiO,v = 1 <18

IRAS 19508+2659 28SiO,v = 0 <15
28SiO,v = 1 19:52:57.85 +27:07:45.4 927 ± 10 +8.6 3230 ± 30 +2.54 +10.1
28SiO,v = 2 897 ± 10 +3.3 3550 ± 30 +2.0 +9.9
28SiO,v = 3 <20
29SiO,v = 0 <16
29SiO,v = 1 <25

Notes. For each source, we give the position of the peak emission of the 28SiO (v=1, J=1–0) transition, which we used as a reference for self-
calibration. The positions of all other velocity components and transitions are compatible with this one, within the errors. S peak and Vpeak are
the flux density and velocity, respectively, of the maximum emission of each transition. Flux density upper limits are at a 3σ level.

∫
S νdV is

the velocity-integrated flux density over the whole spectrum. The range of velocities over which emission is detected is given by Vmin and Vmax.
Uncertainties of the flux density and the velocity-integrated flux density are at 1σ level. Velocities are given with respect to LSR.

J172702−281525 nor MGPS J172702−281511. We also checked
the radio continuum images at 2.1 GHz from the ATCA follow-
up of the SPLASH survey (Qiao et al. 2016a), processed by Cala
et al. (2022), and there is extended emission associated with
NVSS J172702−281525, but no detection at the optical/infrared
position of IRAS 17239−2812. It is also likely that the position
listed for TXS 1723−282 has a larger error than the one reported
in that catalog, and that the emission found in the TXS, MGPS,
and NVSS catalogs actually corresponds to the same object. The
possibility of such large positional errors in the TXS catalog is
further discussed in Douglas et al. (1996). In any case, at this
point we have no evidence that IRAS 17239−2812 is associated
with any radio continuum emission.

4.2.2. IRAS 17390−3014
28SiO maser emission has been previously detected with the
Nobeyama 45-m radio telescope by Deguchi et al. (2004) and
Fujii et al. (2006). The reported values of peak flux density for

the J=1–0, v = 1 and v = 2 lines are similar in both works. For
instance, Deguchi et al. (2004) obtain a peak flux density of
≃1.4 Jy for both transitions, while Fujii et al. (2006) get ≃1.3 Jy.

IRAS 17390−3014 is associated with the near-IR source
2MASS J17421887−3015288 and the optical one Gaia DR3
4056748416698878592. The OH maser spectrum shows a
double-peaked profile typical of AGB stars (Sevenster et al.
1997a; Qiao et al. 2018), with a separation between the peaks of
≃23 km s−1, and a central LSR velocity of ≃−22 km s−1. There
is a radio continuum source at 1.4 GHz, NVSS J174218−301526
(Condon et al. 1998), with a flux density of 10.2 ± 1.4 mJy
and a catalog position only ≃6′′ away from that of the 2MASS
and Gaia sources. Moreover, this radio source was reported to
be extended, with estimated deconvolved major and minor axes
(full width at half maximum) of 66.2′′ ±12′′ and <46.8′′, respec-
tively, with position angle 6◦ ± 9◦. Since the identification and
parametrization of sources in the NVSS catalog (Condon et al.
1998) were carried out with an automated algorithm, applied
on relatively large fields (size 4◦ × 4◦), we downloaded the
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Fig. 1. SiO (J=1–0) spectra of IRAS
17239−2812. The spectra on the right col-
umn are the same as those in the left
one (no spectral smoothing applied), but
zooming in on the x and/or y axes, to better
show the weakest components. The spectra
of the other objects presented in this paper
are shown in Appendix A.

NVSS image to check the accuracy of the reported position
and size estimates for the radio source. We fitted a Gaus-
sian with the image viewer of CASA, using a box that only
contained NVSS J174218−301526, and obtained deconvolved
major and minor axes of 80′′ ± 12′′ and 34′′ ± 8′′ (position
angle −5◦ ± 6◦), respectively, which are compatible with the
values listed in the NVSS catalog. We will assume our size
estimates in our calculations below. The extended and elon-
gated radio source contains the infrared/optical position of IRAS
17390−3014 so, in principle, it could be associated with this
source, tracing, for instance a bipolar ionized nebula, as in many
PNe. Moreover, both the infrared/optical and the radio posi-
tions are within the beam of the single-dish SiO observations,
which makes IRAS 17390−3014 a tantalizing candidate for an
SiO-maser-emitting PN.

Ours are the first reported interferometer observations of SiO
masers in this region. The SiO spectra are shown in Fig. A.1.
In Fig. 3 we plot the relative positions of the SiO maser emis-
sion on an infrared image, where we have marked some of the
sources mentioned in this section. No radio continuum emis-
sion has been detected in our data, with 3σ upper limits of 90
and 80 µJy beam−1 at 43 and 45 GHz, respectively. In order
to properly compare our limit with the detected radio source at
1.4 GHz (NVSS J174218−301526), we have to consider that the

flux density is expected to increase, and the size of the emis-
sion to decrease at higher frequencies, in the case of nascent
PNe. In quantitative terms, if the radio source were tracing the
free-free emission in a nascent PN, whose photoionized region
is expected to have a radial dependency of particle density as
n ∝ r−2, the flux density and linear size of the emission would
vary with frequency as S ν ∝ ν0.6 and θν ∝ ν−0.7, respectively.
These dependencies are valid both for a spherical ionized region
(Panagia & Felli 1975) and for a biconical, jet-like distribution
with the same radial dependency of density (Reynolds 1986).
Therefore a source of 10.2 mJy at 1.4 GHz would emit ≃80 mJy
at 43 GHz. Regarding its size, assuming an ellipsoidal ionized
region with a size dependence of θν ∝ ν−0.7 in all directions or a
biconical distribution with that dependence along the major axis
while maintaining the opening angle (Anglada et al. 2018), its
size would shrink from 80′′ × 34′′ to ≃7′′ × 3′′. This translates
to an expected mean intensity of ≃0.5 mJy beam−1 at 43 GHz in
our observations, which is well above the detection threshold of
our continuum data (it should have been detected with a signal-
to-noise ratio >∼15). Therefore, our non-detection in continuum
at 43–45 GHz indicates that the continuum source cannot be
tracing an ionized region with a radial dependence of n ∝ r−2,
strongly suggesting that it is not associated with a nascent PN.
However, the continuum source could be tracing a more evolved
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Fig. 2. K-band infrared image from the 2MASS survey, centered at
IRAS 17239−2812. The white cross marks the location of the radio
source NVSS J172702−281525, the black cross is at the position of the
SiO maser emission in our data, and the green square is at the catalog
position of TXS 1723−282. The blue circle is centered at the optical
source Gaia DR3 4059869891553026048. Coordinates are in the equa-
torial (equinox J2000) system.

Fig. 3. K-band infrared image from the 2MASS survey, centered at
IRAS 17390−3014. The white cross marks the center of the Gaussian fit
to the radio source NVSS J174218−301526, while the white ellipse rep-
resents the full width at half maximum size of this fit. The black cross
is at the position of the SiO maser emission in our data. The blue cir-
cle is centered at the optical source Gaia DR3 4056748416698878592.
Coordinates are in the equatorial (equinox J2000) system.

PNe, with an optically thin emission (α ≃ −0.1) at least in part
of the radio spectrum, and/or with a large size at 43–45 GHz,
comparable with that at 1.4 GHz.

To further consider the possibility that the radio emis-
sion is tracing a bipolar PN, physically associated with IRAS
17390−3014, we checked publicly available optical and infrared
images at different wavelengths. In the images where IRAS
17390−3014 is detected, it shows up as a point source, with no
hint of the extended nebulosity that could be expected if the radio
continuum emission traces the ionized region of a PN. Therefore,

we suggest that the radio continuum emission is not associated
with IRAS 17390−3014, but it could be the superposition of
several background sources within the 45′′ beam of the NVSS
images. It is, however, important to obtain sensitive radio con-
tinuum images with a resolution better than those ≃45′′, to find
out the sources that may be associated with that type of emission,
and to definitely ascertain whether or not some radio contin-
uum emission could be actually related to IRAS 17390−3014.
We checked the National Radio Astronomy Observatory Data
Archive and the Australia Telescope Observational Archive, to
search for publicly available VLA and ATCA observations, but
we could not find any data with enough sensitivity for this goal.

4.2.3. H 2–18 and IRAS 17403−2107

Our observations were centered at the radio position of the PN
H 2–18 (Table 1), reported by Gathier et al. (1983), with a
positional accuracy of ≃0.2′′. This radio source has a decon-
volved size of 1.8′′ ± 0.6′′ and a flux density of 11 mJy at
4.9 GHz. H 2–18 was first cataloged as a possible PN by
Haro (1952), and confirmed thereafter (e.g., Acker et al. 1991,
1992). It has a bipolar morphology in the optical, with a size
of ≃1.9′′ (Guerrero et al. 2013). Its inclusion in our sample was
based on a previous incorrect association of H 2–18 with IRAS
17403−2107 in the SIMBAD database when we built our tar-
get list, while these two sources are actually 2.6 arcmin apart.
This error was solved in SIMBAD at the time of submission
of this paper. There are several single-dish SiO maser detec-
tions toward IRAS 17403−2107 (Izumiura et al. 1995; Deguchi
et al. 2007), but no report of radio continuum emission. IRAS
17403−2107 is actually outside the primary beam of our interfer-
ometric observations. This source has been classified as a Mira
variable (Iwanek et al. 2022).

Even though H 2–18 does not really fulfill our criteria for
being included in sample 2 (Sect. 2.2) due to this incorrect pre-
vious association, we still think that reporting our results on this
source is of interest in the context of searching for SiO emis-
sion in PNe. In our data, we did not detect any SiO emission
associated with the PN H 2–18.

For further evidence of the distinction between H2–18 and
IRAS 17403−2107, we point out that the counterparts of IRAS
17403−2107 at optical and near infrared wavelengths are Gaia
DR3 4117388024866473088 and 2MASS J17431835−2109031,
respectively, whereas H 2–18 is most likely associated with Gaia
DR3 4117385040014126592 and 2MASS 17432875−2109515,
instead.

4.2.4. IRAS 18052−2016 (OH 10.04−0.10)

Emission of different transitions of 28SiO has been reported via
single-dish observations, including the v = 1, J=2–1 transition at
86 GHz (Deacon et al. 2007), v = 1 and v = 2, J=1–0 at 43 GHz
(Yoon et al. 2014). Maser emission of other molecular species,
such as OH (e.g., Baud et al. 1979a; Sevenster et al. 1997a) and
H2O (Engels et al. 1986; Yoon et al. 2014), has also been found.

IRAS 18052−2016 is associated with the near-IR source
2MASS J18081638−2016115. There is no associated optical
source in the Gaia DR3 catalog. Radio continuum emission
has been reported in this source by Garwood et al. (1988) and
Zoonematkermani et al. (1990), from simultaneous observations
at 1441.5 and 1611.7 MHz with the VLA, with a flux den-
sity of 26 mJy in the combined dataset (central frequency =
1526.6 MHz). However, Becker et al. (1992) pointed out that the
detected emission could actually be due to contamination from
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the OH maser, since it is only present in the band at 1611.7 MHz.
The bandpass of the VLA continuum data before 2010 was not
sampled in frequency, which would have helped to identify the
presence of spectral lines within the band. Later observations
by Bains et al. (2009) did not provide any detection of radio
continuum emission, with reported 1σ noise values of 0.57 mJy
beam−1 at 4800 MHz (beam = 6.8′′×2.6′′) and 0.11 mJy beam−1

at 8640 MHz (beam = 3.7′′ × 1.4′′). In our data, we obtain a
3σ upper limit of 110 µJy beam−1 at both 43 and 45 GHz. We
thus must conclude that there is no significant amount of ion-
ized gas associated with this source. IRAS 18052−2016 could
be a post-AGB star, based on the OH maser spectrum with four
components (Qiao et al. 2020), which departs from the usual
double-peaked one in AGB objects, and on its infrared colors
(Deacon et al. 2004).

In Fig. A.2, we show the SiO spectra we detected toward this
source. We note that the apparent absorption features around 55–
60 km s−1 in the 28SiO v = 0 spectrum smoothed to 0.88 km
s−1 must be an artifact, since there is no background continuum
emission against which line absorption can be produced.

4.2.5. IRAS 19508+2659 (OH 63.9−0.2)

Single-dish detections of 28SiO maser emission have been
reported in this source by Nakashima & Deguchi (2003a) and
Cho et al. (2017). The first single-dish report on OH maser was
provided by Baud et al. (1979b), and interferometric confirma-
tion has been subsequently obtained (THOR survey, Beuther
et al. 2019). The OH spectrum shows the typical double-peaked
profile of AGB stars. H2O maser emission is also detected in
this source (Lewis & Engels 1988; Engels & Lewis 1996).

IRAS 19508+2659 is associated with sources 2MASS
J19525786+2707447 and Gaia DR3 2027177220301507072.
Radio continuum emission was reported by Garwood et al.
(1988) and Zoonematkermani et al. (1990) at 20 cm (mean
frequency of 1526.6 MHz), with a flux density of ≃13 mJy.
However, note that this catalog has the problem (mentioned in
Sect. 4.2.4 for IRAS 18052−2016) that one of the two band-
passes, centered at 1611.7 MHz and with a bandwidth of 3.125
MHz, includes the frequency of the OH maser line at 1612 MHz,
so several sources in these catalogs were not really continuum
sources, but were contaminated by OH maser emission. Becker
et al. (1992) compiled a list of sources in those data that showed
emission at 1611.7 MHz but not at 1441.5 MHz and therefore,
they were likely to be OH maser sources. IRAS 19508+2659 was
not included in this list of OH maser sources. Using the same
data presented by Garwood et al. (1988) and Zoonematkermani
et al. (1990), White et al. (2005) reported a value of continuum
emission at 20 cm of 8.45±1.48 mJy, at a position R.A.(J2000) =
19h52m57.90s (error = 0.7′′), Dec(J2000) = +27◦07′44.7′′ (error
= 0.8′′), and with a deconvolved major axis ≃2.34′′. It is possi-
ble that these authors assumed that the continuum emission is
real, and does not suffer from OH-maser contamination, since
it is not in the Becker et al. (1992) catalog. However, we note
that such an assumption may not be correct in all cases, since
the OH maser list of Becker et al. (1992) included only sources
with a flux density > 10 mJy at 1611.7 MHz and undetected at
1441.5 MHz. So the exclusion from this list of the emission asso-
ciated with IRAS 19508+2659 could just be because it fell below
the emission threshold of 10 mJy in the 1611.7 MHz band.

To clarify whether or not IRAS 19508+2659 presents radio
continuum emission, we downloaded the 20 cm data mentioned
above (observed on 1983 December 30) from the VLA archive,
and reprocessed them with the CASA package. In our images,

we only detect emission at the position of IRAS 19508+2659 in
the band centered at 1611.7 MHz, with a flux density of 10.1 ±
1.2 mJy, and unresolved by the synthesized beam of the images
(6.5′′ × 4.4′′). The 3σ upper limit to the emission at 1441.5 MHz
is 3 mJy. Therefore, there is certainly OH maser contamination
in these data. OH maser emission ar 1612 MHz has indeed been
reported toward this source, in different single-dish observations
(e.g., Winnberg et al. 1981; Baud et al. 1981).

For a more complete check on the possible presence of radio
continuum emission, we have downloaded the NVSS images at
1.4 GHz, and found no radio source at this position. The NVSS
image has a rms noise of ≃0.8 mJy beam−1 (beam = 45′′), so
it is sensitive enough to detect a source with the reported val-
ues of 8–13 mJy. Moreover, no source at this position is listed
in the catalog of radio continuum emission in the THOR survey
(Wang et al. 2018, 2020) at 1–2 GHz, where they report 7σ upper
limits of ≃2–5 mJy beam−1 (beam ≃10′′–25′′). This limit should
also have been enough to detect the previously reported flux den-
sities. Considering that the free-free emission from ionized gas
may be brighter at higher frequencies (unless it is already opti-
cally thin at 1.4 GHz, which is rare in planetary nebulae), we
also downloaded the Very Large Array Sky Survey (VLASS,
Lacy et al. 2020) images at 3 GHz, but we could not see any
radio continuum associated with the source, with a 3σ upper
limit of 3.6 mJy beam−1 (beam = 3.1′′ × 2.3′′). Moreover, recent
VLA observations (Cala et al. in prep) did not provide a detec-
tion of the source at 22 GHz, with a 3σ upper limit of ≃70 µJy
beam−1 (beam ≃3.5′′ × 2.6′′). In the data presented here, we did
not detect any emission at 7 mm, with 3σ upper limits of 140 and
160 µJy beam−1 (beam ≃1.13′′ × 0.16′′ at 43 GHz), at 43 and
45 GHz, respectively. Therefore, we must conclude the absence
of radio continuum emission from IRAS 19508+2659, with very
stringent upper limits at different frequencies.

In Fig. A.3, we show the SiO spectra toward IRAS
19508+2659. We only detect 28SiO emission of the v = 1 and
v = 2 transitions. The position of the SiO maser emission and
the emission at 1611.7 MHz (most likely arising from OH maser
emission) are shown on an infrared image, in Fig. 4. Since there
is no evidence for the presence of radio continuum emission, we
then conclude that IRAS 19508+2659 is a regular AGB star.

5. Discussion

The lack of confirmed association between SiO maser emis-
sion and PNe in this work has different implications, depending
on the sample. The negative results in sample 2 (Sect. 2.2)
are due mainly to the fact that the reported radio continuum
emission arises from a nearby, different source from that with
SiO maser emission, and therefore, there seems to be no SiO-
maser-emitting PN within the beam of the previously reported
single-dish maser observations. However, our non-detection of
SiO masers in nascent PNe (sample 1, Sect. 2.1) posses several
interesting questions.

One question is whether the abundance of SiO in gas phase
in our targets is not enough to provide the necessary column den-
sity of molecules for detectable emission. Moreover, even if SiO
is present in the circumstellar environment of PNe, it may be
located in regions without the necessary physical conditions for
population inversion of the molecular levels, which is a prerequi-
site to produce maser emission. Of course, it is also possible that
SiO masers may be emitted in PNe different from the ones we
sampled, specially considering that we targeted PNe harboring
masers of other molecular species typical of O-rich stars (OH
and H2O).
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Fig. 4. K-band infrared image from the 2MASS survey, centered at
IRAS 19508+2659. The red cross marks the position of the radio contin-
uum source reported by White et al. (2005), but that we argue it actually
corresponds to OH maser emission (Sect. 4.2.5). The black cross is at
the position of the SiO maser emission in our data. The blue circle is
centered at the optical source Gaia DR3 4056748416698878592. Coor-
dinates are in the equatorial (J2000) system.

The SiO abundance in gas phase tends to drop in circumstel-
lar envelopes as a function of distance from the star, because it
is depleted onto dust grains (e.g., Bujarrabal et al. 1986; Verbena
et al. 2019). The SiO maser emission during the AGB phase is
actually seen within <∼5 stellar radii, a distance shorter than the
dust formation radius (Diamond et al. 1994). However, SiO may
be released again in the presence of shocks. This is the case,
for instance, of the “water fountain” sources W43A (probably a
late AGB star) and IRAS 16552−3050 (a post-AGB star), objects
with clear high-velocity bipolar outflows (Suárez et al. 2008;
Tafoya et al. 2020), and which also show SiO maser emission
(Nakashima & Deguchi 2003b; Amada et al. 2022). In W43A,
this emission seems to trace the base of the bipolar outflow, at
distances >∼10 au from the central star (Imai et al. 2005), larger
than the radius of the SiO maser rings observed in typical AGB
stars (<10 au, Diamond et al. 1994). High-velocity outflows and
shocks are also present in PNe (e.g., Hajduk et al. 2024; Miranda
et al. 2024), and the detection of water maser emission in some of
the objects of our sample 2 is itself a tracer of shocks, since these
are thought to be the main pumping mechanism of water masers.
Therefore, one should reasonably expect that SiO molecules can
be released from dust grains in some PNe.

An additional question for PNe is whether the SiO molecules
can survive photoionization close to the hot, central star. Ther-
mal SiO emission at millimeter wavelengths has been reported in
the bipolar PN M2-48, using single-dish observations (Edwards
& Ziurys 2014). Recent observations with the Atacama Large
Millimeter Array of the nascent PN IRAS 15103−5754 (a source
included in our sample 1) also show the presence of thermal SiO
emission (Gómez et al. 2024). This emission is found at dis-
tances <∼400 au from the central star. Thus, SiO molecules can
indeed be found in gas phase around PNe, but they might not be
at close enough distances to the star to produce maser emission.

In the particular case of PNe showing OH and H2O maser
emission, which comprise our sample 1 (Sect. 2.1), we note that

Cala et al. (2024) found some evidence that they have dual chem-
istry, with O-rich external envelopes and C-rich central stars. If
the innermost regions of the central envelopes, where one could
expect SiO masers to be pumped, are actually C-rich, then this
emission will not be produced, due to a lack of SiO molecules.
In this case, carbon-bearing molecules may be dominant in the
gas phase near the central star.

In summary, the question of the possibility of SiO maser
emission around PNe is still open. Our two carefully selected
samples comprised what probably were the best candidates to
date for such a detection, but none was obtained. Our results
clearly indicate that SiO masers, if present at all, are extremely
rare. A definite answer about the possibility of finding SiO
masers in PNe, and firm constraints for non-detections would
require large-scale surveys and mappings of SiO maser emis-
sion in the Galactic plane and bulge. A promising example is
the Bulge Asymmetries and Dynamical Evolution (BAaDE) sur-
vey (Lewis 2021; Sjouwerman 2023), which covers ≃28 000
sources, although it is still a targeted search, with a sam-
ple selected based on infrared colors. The MALT-45 survey
(Jordan et al. 2015) includes the SiO lines we studied in this
paper, although its coverage of the galactic plane is limited,
with published results only for galactic coordinates 330◦ <
l < 335◦, |b| < 0.5◦. A larger-scale blind SiO galactic map-
ping, as carried out for other maser species, like the Methanol
Multibeam survey (Green et al. 2008), the Southern Parkes
Large-Area Survey in Hydroxyl (SPLASH, Dawson et al. 2022),
The HI/OH/Recombination line survey of the inner Milky Way
(THOR, Beuther et al. 2016), or the H2O southern Galactic
Plane Survey (HOPS, Walsh et al. 2011) may be necessary
to avoid selection biases in the search for SiO-maser-emitting
PNe.

6. Conclusions

We have carried out a search for SiO maser emission in PNe.
A total of 16 objects were observed in two source samples. We
find no SiO maser emission associated with any confirmed or
candidate PNe. Our non-detections indicate that SiO masers in
PNe are extremely rare, if present at all. SiO molecules can be
present in the gas phase in the circumstellar material of PNe, but
probably not at the locations needed for efficient pumping of SiO
masers. Since there is some evidence that PNe with OH and/or
H2O masers have O-rich outer envelopes, but C-rich central stars
and inner envelopes, we speculate that C-bearing molecules can
be dominant at the inner locations where the physical conditions
for SiO maser production may have been met.
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Appendix A: Additional figures

Fig. A.1. Same as Fig. 1, but for IRAS
17390−3014.

In this appendix we show the SiO(J=1-0) spectra of three of the sources detected in this paper: IRAS 17390−3014, IRAS
18052−2016, and IRAS 19508+2659. The spectra of IRAS 17239−2812 are presented in Fig. 1.
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Fig. A.2. SiO(J=1-0) spectra of IRAS
18052−2016. The spectra on the right
column are the same as those in the left
one, but zooming in on the x and/or y
axes, to better show the weakest com-
ponents, except in the case of the v = 0
(both isotopologues) and v = 3 lines,
which have been boxcar-smoothed to
a spectral resolution of 0.88 km s−1, to
increase the signal to noise ratio.
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Fig. A.3. Same as Fig. 1, but for IRAS
19508+2659.
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