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Abstract: We present the results of simultaneous monitoring observations of H2O 61,6–52,3 (22GHz)
and SiO J=1–0, 2–1, 3–2 maser lines (43, 86, 129GHz) toward five post-AGB (candidate) stars, using
the 21-m single-dish telescopes of the Korean VLBI Network. Depending on the target objects, 7 – 11
epochs of data were obtained. We detected both H2O and SiO maser lines from four sources: OH16.1−0.3,
OH38.10−0.13, OH65.5+1.3, and IRAS 19312+1950. We could not detect H2O maser emission toward
OH13.1+5.1 between the late OH/IR and post-AGB stage. The detected H2O masers show typical double-
peaked line profiles. The SiO masers from four sources, except IRAS 19312+1950, show the peaks around
the stellar velocity as a single peak, whereas the SiO masers from IRAS 19312+1950 occur above the
red peak of the H2O maser. We analyzed the properties of detected maser lines, and investigated their
evolutionary state through comparison with the full widths at zero power. The distribution of observed
target sources was also investigated in the IRAS two-color diagram in relation with the evolutionary
stage of post-AGB stars. From our analyses, the evolutionary sequence of observed sources is suggested as
OH65.5+1.3→ OH13.1+5.1→ OH16.1−0.3→ OH38.10−0.13, except for IRAS 19312+1950. In addition,
OH13.1+5.1 from which the H2O maser has not been detected is suggested to be on the gateway toward
the post-AGB stage. With respect to the enigmatic object, IRAS 19312+1950, we could not clearly figure
out its nature. To properly explain the unusual phenomena of SiO and H2O masers, it is essential to
establish the relative locations and spatial distributions of two masers using VLBI technique. We also
include the 1.2 – 160µm spectral energy distribution using photometric data from the following surveys:
2MASS, WISE, MSX , IRAS, and AKARI (IRC and FIS). In addition, from the IRAS LRS spectra,
we found that the depth of silicate absorption features shows significant variations depending on the
evolutionary sequence, associated with the termination of AGB phase mass-loss.
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1. INTRODUCTION

Post-AGB stars form the transition phase between the
asymptotic giant branch (AGB) and planetary nebular
(PN) stages (van Hoof et al. 1997; Kwok 2008). The
detailed category of post-AGB stars is from the end
of the AGB phase (i.e., late OH/IR stars with very
cool and thick circumstellar shells) to the protoplan-
etary nebula (PPN) phase. Sevenster (2002) defined
a post-AGB stage as the phase after the last thermal
pulse when variability has ceased. The stars at the en-
trance of the post-AGB stage, that is, early post-AGB
stars, remain unobserved at optical wavelengths but ap-
pear bright at infrared wavelengths. The generator of
this bright infrared flux is the re-emission of stellar ra-
diation by circumstellar dust grains. After entering the
post-AGB stage, the star can no longer sustain large-
scale radial pulsation, and the gas mass-loss rate de-
creases drastically (Hu et al. 1993). This process can
be explained as follows: the gas materials condense onto
dust, which develops a sufficiently dense and cold en-
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velope, as evolution progresses. The envelopes show an
unstable outer shell structure with an aspherical mor-
phology (e.g., bipolar, multipolar, and elliptical struc-
tures), although they showed a slow, spherically sym-
metric wind at the AGB stage (Sahai & Trauger 1998).
However, details of this aspherical process remain un-
clear.

Maser emission from SiO, H2O, and OH molecules
is abundant in oxygen-rich envelopes during the AGB
stage. The SiO, H2O, and OH masers arise from strat-
ified envelope layers depending on their chemical and
excitation conditions (Reid & Moran 1981). At the late
stage of AGB evolution, the changes in stellar pulsation
and related mass-loss rates influence maser properties.
The chronological sequence of maser properties was in-
vestigated by Lewis (1989). In addition, double-peaked
H2O maser emission associated with bipolar outflows
(Zijlstra et al. 2001) and SiO-only, v=2, J=1–0 maser
were often detected from the AGB stars at the late evo-
lutionary stage (Cho & Kim 2012; Yoon et al. 2014).
The combined observational studies of SiO and H2O
maser emission could provide important clues for grasp-
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Table 1

Observed Target Sources

Source (Type) IRAS name R.A.(J2000) Dec.(J2000) V ∗ Distance
(h m s) (d m s) (km s−1) (pc)

OH13.1+5.1 (OH∗–pA?) IRAS 17528−1503 17 55 45.10 −15 03 42.0 −66.3(2) 6300(d)

OH16.1−0.3 (pA∗) IRAS 18182−1504 18 21 06.44 −15 03 29.8 21.5(4) 4200(b)

OH38.10−0.13 (pA∗) IRAS 18588+0428 19 01 20.05 +04 32 31.6 53.2(4) 4210(a)

IRAS 19312+1950 (pA∗) 19 33 24.25 +19 56 55.7 36.0(3) 3800(c)

OH65.5+1.3 (OH∗–pA?) IRAS 19493+2905 19 51 21.20 +29 13 01.3 −22.2(1) 4160(e)

Notes: “pA∗” indicates post-AGB star, “OH∗” OH/IR star, “pA?” post-AGB star candidate.
Position: NASA/IRAC Infrared Science Archive.
V ∗ reference: (1) Chen et al. 2001; (2) Engels & Jiménez-Esteban 2007; (3) Imai et al. 2011; (4) Sevenster et al. 2001.
Distance reference: (a) Deguchi et al. 2004; (b) Engels et al. 2015; (c) Imai et al. 2011; (d) Nakashima & Deguchi 2003; (e) Nakashima
& Deguchi 2007.

Table 2

Observed Molecular Transitions and Rest Frequencies

Molecule Transition Frequency (GHz)

H2O 61,6–52,3 22.235080
28SiO v=0, J=1–0 43.423858

v=1, J=1–0 43.122080
v=2, J=1–0 42.820587
v=3, J=1–0 42.519379
v=4, J=1–0 42.218456
v=0, J=2–1 86.846998
v=1, J=2–1 86.243442
v=2, J=2–1 85.640452
v=0, J=3–2 130.268706
v=1, J=3–2 129.363359
v=2, J=3–2 128.458891

29SiO v=0, J=1–0 42.879916

ing this transition phase because they coexist at a cer-
tain stage and are destroyed with a different time scale
according to their different physical conditions.

Only a few separate observational studies of SiO
and H2Omasers exist toward post-AGB stars (e.g., SiO:
Nyman et al. 1998 and H2O: Deacon et al. 2007; Suárez
et al. 2009). However, combined systemic studies of SiO
and H2O maser emission have not been performed well
toward post-AGB stars until now. This is because the
number of known post-AGB stars is limited, and the de-
tection rates of SiO and H2O masers are very low. Fur-
thermore, no radio telescope system can observe both
masers together. Recently, Engels (2002) monitored the
H2Omaser emission of four non-variable OH/IR stars in
the entrance of the PPN for more than 10 years. Yoon
et al. (2014) performed the first large-scale survey of
SiO and H2O masers toward 164 post-AGB stars using
the KVN single-dish telescope based on the upgraded
post-AGB star catalogs of 2MASS, Spitzer, MSX , and
AKARI data (Suárez et al. 2006; Ramos-Larios et al.
2009; Sevenster 2002; Szczerba et al. 2007). Therefore,
we can conduct simultaneous monitoring observations
of SiO and H2O masers toward five post-AGB (candi-
date) stars together with limited observations of SiO
thermal lines.

In Section 2, we describe source selection and ob-
servations. The observational results are presented in
Section 3, and the descriptions of individual sources
are given in Section 4. In Section 5, we discuss the
evolutionary characteristics of five target sources based
on maser properties, IRAS two-color diagrams, IRAS
LRS spectra, and spectral energy distributions. The
summary is given in Section 6.

2. SOURCE SELECTION AND OBSERVATIONS

We selected five sample sources from the results of a
simultaneous survey of 22GHz H2O and 43GHz SiO
masers for evolved stars (Kim et al. 2010; Cho & Kim
2012; Yoon et al. 2014). Four sources with double-
peaked H2O maser emission were included. This is
because the double-peaked H2O maser lines could be
associated with bipolar outflows, although they have
not been confirmed with interferometric observations.
The selected objects are provisionally classified as post-
AGB stars, or post-AGB star candidates, namely late
OH/IR stars, from the Simbad database (available at
http://simbad.u-strasbg.fr/simbad/sim-fid). In
Table 1, the observed target sources are displayed with
coordinates, stellar velocity, and distance.

Simultaneous monitoring observations of H2O 61,6–
52,3 (22GHz), 28SiO v=1, 2, 3, 4, J=1–0 (43GHz
band), 28SiO v=1, 2, J=2–1 (86GHz band), 28SiO v=1,
2, J=3–2 (129GHz band) maser lines and SiO v=0,
J=1–0, J=2–1, J=3–2 thermal lines have been per-
formed using the Korean VLBI Network (KVN) Yon-
sei, Ulsan, and Tamna 21-m single-dish radio telescopes
from June 2009 to May 2015. Observed H2O and SiO
transitions and rest frequencies are listed in Table 2.
For each observed source, 7 – 11 epochs of data were
obtained.

The half-power beam widths (HPBW) and aper-
ture efficiencies of three KVN antennas at four wave-
length bands are given at the KVN homepage (http:
//radio.kasi.re.kr/kvn/main_kvn.php).

We adopted the averaged values of three anten-
nas because the parameters in all three antennas are
similar. The KVN telescope parameters for our ob-
servations are described in Table 3. The antenna
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Table 3

KVN telescope parameters for the four band mode

Parameter 22GHz (K) 43GHz (Q) 86GHz (W) 129GHz (D)

HPBW (′′) 123 62 32 23
ηA 0.58 0.61 0.50 0.35

Receiver HEMT HEMT HEMT SIS
Tsys (K) 89 – 259 131 – 350 225 – 510 234 – 643

Back end

Bandwidth (MHz) 32 32 64 64
Vrange (km s−1) 440 222 222 148
Vres (km s−1) 0.11 0.05 0.05 0.036

Conversion (Jy K−1) 13.8 13.1 15.9 22.8

Parameters: ηA: Aperture efficiency, Tsys: System noise temperature, Vrange: Radial velocity range, Vres: Velocity resolution.

pointing and focus were checked approximately ev-
ery 2 – 3 hours by observing nearby strong SiO
maser sources. For the front end, the cryogenic 22,
43, and 86GHz High Electron Mobility Transistor
(HEMT) receivers and the Superconductor-Insulator-
Superconductor (SIS) 129GHz receiver were used with
both right and left circular polarized (RCP and LCP)
feeds (Han et al. 2013). During our observations, we
adopted only one side circular polarized feed, LCP, to
obtain a uniform data set.

The system noise temperatures of a single side
band (SSB) are also presended in Table 3 depending
on weather conditions and elevations. For the back
end, observations until the first half of 2012 employed
a digital spectrometer with chosen total bandwidths
of four 64MHz modes for the H2O, SiO v=1, 2, and
29SiO v=0, J=1–0 lines with the only available 22 and
43GHz bands. From the second half of 2012, we could
employ one 32MHz mode for the 22GHz band (H2O
maser), two 32MHz modes for the 43GHz band (SiO
J=1–0 transition lines) and 64MHz modes for the 86
and 129GHz bands (SiO J=2–1 and J=3–2 transition
lines). In observations made during the first half of the
2012, the bandwidths of 22GHz and 43GHz correspond
to the radial velocity ranges of 860 km s−1 and 440
km s−1, respectively. The velocity resolutions of each
bands are 0.21 km s−1 (at 22GHz) and 0.11 km s−1 (at
43GHz). After that, for the four band mode, both the
radial velocity ranges and the velocity resolutions are
presented in Table 3. All spectra for the target source
were Hanning-smoothed at velocity resolutions of 0.43
– 0.57 km s−1 to better distinguish real emission from
noise and to preserve the homogeneity within all of our
observations.

The chopper wheel method was utilized to calibrate
amplitude variations in time due to atmospheric fluctu-
ations, and then, additional amplitude corrections for
the atmospheric opacity above an antenna were per-
formed by conducting a sky dipping curve analysis, de-
pending on elevation, to yield an antenna temperature
T ∗

A. The integration time was 90 – 120 minutes to

achieve a sensitivity of 0.01 – 0.05K at the 3σ level.

3. OBSERVATIONAL RESULTS

All detected spectra for five target sources during the
monitoring program are displayed in Figures 1 to 5.
The observed properties for five sources are given in Ta-
bles 4 to 8. These tables give the observed H2O and SiO
maser transitions, the peak antenna temperatures (blue
and red components in double peaks of H2O masers),
the rms noise of the spectra, the integrated intensities,
the peak velocities, and the velocity differences between
the peak velocity and the stellar velocity (Columns 1
to 6). The observed date and the telescope used for
the observations are listed in Columns 7 and 8. In Ta-
ble 9, we present the averaged intensity ratios of peak
and integrated antenna temperatures with respect to
the SiO v=1, J=1–0 masers among various detected
masers. For the SiO thermal emission, we adopted a
Gaussian fitting. From Figure 6 to Figure 10, pan-
els (a) and (b) display the time variations of the peak
and integrated antenna temperatures of H2O and SiO
masers according to observational dates. Each panel (c)
shows the intensity ratios of detected masers to the SiO
v=1, J=1–0 maser. Each panel (d) represents the peak
velocity variation with respect to the stellar velocity,
V (peak)−V ∗.

Both H2O and SiO v=1 and 2, J=1–0 maser
lines were detected from four sources: OH16.1−0.3,
OH38.10−0.13, OH65.5+1.3, and IRAS 19312+1950.
The H2O maser was not detected from OH13.1+5.1.
The detected line profiles of the H2O maser from these
four sources show typical double-peaked features, al-
though their variation patterns differed from source to
source. SiO masers from OH16.1−0.3, OH38.10−0.13,
and OH65.5+1.3 occur between the blue and red peak
velocities of the H2O maser. However, the SiO masers
from IRAS 19312+1950 occur above the red peak of
the H2O maser. The peak and integrated intensities
of the H2O maser are stronger than those of the SiO
v=1, J=1–0 maser during our monitoring observations
in OH38.10−0.13 and IRAS 19312+1950. However, the
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Figure 1. The detected spectra of OH13.1+5.1 obtained from January 19, 2010 to May 01, 2015. The intensity is given in
units of the antenna temperature T ∗

A (K), and the abscissa is VLSR (km s−1).

intensities of the H2O maser are weaker than those
of the SiO v=1, J=1–0 maser in OH16.1−0.3. In
OH65.5+1.3, the peak intensity of the H2O maser is
stronger than that of the SiO v=1, J=1–0 maser at 4
epochs and weaker at 2 epochs. We can confirm these
facts in Figures 7(c) to Figures 10(c).

The SiO v=3, J=1–0 maser was detected from
OH16.1−0.3 among the five sources. This third vi-
brational excited maser requires a high energy level ∼
5260K compared to those of v=1 and 2 masers. The
emission line of this maser transition was first detected
by Scalise & Lépine (1978) and merely detected from
several Mira variables and a few supergiants (Alcolea et
al. 1989; Cho et al. 1986, 1996; Nakashima & Deguchi
2007; Imai et al. 2010, 2012; Desmurs et al. 2014).
Moreover, this line has not been detected in post-AGB
stars, except OH16.1−0.3 (Deguchi et al. 2007). Our
detection of the SiO v=3, J=1–0 maser emission for
the post-AGB star OH16.1−0.3 effectively confirms the
detection of Deguchi et al. (2007).

The rare SiO v=2, J=2–1 maser line was detected
in the late OH/IR star OH65.5+1.3. To date, the
SiO v=2, J=2–1 maser has rarely and weakly been de-
tected from a few Mira variables, especially in S-type
stars, since its first detection (χ Cyg) by Olofsson et

al. (1981). The SiO v=2, J=2–1 maser has not been
detected from late OH/IR and post-AGB stars. There-
fore, we consider that our detection of the rare SiO v=2,
J=2–1 maser line toward OH65.5+1.3 may be the first
from a late OH/IR star. More details are also discussed
in Section 4.

4. DESCRIPTIONS OF INDIVIDUAL OBJECTS

4.1. OH13.1+5.1 (= IRAS 17528−1503)

Simultaneous observations of H2O and SiO maser lines
toward OH13.1+5.1 were performed for seven epochs
from 2010 January to 2015 May, as shown in Figure 1
and Table 4. As a result, the SiO v=1 and 2, J=1–0
maser lines could be detected, although the SiO v=1,
J=1–0 maser line was not detected on 2010 January
19 and 2010 May 12. However, no H2O maser line
was detected at any epoch within upper limits of ap-
proximately 0.06K (= 0.83 Jy). Neither the thermal
lines of 28SiO v=0, J=1–, 2–, 3– nor 29SiO v=0, J=1–
transitions were detected. The peak flux density of the
detected SiO v=1, J=1–0 maser emission shows am-
plitude variation from 0.80 Jy (= 3 σ) to 3.49 Jy, and
that of the SiO v=2 maser shows such a variation from
1.30 Jy to 3.50 Jy.

Meanwhile, the SiO v=1, J=1–0 maser emission
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Figure 2. The detected spectra of OH16.1−0.3 obtained from March 10, 2012 to May 25, 2015. The intensity is given in
units of the antenna temperature T ∗

A (K), and the abscissa is VLSR (km s−1). For the SiO thermal lines, Gaussian fitting
was applied.



266 Kim et al.

Figure 3. The detected spectra of OH38.10−0.13 obtained from June 03, 2012 to May 25, 2015.



Monitoring Observations of H2O and SiO Masers toward Post-AGB Stars 267

Figure 3. Continued

was first detected with a peak flux density of 2.3 Jy at
VLSR = −65.7 km s−1 in the Effelsberg 100-m survey
(Jewell et al. 1985). On 2001 March, the SiO v=1,
J=1–0 maser emission was not detected, whereas the
SiO v=2, J=1–0 maser emission was detected with a
peak flux density of 0.78 Jy at VLSR = −62.7 km s−1 by
Nakashima & Deguchi (2003) using the Nobeyama 45-m
radio telescope. Engels & Jiménez-Esteban (2007) de-
tected the 1612MHz OH maser emission with a double-
peaked profile structure at two velocities (VLSR = −85.3
and −47.3 km s−1) using the Effelsberg radio telescope.
They derived the stellar and expansion velocities as
−66.3 km s−1 and 19.0 km s−1, respectively. Herman
& Habing (1985) estimated the OH maser’s amplitude
variation in P ∼ 707 days even though there was a large
uncertainty.

In Figures 6(a) and (b), we give the time varia-
tions of the peak and integrated antenna temperatures
of the SiO v=1 and 2, J=1–0 maser lines according to
observational dates. Figure 6(c) shows the peak and in-
tegrated antenna temperature ratios of the SiO v=2 to
v=1, J=1–0 maser emission, i.e., P.T.(SiO v=2)/(SiO
v=1) and I.T.(SiO v=2)/(SiO v=1), respectively. Fig-
ure 6(d) represents the peak velocity variation with re-
spect to the stellar velocity, V (peak)−V ∗. As shown
in Figures 6(a) and (b), the observational epochs are
limited for investigating the intensity variation trends.
However, the SiO v=1, J=1–0 maser showed peak emis-
sion on 2010 November 25, although it was not detected

on 2010 January 19 or 2010 May 12. The intensities
of the v=2 maser were stronger than those of the v=1
maser at most epochs (see Figure 6(c)). As presented in
Table 9, the mean intensity ratios of the SiO v=2 to the
v=1, J=1–0 maser emission were 1.06 (P.T.) and 1.59
(I.T.), respectively. These results are similar to other
OH/IR stars (see Table 9 of Kim et al. 2010). In the
meantime, as shown in Figure 6(d), the peak velocity
shift with respect to the stellar velocity always showed a
redshift and appeared to be more redshifted as the SiO
maser intensity increased. In contrast, on 2015 May 1,
when the intensity became very low, the SiO velocity
shift appeared to be close to the stellar velocity. These
results imply that outward and inward motions are still
proceeding in the inner circumstellar shell due to stellar
pulsation.

4.2. OH16.1−0.3 (= IRAS 18182−1504)

Herman & Habing (1985) reported that OH16.1−0.3 is
an OH/IR star with intermediate amplitudes (0.30 <
∆m < 0.60) and a long period of 1012 days (∼ 2.8 yrs).
In their observations, this object showed peak velocities
of the OH maser at VLSR = −1.2 and 43.2 km s−1 as
a double-peaked structure, and the expansion velocity
was estimated to be 22.1 km s−1.

During our monitoring observations, SiO masers
appeared around the center position of H2O double
peaks, as shown in Figure 2 and Table 5. The inten-
sities of H2O and SiO v=2, J=1–0 masers gradually
weakened from 2012 March 10 to 2014 June 04. In ad-
dition, the H2O maser was not detected on 2015 May
25. We can identify these tendencies in Figures 7(a) and
(b), which display the time variations of the peak and
integrated antenna temperatures according to observa-
tional dates. For the H2O maser, the intensity of the
blue component was always stronger than that of the
red component. In addition, over time, the entire emis-
sion gradually weakened, and the red and blue compo-
nents were not detected on 2015May 25. In the observa-
tional result of Gómez et al. (1990), the red component
was only detected as the peak flux density of 6.3 Jy at
VLSR = 37.7 km s−1 (observation date = 1988 July). In
addition, Brand et al. (1994) reported that this source
showed a single-peaked profile as the peak flux inten-
sity of 18.4 Jy at VLSR = 5.3 km s−1 (observation date =
1990 October), corresponding to the blue component of
our results. There was an interval of two years between
the observations by Gómez et al. (1990) and those by
Brand et al. (1994). Specifically, during this interval,
the H2O maser features of this source showed a reversal
between blue and red component peaks. However, we
could not identify this reversal during our monitoring
observations.

In Figures 7(a) to (c), we present a time vari-
ation of the peak and integrated antenna tempera-
tures and ratios of detected masers (H2O, SiO v=1,
2, 3, J=1–0) during monitoring observations. The
mean values of P.T.(SiO v=2)/(SiO v=1) and I.T.(SiO
v=2)/(SiO v=1) are 2.12 and 3.03, respectively (Ta-
ble 9). These values are markedly different from the
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Figure 4. The detected spectra of OH65.5+1.3 obtained from June 22, 2009 to May 25, 2015.
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values of OH13.1+5.1. Namely, these results are closer
to post-AGB stars (see Table 19 of Yoon et al. 2014)
rather than OH/IR stars. The other mean values of
detected masers are also presented in Table 9. The ve-
locity shifts of the H2O and SiO masers relative to the
star are shown in Figure 7(d). As shown in Figures 2
and 7, the SiO v=2, J=1–0 maser shows the strongest
intensity in 2012 March (the first epoch), and thereafter
becomes weak until 2014 February and finally grows
strong slightly again from April of the same year. On
the other hand, the intensity variation in the SiO v=1,
J=1–0 maser line seems slightly different with respect
to the v=2 maser. The v=1 maser show the strongest
intensity in 2012 March (the third epoch), and there-
after is gradually ebbing away. In other words, there
seems to be a phase lag between the SiO v=1 and v=2
masers. With respect to the H2O maser emission, the
emission shows the strongest intensity on 2013 January
(the second epoch), and is gradually ebbing away; fi-
nally, the emission nearly disappears starting in 2014,
although it has a very weak variation overall. If it is
reasonable that the optical period of this source is 1012
days and is considered to be the SiO maser’s phase lag
of ∼ 0.2 relative to the optical maximum, an optical
maximum phase is early 2012 and a minimum phase is
the middle of 2014. Therefore, the aspect of our moni-
toring observation for this source is quited suited to the
intensity variation depending on the periods.

4.3. OH38.10−0.13 (= IRAS 18588+0428)

As shown in Figure 3 and Table 6, both the H2O and
SiO v=1, 2, J=1–0 and v=1, J=2–1 maser lines were
always detected toward OH38.10−0.13 during our mon-
itoring observations. The SiO v=1, J=3–2 maser line
was also detected at four epochs. From this source, the
SiO v=1, J=2–1 and J=3–2 maser lines were detected
for the first time. The H2O maser emission presented
the widest velocity range between the blue and red com-
ponent peaks among the five monitoring sources. Dea-
con et al. (2007) detected the H2O maser emission for
the first time toward this source with the Tidbinbilla 70-
m radio telescope. In their observations, the line profile
showed an irregular feature, with many emissions over
a wide velocity range of 45 km s−1. The most extreme
blue and red velocities were detected at VLSR = 29 and
74 km s−1, respectively. Our observational results con-
firm their results, i.e., the averaged peak velocities of
the blue and red components are VLSR = 31.3 and 73.3
km s−1, and the blueshifted components are dominant.
These values of the H2O maser closely correspond to
those of the OH maser. This means that the H2O out-
flow velocity of this source almost achieved the termi-
nal expansion velocity determined from the OH double-
peaked lines. The double peaks of 1612MHz OH masers
were detected at VLSR = 29.6 and 74.1 km s−1 through
the Arecibo 1612Hz OH maser survey (Lewis 1994).
Sevenster et al. (2001) also detected the 1612MHz emis-
sion, with peak flux densities of 0.42 and 0.24 Jy at VLSR

= 31.6 and 74.7 km s−1.
Figure 8 shows the time variability of the detected

maser lines (H2O and SiO v=1 and 2, J=1–0, SiO
v=1, J=2–1, J=3–2 masers) for OH38.10−0.13 dur-
ing our monitoring observations. The intensity of the
H2O maser presented a maximum around the begin-
ning of 2013, whereas it is difficult to find a maximum
in the case of SiO masers (Figure 8a and b. We investi-
gated the intensity ratios of SiO v=1, J=2–1 and J=3–
2 maser lines to the SiO v=1, J=1–0 line (Figures 8c
and Table 9). On average, the peak and integrated in-
tensities of the SiO v=2, J=1–0, SiO v=1, J=2–1, and
J=3–2 maser lines were weaker than those of the v=1,
J=1–0 line. On the other hand, the H2O maser was
approximately three times stronger than the SiO v=1,
J=1–0 masers in this source. In Figure 8(d), we present
the peak velocity shifts of the detected maser lines rela-
tive to the stellar velocity. We cannot find any systemic
variations associated with stellar pulsation.

Meanwhile, The peak velocities of the SiO masers
appeared around the stellar velocity, i.e., around the
center velocities of the H2O double peaks. However, the
velocity shifts of the SiO J=2–1 and J=3–2 masers are
larger than that of the SiO J=1–0 maser. The average
values of the velocity shifts of the SiO v=1 and 2, J=1–
0 lines are 1.0 km s−1 and 2.0 km s−1, and those of the
SiO v=1, J=2–1 and J=3–2 lines are 3.9 km s−1 and 5.4
km s−1. This phenomenon implies that each transition
maser arises from different regions with different exci-
tation conditions. Soria-Ruiz et al. (2004, 2005, 2007)
performed comparative studies between SiO J=1–0 and
J=2–1 maser distributions through the VLBA observa-
tions toward the variable OH/IR star WX Psc and Mira
variable R Leo. They showed that the SiO v=1, J=2–1
maser line occurred from the outer region (by approxi-
mately 30 to 50 %) compared to v=1, J=1–0 line.

4.4. OH65.5+1.3 (= IRAS 19493+2905)

The eight-epoch observational results, their properties,
and variation plots according to the observational epoch
are presented in Figure 4, Figure 9, and Table 7. The
first epoch results of 2009 June 22 correspond to the
results of Kim et al. (2010). The H2O maser emis-
sion with typical double-peaked lines has undergone a
dramatic decrease in its intensity. On 2009 June 22,
the blue component was the strongest among the eight-
epoch results, and at that time, the red component was
not detected. The double-peaked lines appeared weakly
from 2009 November 11 to 2010 June 27, and were not
detected on 2010 October 13 and 2015May 25, although
the SiO v=1 and 2, J=1–0 maser lines were detected.
However, we cannot confirm whether these trends orig-
inated from the periodic variation or disappearance of
the H2O maser because monitoring data between 2010
October 13 and 2015 May 25 were not obtained. The
double-peaked emission of the H2O maser appeared at
VLSR = −37.0 – −35.3 km s−1 for the blue compo-
nent and −13.0 – −11.3 km s−1 for the red compo-
nent. Baud et al. (1979) detected the double-peaked
OH maser emission at VLSR = −39 and −5 km s−1. The
average value of the velocity range of the double-peaked
H2O maser is 23.8 km s−1, which is smaller than that
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Table 4

Results of Observations: OH13.1+5.1

Molecular T ∗

A(peak) rms
∫
T ∗

Adv VLSR(peak) VLSR(peak)−V ∗ Date Tel.
Transition (K) (K) (K km s−1) (km s−1) (km s−1) (yymmdd)

(1) (2) (3) (4) (5) (6) (7) (8)

H2O 61,6–52,3 · · · 0.02 · · · · · · · · · 100119 YS
· · · 0.02 · · · · · · · · · 100512 TN
· · · 0.02 · · · · · · · · · 101015 TN
· · · 0.02 · · · · · · · · · 101125 YS
· · · 0.02 · · · · · · · · · 101217 YS
· · · 0.03 · · · · · · · · · 110313 YS
· · · 0.02 · · · · · · · · · 150501 TN

28SiO v=0,J=1–0 · · · 0.02 · · · · · · · · · 150501 TN
28SiO v=1,J=1–0 · · · 0.03 · · · · · · · · · 100119 YS

· · · 0.02 · · · · · · · · · 100512 TN
0.21 0.02 0.38 −65.0 1.3 101015 TN
0.29 0.02 0.72 −65.5 0.8 101125 YS
0.24 0.02 0.35 −65.5 0.8 101217 YS
0.23 0.03 0.15 −66.0 0.3 110313 YS
0.07 0.02 0.17 −66.2 0.1 150501 TN

28SiO v=2,J=1–0 0.12 0.02 0.25 −65.9 0.4 100119 YS
0.16 0.02 0.40 −65.4 0.9 100512 TN
0.26 0.02 0.59 −65.1 1.2 101015 TN
0.25 0.02 0.49 −65.5 0.8 101125 YS
0.26 0.03 0.58 −65.1 1.2 101217 YS
0.15 0.03 0.36 −65.8 0.5 110313 YS
0.10 0.02 0.28 −66.0 0.3 150501 TN

28SiO v=3,J=1–0 · · · 0.01 · · · · · · · · · 150506 US
28SiO v=4,J=1–0 · · · 0.01 · · · · · · · · · 150506 US
28SiO v=0,J=2–1 · · · 0.02 · · · · · · · · · 150501 TN
28SiO v=1,J=2–1 · · · 0.02 · · · · · · · · · 150501 TN
28SiO v=2,J=2–1 · · · 0.02 · · · · · · · · · 150506 US
28SiO v=0,J=3–2 · · · 0.02 · · · · · · · · · 150501 TN
28SiO v=1,J=3–2 · · · 0.02 · · · · · · · · · 150501 TN
28SiO v=2,J=3–2 · · · 0.02 · · · · · · · · · 150506 US
29SiO v=0,J=1–0 · · · 0.03 · · · · · · · · · 100119 YS

· · · 0.02 · · · · · · · · · 100512 TN
· · · 0.02 · · · · · · · · · 101015 TN
· · · 0.02 · · · · · · · · · 101125 YS
· · · 0.02 · · · · · · · · · 101217 YS
· · · 0.03 · · · · · · · · · 110313 YS

of the OH maser (34 km s−1). This fact means that the
expansion velocity of the H2O maser region continues
to accelerate, and this source still has sufficient time to
enter a post-AGB phase.

The SiO v=1, J=1–0 maser emission was first de-
tected at VLSR = −17.9 km s−1 by Jewell et al. (1985).
After that, Nakashima & Deguchi (2003) detected both
SiO v=1 and 2, J=1–0 maser lines at VLSR = −21.9 and
−21.8 km s−1 with the Nobeyama 45-m radio telescope.
We also detected both maser emissions at average VLSR

= −21.4 and −21.2 km s−1 in the range of the double-
peaked H2O maser lines. However, they are somewhat
shifted to the red peak of the H2O maser, as shown in
Figure 9(d). The line profile of the SiO v=2, J=1–0
maser on 2009 June 22 was very broad compared with
those of other epochs. In addition, the intensities of the
SiO v=1 and 2, J=1–0 masers on 2015 May 25 were

found to be stronger than those from 2009 November
14 to 2010 October 13, although the H2O maser was
not detected (Figure 4 and Figure 9a, b). This fact
shows that the SiO masers are not correlated with the
H2O maser for this source. In Figure 9(c), we present
the variation in the peak and integrated intensity ra-
tios of the SiO v=1 and 2, J=2–1 maser lines relative
to the SiO v=1, J=1–0 maser line as well as the inten-
sity ratios of the SiO v=2, J=1–0 and H2O maser lines
to the SiO v=1, J=1–0 line. As shown in Table 9, the
mean ratios of P.T. and I.T. of SiO v=2, J=1–0 to the
v=1 are similar to OH13.1+5.1. Moreover, those of SiO
v=1, J=2–1 to the v=1, J=1–0 are smaller than those
of OH38.10−0.13.

The rare SiO v=2, J=2–1 maser line was detected
on 2015 May 25 together with the SiO v=1, J=2–1
maser line. The peak intensity ratio of SiO v=2, J=2–
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Table 5

Results of Observations: OH16.1−0.3

Molecular T ∗

A(peak) rms
∫
T ∗

Adv VLSR(peak) VLSR(peak)−V ∗ Date Tel.
Transition (K) (K) (K km s−1) (km s−1) (km s−1) (yymmdd)

(1) (2) (3) (4) (5) (6) (7) (8)

H2O 61,6–52,3 0.58, 0.31 0.02 2.78 6.1, 41.5 −15.4, 20.0 120310 US
0.80, 0.45 0.01 4.55 6.1, 41.5 −15.4, 20.0 130107 US
0.68, 0.33 0.02 3.29 5.8, 42.0 −15.7, 20.5 130410 US
0.30, 0.13 0.02 1.12 5.4, 42.9 −16.1, 21.4 130918 YS
0.23, 0.09 0.01 0.93 5.8, 41.6 −15.7, 20.1 131202 YS
0.13 0.02 0.16 5.7 −15.8 140213 US
0.11, 0.05 0.01 0.35 5.8, 40.8 −15.7, 19.3 140407 YS
0.15 0.02 0.21 6.3 −15.2 140604 YS

· · · 0.02 · · · · · · · · · 150525 US
28SiO v=0,J=1–0 0.10 0.01 0.32 22.7 1.2 150525 US
(Gaussian fitting) 0.06 0.34 21.3 −0.2
28SiO v=1,J=1–0 1.94 0.02 3.38 22.3 0.8 120310 US

2.51 0.01 5.29 22.3 0.8 130107 US
3.55 0.02 6.76 22.3 0.8 130410 US
3.40 0.02 7.03 22.7 1.2 130918 YS
3.19 0.01 7.00 22.7 1.2 131202 YS
1.72 0.02 4.16 22.3 0.8 140213 US
1.88 0.01 4.73 22.3 0.8 140407 YS
1.22 0.02 3.70 22.3 0.8 140604 YS
0.69 0.01 2.24 22.7 1.2 150525 US

28SiO v=2,J=1–0 8.70 0.02 28.81 22.3 0.8 120310 US
7.49 0.01 23.01 22.3 0.8 130107 US
6.50 0.01 19.69 22.3 0.8 130410 US
3.82 0.02 12.40 21.9 0.4 130918 YS
3.17 0.02 10.92 21.9 0.4 131202 YS
2.04 0.02 6.47 22.3 0.8 140213 US
2.90 0.01 9.63 22.3 0.8 140407 YS
2.97 0.02 8.81 22.3 0.8 140604 YS
1.72 0.02 4.98 22.3 0.8 150525 US

28SiO v=3,J=1–0 0.52 0.01 1.21 21.9 0.4 150525 US
28SiO v=4,J=1–0 · · · 0.01 · · · · · · · · · 150525 US
28SiO v=0,J=2–1 · · · 0.02 · · · · · · · · · 150525 US
28SiO v=1,J=2–1 · · · 0.01 · · · · · · · · · 130107 US

· · · 0.02 · · · · · · · · · 130410 US
· · · 0.02 · · · · · · · · · 130918 YS
· · · 0.02 · · · · · · · · · 131202 YS
· · · 0.03 · · · · · · · · · 140213 US
· · · 0.02 · · · · · · · · · 140407 YS
· · · 0.03 · · · · · · · · · 140604 YS
· · · 0.02 · · · · · · · · · 150525 US

28SiO v=2,J=2–1 · · · 0.02 · · · · · · · · · 150525 US
28SiO v=0,J=3–2 · · · 0.02 · · · · · · · · · 150525 US
28SiO v=1,J=3–2 · · · 0.02 · · · · · · · · · 130410 US

· · · 0.03 · · · · · · · · · 130918 YS
· · · 0.02 · · · · · · · · · 131202 YS
· · · 0.01 · · · · · · · · · 140407 YS
· · · 0.04 · · · · · · · · · 140604 YS
· · · 0.02 · · · · · · · · · 150525 US

28SiO v=2,J=3–2 · · · 0.02 · · · · · · · · · 150525 US
29SiO v=0,J=1–0 0.38 0.02 1.00 23.0 1.5 120310 US
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Table 6

Results of Observations: OH38.10−0.13

Molecular T ∗

A(peak) rms
∫
T ∗

Adv VLSR(peak) VLSR(peak)−V ∗ Date Tel.
Transition (K) (K) (K km s−1) (km s−1) (km s−1) (yymmdd)

(1) (2) (3) (4) (5) (6) (7) (8)

H2O 61,6–52,3 1.25, 0.24 0.02 5.09 32.0, 73.2 −21.2, 20.0 120603 YS
2.21, 0.23 0.02 8.37 31.5, 73.2 −21.7, 20.0 130103 US
2.10, 0.22 0.02 7.22 31.2, 73.3 −22.0, 20.1 130506 TN
1.49, 0.23 0.02 7.16 31.2, 73.3 −22.0, 20.1 130904 TN
1.08, 0.14 0.02 4.93 31.2, 73.3 −22.0, 20.1 131103 YS
1.05, 0.12 0.01 3.96 31.2, 73.3 −22.0, 20.1 140101 YS
0.88, 0.12 0.01 4.03 31.2, 73.3 −22.0, 20.1 140213 YS
0.95, 0.09 0.02 5.28 31.2, 75.5 −22.0, 22.3 140408 TN
0.88, 0.20 0.02 4.51 31.6, 72.5 −21.6, 19.3 140605 TN
0.74, 0.21 0.02 4.48 31.2, 72.1 −22.0, 18.9 150525 US

28SiO v=0,J=1–0 · · · 0.02 · · · · · · · · · 120603 YS
28SiO v=1,J=1–0 0.57 0.02 2.22 50.0 −3.2 120603 YS

0.38 0.01 2.73 50.2 −3.0 130103 US
0.33 0.02 2.47 56.6 3.4 130506 TN
0.44 0.02 3.09 57.5 4.3 130904 TN
0.44 0.01 4.06 57.5 4.3 131103 YS
0.43 0.01 3.66 54.0 0.8 140101 YS
0.38 0.01 2.64 56.2 3.0 140213 YS
0.42 0.02 2.71 54.0 0.8 140408 TN
0.32 0.02 2.05 54.0 0.8 140605 TN

28SiO v=2,J=1–0 0.34 0.02 1.58 50.0 −3.2 120603 YS
0.28 0.01 2.40 54.9 1.7 130103 US
0.29 0.02 1.98 55.8 2.6 130506 TN
0.41 0.02 3.04 53.6 0.4 130904 TN
0.35 0.01 2.72 55.8 2.6 131103 YS
0.43 0.01 3.50 55.8 2.6 140101 YS
0.36 0.01 2.46 55.8 2.6 140213 YS
0.34 0.02 2.60 56.2 3.0 140408 TN
0.33 0.02 2.11 56.6 3.4 140605 TN

28SiO v=3,J=1–0 0.02 · · · · · · · · · 150525 US
28SiO v=4,J=1–0 0.02 · · · · · · · · · 150525 US
28SiO v=0,J=2–1 0.02 · · · · · · · · · 150525 US
28SiO v=1,J=2–1 0.30 0.02 2.62 48.8 −4.4 120603 YS

0.26 0.01 2.41 49.2 −4.0 130103 US
0.18 0.02 1.49 49.2 −4.0 130506 TN
0.24 0.02 2.33 49.7 −3.5 130904 TN
0.32 0.02 2.35 48.3 −4.9 131103 YS
0.22 0.02 2.48 50.1 −3.1 140101 YS
0.11 0.01 1.29 49.6 −3.6 140213 YS
0.16 0.02 1.36 48.8 −4.4 140408 TN
0.21 0.03 1.44 50.1 −3.1 140605 TN

28SiO v=2,J=2–1 · · · 0.02 · · · · · · · · · 120603 YS
28SiO v=0,J=3–2 · · · 0.02 · · · · · · · · · 150525 US
28SiO v=1,J=3–2 · · · 0.02 · · · · · · · · · 120603 YS

· · · 0.01 · · · · · · · · · 130506 TN
0.13 0.02 0.67 48.0 −5.2 130904 TN
0.08 0.02 0.81 48.0 −5.2 131103 YS
0.09 0.01 0.72 48.0 −5.2 140101 YS
· · · 0.02 · · · · · · · · · 140213 YS
0.06 0.02 0.28 47.4 −5.8 140408 TN
· · · 0.03 · · · · · · · · · 140605 TN

28SiO v=2,J=3–2 · · · 0.02 · · · · · · · · · 120603 YS
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Table 7

Results of Observations: OH65.5+1.3

Molecular T ∗

A(peak) rms
∫
T ∗

Adv VLSR(peak) VLSR(peak)−V ∗ Date Tel.
Transition (K) (K) (K km s−1) (km s−1) (km s−1) (yymmdd)

(1) (2) (3) (4) (5) (6) (7) (8)

H2O 61,6–52,3 0.57 0.03 1.78 −37.0 −14.8 090622 YS
0.34, 0.10 0.02 1.48 −37.0, −12.5 −14.8, 9.7 091114 YS
0.20, 0.08 0.02 0.73 −35.7, −13.0 −13.5, 9.2 100227 YS
0.11, 0.08 0.02 0.49 −35.7, −12.5 −13.5, 9.7 100403 YS
0.16, 0.09 0.02 0.88 −35.3, −11.3 −13.1, 11.0 100513 TN
0.11, 0.11 0.02 0.52 −37.0, −12.5 −14.8, 9.7 100627 YS

· · · 0.03 · · · · · · · · · 101013 TN
· · · 0.01 · · · · · · · · · 150525 YS

28SiO v=0,J=1–0 · · · 0.02 · · · · · · · · · 150525 YS
28SiO v=1,J=1–0 0.32 0.03 1.10 −21.1 1.1 090622 YS

0.24 0.02 0.85 −21.1 1.1 091114 YS
0.12 0.02 0.50 −20.7 1.5 100227 YS
0.14 0.02 0.35 −20.7 1.5 100403 YS
0.14 0.02 0.71 −21.5 0.7 100513 TN
0.15 0.02 0.57 −21.1 1.1 100627 YS
0.16 0.02 0.39 −20.6 1.6 101013 TN
0.29 0.01 0.85 −24.1 −1.9 150525 YS

28SiO v=2,J=1–0 0.63 0.04 3.88 −19.7 2.5 090622 YS
0.20 0.02 0.79 −21.0 1.2 091114 YS
0.15 0.02 0.53 −21.4 0.8 100227 YS
0.18 0.02 0.60 −21.4 0.8 100403 YS
0.20 0.02 0.66 −21.0 1.2 100513 TN
0.27 0.03 0.86 −21.0 1.2 100627 YS
0.21 0.02 0.57 −20.7 1.5 101013 TN
0.47 0.01 1.21 −23.2 −1.0 150525 YS

28SiO v=3,J=1–0 · · · 0.03 · · · · · · · · · 150525 YS
28SiO v=4,J=1–0 · · · 0.02 · · · · · · · · · 150525 YS
28SiO v=0,J=2–1 · · · 0.02 · · · · · · · · · 150525 YS
28SiO v=1,J=2–1 0.11 0.02 0.42 −21.5 0.7 150525 YS
28SiO v=2,J=2–1 0.10 0.03 0.21 −21.1 1.1 150525 YS
28SiO v=0,J=3–2 · · · 0.02 · · · · · · · · · 150525 YS
28SiO v=1,J=3–2 · · · 0.01 · · · · · · · · · 150525 YS
28SiO v=2,J=3–2 · · · 0.02 · · · · · · · · · 150525 YS
29SiO v=0,J=1–0 · · · 0.02 · · · · · · · · · 100227 YS

· · · 0.02 · · · · · · · · · 100403 YS
· · · 0.02 · · · · · · · · · 100513 TN
· · · 0.02 · · · · · · · · · 100627 YS
· · · 0.02 · · · · · · · · · 101013 TN

1 to the v=1, J=2–1 is 0.85. This value is larger than
that of the S-type star χ Cyg, which remains the most
intense SiO v=2, J=2–1 emitting source in the sky
(P.T.(SiO v=2, J=2–1)/P.T.(SiO v=1, J=2–1) of χ
Cyg: 0.08 in Olofsson et al. 1981, 0.51 in Olofsson et
al. 1985, 0.56 in Bujarrabal et al. 1996, 0.43 in Cho et
al. 1998, 0.41 in Kang et al. 2006, and 0.41 in Cho et
al. 2007). In particular, the SiO v=2, J=2–1 maser line
was detected when the H2O line was not detected, as
the case of χ Cyg (Cho et al. 2017, in preparation).
This fact may be related to the IR line overlap between
the v=1, J=0 → v=2, J=1 SiO vibrational component
and the H2O v2=0, 127,5 → v2=1, 116,6 line (Olofsson
et al. 1981, 1985). The SiO v=2, J=2–1 maser emission
has shown a obvious tendency toward favoring S-type

stars as opposed to O-rich stars that are the most com-
mon emitters of the other SiO lines (Bujarrabal et al.
1996; Cho et al. 2007). To clearly identify our results,
we need a few more checking observations because this
transition line was detected at only one epoch.

In Figure 9(d), we present the shifts of the peak
velocities with respect to the stellar velocity of the de-
tected maser lines, including those of the SiO v=1 and
2, J=2–1 lines. We adopted the stellar velocity of −22.2
km s−1 derived from the OH maser emission (Chen et
al. 2001). As a whole, the peak velocity variations ac-
cording to the observational epochs are not substantial
(∼ ±1.8 km s−1). With respect to the H2O maser emis-
sion, we found a variation in the velocity range of ∆v =
28.7 – 36.3 km s−1 (= FWZP) at the most extreme ve-
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Table 8

Results of Observations: IRAS 19312+1950

Molecular T ∗

A(peak) rms
∫
T ∗

Adv VLSR(peak) VLSR(peak)−V ∗ Date Tel.
Transition (K) (K) (K km s−1) (km s−1) (km s−1) (yymmdd)

(1) (2) (3) (4) (5) (6) (7) (8)

H2O 61,6–52,3 0.44 0.02 1.15 17.6 −18.5 091202 YS
0.38 0.02 0.64 17.6 −18.5 100227 YS
0.27 0.02 0.41 17.2 −18.8 100403 YS
0.31, 0.09 0.02 0.72 17.1, 48.7 −18.9, 12.7 100514 TN
0.26 0.03 0.79 17.3 −18.7 101012 TN
0.36, 0.08 0.02 0.87 16.9, 48.5 −19.1, 12.5 101125 YS
0.43, 0.10 0.02 0.78 16.9, 48.0 −19.1, 12.0 101231 YS
0.47, 0.08 0.01 0.72 16.9, 48.5 −19.1, 12.5 110313 YS
0.47, 0.09 0.01 0.85 17.3, 48.0 −18.7, 12.0 110423 YS
0.43, 0.11 0.02 0.88 16.9, 48.0 −19.1, 12.0 110605 US

0.06 0.01 0.03 44.4 8.4 150518 YS
28SiO v=0,J=1–0 · · · 0.02 · · · · · · · · · 150518 YS
28SiO v=1,J=1–0 0.09 0.02 0.28 54.8 18.8 091202 YS

0.10 0.02 0.10 55.3 19.3 100227 YS
0.11 0.02 0.12 54.8 18.8 100403 YS
0.08 0.02 0.19 54.0 18.0 100514 TN
0.07 0.02 0.14 54.9 18.9 101012 TN
· · · 0.02 · · · · · · · · · 101125 YS
· · · 0.02 · · · · · · · · · 101231 YS
· · · 0.02 · · · · · · · · · 110313 YS
0.06 0.02 0.22 53.1 17.1 110423 YS
· · · 0.01 · · · · · · · · · 110605 US
0.15 0.02 0.24 56.2 20.2 150501 US

28SiO v=2,J=1–0 0.16 0.02 0.33 54.7 18.7 091202 YS
0.13 0.02 0.26 54.3 18.3 100227 YS
0.13 0.02 0.19 54.3 18.3 100403 YS
0.12 0.02 0.18 54.7 18.7 100514 TN
0.10 0.02 0.17 54.2 18.2 101012 TN
0.13 0.02 0.16 54.2 18.2 101125 YS
· · · 0.02 · · · · · · · · · 101231 YS
· · · 0.02 · · · · · · · · · 110313 YS
· · · 0.02 · · · · · · · · · 110423 YS
· · · 0.01 · · · · · · · · · 110605 US
0.22 0.02 0.41 55.9 19.9 150501 US

28SiO v=3,J=1–0 · · · 0.02 · · · · · · · · · 150502 TN
28SiO v=4,J=1–0 · · · 0.01 · · · · · · · · · 150502 TN
28SiO v=0,J=2–1 0.12 0.02 0.74 36.2 0.2 150518 YS
(Gaussian fitting) 0.06 0.73 36.4 0.4
28SiO v=1,J=2–1 · · · 0.03 · · · · · · · · · 150501 US
28SiO v=2,J=2–1 · · · 0.03 · · · · · · · · · 150502 TN
28SiO v=0,J=3–2 0.28 0.03 3.18 39.1 3.1 150518 YS
(Gaussian fitting) 0.18 3.25 37.1 1.1
28SiO v=1,J=3–2 · · · 0.02 · · · · · · · · · 150501 US
28SiO v=2,J=3–2 · · · 0.03 · · · · · · · · · 150502 TN
29SiO v=0,J=1–0 · · · 0.03 · · · · · · · · · 091202 YS

· · · 0.02 · · · · · · · · · 100227 YS
· · · 0.02 · · · · · · · · · 100403 YS
· · · 0.02 · · · · · · · · · 100514 TN
· · · 0.02 · · · · · · · · · 101012 TN
· · · 0.02 · · · · · · · · · 101125 YS
· · · 0.02 · · · · · · · · · 101231 YS
· · · 0.02 · · · · · · · · · 110313 YS
· · · 0.02 · · · · · · · · · 110423 YS
· · · 0.01 · · · · · · · · · 110605 US
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locities between −44.4 and −38.5 km s−1 and between
−9.7 and −5.6 km s−1. From these values, we inferred
that the H2O outflow velocity is ∼ 18.1 km s−1.

4.5. IRAS 19312+1950

For the peculiar object, IRAS 19312+1950, we obtained
11 epoch data during the period from 2009 December
to 2015 May, as shown in Figure 5 and Table 8. As re-
sults, the H2O, SiO v=1 and 2, J=1–0 maser lines and
the SiO v=0, J=2–1, 3–2 thermal lines could be de-
tected. The H2O maser emission was detected at VLSR

= 16.9 – 17.6 km s−1 and VLSR = 44.4 – 48.7 km s−1 as
double-peaked components. The blue component of the
H2O maser is always stronger than the red component,
although it was not detected on 2015 May 18. The SiO
v=1 and 2, J=1–0 maser lines were detected during 7
epochs among the 11 observation epochs. The SiO v=1
and 2 masers were detected at approximately VLSR =
55 km s−1. These are significantly beyond the velocity
range of the H2O red component. The blue components
of the SiO v=1 and 2, J=1–0 masers were not detected
above the upper limit of 0.79 Jy. However, Nakashima
& Deguchi (2000), using the Nobeyama 45-m radio tele-
scope, detected the SiO v=1 and 2, J=1–0 masers at
VLSR = 25.5 and 26.8, 52.8 km s−1, respectively. The
blue component of the SiO v=2, J=1–0 maser was also
detected with an intensity of 0.023 Jy (tentative detec-
tion) using the VLBA (Nakashima et al. 2011). In our
monitoring observations, on 2015May 18, only the weak
red component of the H2O maser was detected at VLSR

= 44.4 km s−1. In contrast, the SiO v=1 and 2, J=1–0
masers showed a strong emission. We did not perform
monitoring observations from 2011 July to 2015 April.
Therefore, we could not fully observe the variation pat-
tern of the H2O maser. The SiO v=0, J=2–1 and J=3–
2 thermal lines were also detected at VLSR = 36.4 and
37.1 km s−1 (see Figure 5). The SiO v=0, J=3–2 line
is composed of a broad pedestal and narrow spike com-
ponents. The spike component peaking at VLSR = 39.1
km s−1 may imply a partial maser feature of the SiO
v=0, J=3–2 line.

We present time variations of the peak and inte-
grated antenna temperatures and their ratios as well
as the peak velocity shifts with respect to the stellar
velocity for the 11-epoch observations in Figures 10(a)
to (d). As shown in Figure 10(d), the peak velocity
shift of SiO masers with respect to the stellar veloc-
ity is approximately 18.7 km s−1, which is higher than
that of the red component of the H2O maser. This
result is different from the four previous sources and
also from known AGB stars showing a bipolar outflow.
The SiO maser emission from bipolar outflow sources
of AGB and post-AGB stars occur within the velocity
range of the blue and red components of the H2O maser.
This fact seems to be related to the unusual charac-
teristics of IRAS 19312+1950. Nakashima & Deguchi
(2000) detected the SiO maser emission, which is usu-
ally identified in evolved stars, from IRAS 19312+1950.
Nakashima et al. (2004) also detected various thermal
lines of 12CO, 13CO, C18O, HCN, and CS molecules

with extended features. Therefore, this object pre-
sented a duality of a young stellar object in a star-
forming region and an evolved star (Nakashima et al.
2011). Recently, Nakashima et al. (2016), based on
the derived mass of the molecular components and the
large luminosity, suggested that the maser source of
IRAS 19312+1950 seems to be a red supergiant as-
sociated with its natal cloud rather than an AGB or
post-AGB star.

5. MASER AND INFRARED PROPERTIES ASSOCIATED

WITH A POST-AGB STAR EVOLUTION

The fast jets found in the early post-AGB stage of evo-
lution can be considered as a dominant shaping mech-
anism of the aspherical morphology of planetary neb-
ulae (Sahai & Trauger 1998). Jet sources traced by
high-velocity H2O masers (velocity spread of greater
than 100 km s−1) are called water fountain sources dur-
ing the stage of PPN (Likkel & Morris 1988; Imai et
al. 2007). In addition, bipolar outflow sources traced
by double-peaked H2O masers (velocity range < 50
km s−1) at a late stage in the evolution of AGB
winds can be precursors of water fountain sources,
such as for WX Psc, as suggested by Vinković et
al. (2004). Therefore, we measured the FWZPs of
H2O maser line profiles together with those of SiO
masers. We also investigated the development of out-
ward motions from SiO to H2O maser regions. In Fig-
ure 11, we plot the FWZPs of the SiO J=1–0 and H2O
maser lines averaged for observational epochs except
for IRAS 19312+1950. As previously mentioned, the
maser source of IRAS 19312+1950 seems to be a red
supergiant associated with its natal cloud rather than
an AGB or post-AGB star (Nakashima et al. 2016).
In Table 10, we present averaged FWZPs and their ra-
tios between SiO J=1–0 and H2O maser lines for target
sources in order of FWZPs. The FWZPs of the SiO v=1
and 2, J=1–0 masers are the narrowest for OH13.1+5.1
and the broadest for OH38.10−0.13. Those of the
H2O maser show a larger value from OH65.5+1.3 to
OH38.10−0.13. In particular, the FWZPs of the H2O
maser are approximately three times larger than those
of the SiO v=1, J=1–0 maser (FWZP ratios of the H2O
maser to the SiO v=1 maser from 2.76 to 4.05), which
are very large compared to those of the OH/IR stars
presented in Kim et al. (2014). We can confirm an ac-
celerating outflow in the H2O maser region compared
to the SiO maser region. This means that three sources
with double-peaked H2O maser emission may be pre-
cursors of water fountain sources, such as WX Psc, as
shown by Vinković et al. (2004).

We investigated the evolutionary stage of five ob-
served sources in the IRAS two-color diagram. Fig-
ure 12 shows the IRAS two-color diagram as a plot of
[25]−[60] versus [12]−[25] for five observed sources. In
addition, the representative PPN OH231.8+4.2 and two
water fountain sources (W43A and IRAS 16342−3814)
are indicated with a red star symbol for reference lo-
cations of PPN and water fountain sources. The infor-
mation for each region (I – VIII) is described in van
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Figure 7. Results of the simultaneous time monitoring for OH16.1−0.3. The symbols used are described in the legend inside
the plot. The downward arrows indicate the upper limit (3σ) of the undetected epochs.
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Figure 8. Results of the simultaneous time monitoring for OH38.10−0.13. The symbols used are described in the legend
inside the plot. The downward arrows indicate the upper limit (3σ) of the undetected epochs.
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Figure 9. Results of the simultaneous time monitoring for OH65.5+1.3. The symbols used are described in the legend inside
the plot. The downward arrows indicate the upper limit (3σ) of the undetected epochs.
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Figure 10. Results of the simultaneous time monitoring for IRAS 19312+1950. The symbols used are described in the legend
inside the plot. The downward arrows indicate the upper limit (3σ) of the undetected epochs.
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Table 9

Averaged Antenna Temperature Ratios

Ratio OH13.1+5.1 OH16.1−0.3 OH38.10−0.13 OH65.5+1.3 IRAS 19312+19550

P.T.(SiO v=2,J=1−0)
P.T.(SiO v=1,J=1−0)

1.06 2.12 0.87 1.43 1.40

I.T.(SiO v=2,J=1−0)
I.T.(SiO v=1,J=1−0)

1.59 3.03 0.88 1.57 1.54

P.T.(H2O)
P.T.(SiO v=1,J=1−0)

· · · 0.15 3.35 1.24 3.74

I.T.(H2O)
I.T.(SiO v=1,J=1−0)

· · · 0.33 2.06 1.40 3.91

P.T.(SiO v=3,J=1−0)
P.T.(SiO v=1,J=1−0)

· · · 0.76 · · · · · · · · ·

I.T.(SiO v=3,J=1−0)
I.T.(SiO v=1,J=1−0)

· · · 0.54 · · · · · · · · ·

P.T.(SiO v=1,J=2−1)
P.T.(SiO v=1,J=1−0)

· · · · · · 0.55 0.40 · · ·

I.T.(SiO v=1,J=2−1)
I.T.(SiO v=1,J=1−0)

· · · · · · 0.71 0.38 · · ·

P.T.(SiO v=1,J=3−2)
P.T.(SiO v=1,J=1−0)

· · · · · · 0.21 · · · · · ·

I.T.(SiO v=1,J=3−2)
I.T.(SiO v=1,J=1−0)

· · · · · · 0.18 · · · · · ·

P.T.(SiO v=2,J=2−1)
P.T.(SiO v=1,J=2−1)

· · · · · · · · · 0.85 · · ·

I.T.(SiO v=2,J=2−1)
I.T.(SiO v=1,J=2−1)

· · · · · · · · · 0.33 · · ·

Table 10

Averaged FWZPs (∆v) and their Ratios between SiO J=1–0 and H2O Maser Emissions

FWZP and ratio OH13.1+5.1 OH65.5+1.3 OH16.1−0.3 OH38.10−0.13 IRAS 19312+19550

(km s−1)

∆v(SiO v=1) 6.62 10.89 14.66 18.98 9.61

∆v(SiO v=2) 8.76 12.29 18.29 18.74 6.98

∆v(H2O) · · · 32.54 44.78 52.44 38.87

∆v(SiO v=2)
∆v(SiO v=1)

1.32 1.13 1.25 0.99 0.73

∆v(H2O)
∆v(SiO v=1)

· · · 2.99 3.06 2.76 4.05

der Veen & Habing (1988), and that for the “LI” and
“RI” regions are explained by Sevenster (2002). The
blue group sources in the LI region usually have higher
outflow velocities than the RI red group sources. RI
group sources are traditional post-AGB sources (Sev-
enster 2002). However, water fountain sources with
highly bipolar jets of the H2O maser with a velocity
spread of more than 100 km s−1 are distributed in the
RI region. The region IIIb, including OH65.5+1.3 and
OH13.1+5.1, is mainly composed of the OH/IR stars
with thick O-rich circumstellar shells. In addition, the
redder part of region VIb, including OH38.10−0.13, has
the same [12]−[25] color as region IIIb but a much

larger [25]−[60] color. van der Veen & Habing (1988)
suggested that objects in region VIb are variable stars
that contain hot O-rich material separated from the
far-away cold dust. These objects have relatively hot
and heavy blue central stars and are encircled by thick
CSE. OH38.10−0.13 is located in region VIb and be-
longs to the LI region. We consider that this ob-
ject, as a blue post-AGB star, is the more evolved
star than OH65.5+1.3 and OH13.1+5.1. In addition,
OH16.1−0.3 is located on the border between region
IV and region VIII. The area of 0.4 ≤ [12]−[25] ≤ 1.2
and −0.2 ≤ [25]−[60] ≤ 0.3 including OH16.1−0.3 is
an entry to the LI region and contains a distribution of
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Figure 11. Averaged FWZPs of the SiO v=1, 2, J=1–0 and
H2O maser emissions for the four observed sources, except
for IRAS 19312+1950.

early high-mass post-AGB stars. On the other hand,
IRAS 19312+1950 is located in region VIII, which con-
tains very cool objects and most of the LI region. This
region is occupied by PNe, and also associated with ex-
tra galaxies and dark nebulae in a very nascent stage of
star birth.

Based on the location of the four observed
sources in the IRAS two-color diagram (except for
IRAS 19312+1950), their evolutionary sequence is sug-
gested as below:

OH65.5+1.3 → OH13.1+5.1 → OH16.1−0.3 →
OH38.10−0.13.

This sequence is similar to the order of FWZPs
(Figure 11), except for the inverted order between
OH65.5+1.3 and OH13.1+5.1. Both OH65.5+1.3 and
OH13.1+5.1 are late OH/IR stars belonging to re-
gion IIIb and have similar expansion velocities of 19.0
and 19.2 km s−1, respectively. However, the loca-
tions in the two-color diagram show that OH13.1+5.1
is distributed in a colder region than OH65.5+1.3
(OH13.1+5.1: [12]−[25] = 0.75 and [25]−[60] = −1.04,
OH65.5+1.3: [12]−[25] = 0.47 and [25]−[60] = −1.91).
Moreover, the FWZPs of the SiO v=1 and 2 masers
for OH13.1+5.1 are ∼ 1.5 times narrower than those
of OH65.5+1.3, and H2O maser emission was not de-
tected from OH13.1+5.1. This fact may imply that
OH13.1+5.1 reaches at a later OH/IR stage than
OH65.5+1.3. The disappearance of the H2O maser
emission in the restricted region of the IRAS two-
color diagram can be considered as a checkpoint from
the OH/IR stage toward the post-AGB stage (0.4 ≤
[12]−[25] ≤ 1.0 and −1.8 ≤ [25]−[60] ≤ −0.4). How-
ever, the evolutionary stage of this source is not clear.
Acker et al. (1992) classified this source as a possible
PN, which is a faint object highly reddened showing a
weak H-alpha emission. Kohoutek (2001) and Bojičić
et al. (2011) also designated this source as PN in an
extensive radio-continuum survey. However, the possi-
bility of being a PN seems to be low because the SiO
maser emission is not detected from a PN.
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Figure 12. IRAS two-color diagram showing the position of
the five observed objects (black stars) and representative
post-AGB samples (red stars) for comparison. The regions
defined by van der Veen & Habing (1988) are shown by solid
lines. The red line is the evolutionary track for AGB stars,
and blue dashed lines demarcate the two groups of typical
post-AGB stars (Sevenster 2002).

To further investigate the evolutionary stage of the
observed sources, we plotted their spectral energy dis-
tributions (SEDs) in infrared regions, and also inves-
tigated the 9.7µm feature according to the evolution-
ary sequence using IRAS Low Resolution Spectrometer
(LRS) spectra.

The IRAS LRS (8 – 22µm) spectra are commonly
used to identify important features of dust grains in the
CSE of evolved stars. The 9.7µm feature is associated
with Si-O bending and stretching modes in Silicate min-
erals that generally arise at approximately 10µm, and
thus, its identification is fairly secure. According to how
the evolution of an AGB star proceeds, the 9.7µm ab-
sorption feature is deeper, in line with the increase in
the dust mass-loss rate; then, when the rate decreases
as a sign that the star enters the post-AGB phase, the
depth of the 9.7µm absorption feature becomes shallow
accordingly (Justtanont et al. 2006).

The SEDs include 1.2 – 160µm flux data from
2MASS, WISE, MSX , AKARI/IRC, IRAS, and
AKARI/FIS in order. All data used in the SEDs were
obtained from the IRSA website (http://irsa.ipac.
caltech.edu/frontpage). All data from the 2MASS
and WISE surveys are listed in magnitude units. To
compare and analyze them with the other infrared data
under the same conditions, we converted from all mag-
nitudes obtained from the 2MASS and the WISE Cat-
alog to Jansky units. The source flux density, in Jan-
sky (Jy) units, is computed from the calibrated 2MASS
and WISE magnitudes using the zero-magnitude flux
density corresponding to the constant that gives the
absolute calibration for each 2MASS and WISE band.

In Figure 13, we present the SEDs and IRAS
LRS spectra of the five observed sources in λFλ units.
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Figure 13. Spectral energy distribution (SED) for the five observed sources. We also present the SEDs of the typical Mira
variable U Ori and post-AGB star OH231.8+4.2 as a reference. IRAS LRS (8 – 22 µm) spectra (black line) are superposed
on the 1.2 – 160 µm SED generated from photometric data taken from the 2MASS (black circles), WISE (blue triangles),
MSX (red squares), AKARI/IRC (green diamond), IRAS (yellow hexagons), and AKARI/FIS (pink inverted triangles)
surveys in order. The spectrum in the SED plot of IRAS 19312+1950 is a close-up IRAS LRS spectrum.
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Table 11

Infrared data of observed objects

Infrared mission OH65.5+1.3 OH13.1+5.1 OH16.1−0.3 OH38.10−0.13 IRAS 19312+1950
(Jy) (Jy) (Jy) (Jy) (Jy)

2MASS J (1.24 µm) 0.132 0.016 0.001 0.191 0.047
2MASS H (1.66 µm) 1.020 0.022 0.003 0.018 0.838
2MASS Ks (2.16 µm) 3.922 0.018 0.008 0.250 1.506
AllWISE W1 (3.4 µm) 8.232 0.247 0.386 4.491 5.887
AllWISE W2 (4.6 µm) 38.743 0.856 0.907 18.698 32.018
AllWISE W3 (11.6 µm) 31.645 5.839 1.723 15.860 22.756
AllWISE W4 (22.1 µm) 44.092 10.082 32.536 14.480 56.645
MSX A (8.28 µm) 25.894 4.741 31.318 12.062 11.840
MSX C (12.13 µm) 34.897 7.312 48.535 18.923 22.676
MSX D (14.65 µm) 32.125 10.030 92.355 19.267 23.081
MSX E (21.34 µm) 36.043 12.278 89.994 14.017 44.999
AKARI/IRC (9 µm) 19.660 6.704 51.210 8.770 13.710
AKARI/IRC (18 µm) 24.550 · · · 139.000 11.450 37.020
IRAS (12 µm) 22.340 10.310 75.130 10.770 22.470
IRAS (25 µm) 34.430 20.600 194.300 13.050 70.600
IRAS (60 µm) 5.953 7.890 237.000 20.110 366.100
IRAS (100 µm) 6.903 27.080 530.000 393.000 423.100
AKARI/FIS (65 µm) 3.539 4.657 200.600 · · · 313.100
AKARI/FIS (90 µm) 2.803 3.353 118.900 · · · 176.300
AKARI/FIS (140 µm) 2.322 · · · 60.700 · · · 302.900
AKARI/FIS (160 µm) 2.792 1.303 4.837 · · · 275.100

Entries in red color denote upper limits. All data in the 2MASS and WISE surveys are listed in magnitude units. Therefore, to compare
and analyze them with other infrared data under the same conditions, we converted from all magnitudes obtained in the 2MASS and
WISE Catalog to Jansky units.

On the right side of the panel, we also present the
SEDs of typical Mira variable U Ori and post-AGB star
OH231.8+4.2 as a reference. The corrected raw spec-
trum data in the IRAS LRS database were superposed
on the SEDs. Their infrared parameters are also pre-
sented in Table 11. The SEDs of the five target sources
are shown in panels from top to bottom according to
the expected evolutionary sequence. From the figure,
we can identify that the SEDs of our observed target
sources are clearly in a different class from the Mira
variable U Ori. An AGB star puts out most of its energy
in near and mid-infrared regions. The energy distribu-
tion of a Mira variable usually shows a peak near 2µm,
as shown in the SED of U Ori. Moreover, the LRS spec-
tra of U Ori shows an emission at approximately 10µm,
and that of post-AGB star OH231.8+4.2 shows a deep
absorption at approximately 10µm.

From OH65.5+1.3 to OH16.1−0.3, the more
evolved the source is, the more shifted to longward
wavelengths a peak of the SED is, as it were, showing
“redder” SED and double-peaked distributions. These
phenomena suggest that, as the mass-loss of the AGB
star approaches an ending state, the inner shell toward
the central star and the outer CSE are separated and
develop as a detached shell structure. Moreover, from
the LRS spectra, the optical depth of the 9.7µm ab-
sorption feature from OH65.5+1.3 to OH38.10−0.13
and OH231.8+4.2 is clearly visible. These definite
9.7µm amorphous silicate absorption features in the
evolutionary transition are evidence of post-AGB stars
(e.g., Garćıa-Hernández et al. 2007). OH13.1+5.1 and

OH38.10−0.13 also show the sharp absorption feature
at 9.7µm as an evidence of the presence of crystalline
silicate dust. The crystalline silicates indicate enstatite
(pyroxene) and forsterite (olivine). These crystalline sil-
icate features have been primarily detected in the spec-
tra of late OH/IR stars or post-AGB stars but are not
observed in O-rich AGB stars with low mass-loss rates,
suggesting that the abundance of the crystalline mate-
rials is related to the density of the circumstellar matter
at the dust-forming layer (Waters et al. 1996; Sylvester
et al. 1999).

Meanwhile, the LRS spectrum of
IRAS 19312+1950 unusually shows the narrow
emission feature at approximately 18µm simultane-
ously with the weak broad 9.7µm absorption feature.
This narrow emission feature is peaked at a wavelength
of ∼ 17.7µm, and the full width at half maximum
(FWHM) becomes approximately 0.6µm. According
to Molster et al. (1999), the narrow emission feature
(with an FWHM of ∼ 1.0µm) at 18µm is related to
the crystalline enstatites (pyroxene). Therefore, the
narrow feature of IRAS 19312+1950 at the peak of ∼
17.7µm seems to be a crystalline enstatite (pyroxene;
MgxFe(1−x)SiO3). With respect to appearing together
with both the crystalline “emission” feature (18µm)
and the amorphous “absorption” feature (10µm),
Sylvester et al. (1999) suggested that the crystalline
and amorphous components have different spatial
distributions. They considered both spherical disk
and axis-symmetrical outflow geometries. The SED of
IRAS 19312+1950 shows different features compared
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to the four other sources. These different features may
be related to both properties of the evolved star and
dark cloud for IRAS 19312+1950.

6. SUMMARY

We presented the results of the simultaneous monitor-
ing of 22GHz H2O and 12 transitions of maser and
thermal lines of SiO molecules (43, 86, and 129GHz
bands) in five transition objects toward the post-AGB
phase, together with their infrared properties. We si-
multaneously detected both H2O and SiO v=1 and 2,
J=1–0 maser lines from four sources: OH16.1−0.3,
OH38.10−0.13, OH65.5+1.3, and IRAS 19312+1950.
The H2O maser was not detected from OH13.1+5.1.
The detected line profile structures of H2O maser show
a typical double-peaked structure. The SiO masers
from four sources, except IRAS 19312+1950, occur
around the stellar velocity as a single peak, whereas the
SiO masers from IRAS 19312+1950 occur above the red
peak of the H2O maser.

1. OH13.1+5.1 is the only one from which the H2O
maser emission has not been detected among the
five target sources. The evolutionary phase that
showed a lack of H2O maser emission is thought to
be a gateway toward the post-AGB stage.

2. We detected H2O, 28SiO v=0, 1, 2, 3, J=1–0,
and 29SiO v=0, J=1–0 lines from OH16.1−0.3.
OH16.1−0.3 is the only one that presents the SiO
v=3, J=1–0 maser line among the five target
sources. Detecting the SiO v=3 maser line as well
as the v=1 and 2 lines simultaneously means that
a sufficiently warm, inner atmosphere shell still ex-
ists in the CSEs of OH16.1−0.3.

3. We first detected SiO v=1, J=2–1 and J=3–
2 maser lines from the blue post-AGB star
OH38.10−0.13. We noticed that the velocity shifts
of the SiO J=2–1 and J=3–2 masers in this source
are larger than that of the SiO J=1–0, and the ve-
locity shift of the SiO J=3–2 line is larger than that
of the SiO J=2–1. This may mean that the SiO
J=2–1 maser emission arises in a layer further away
from the central star than the SiO J=1–0 shell; in
addition, the J=3–2 masing region is located in a
further layer than that of J=2–1. To verify these
locations of the masers in the envelope, we need
VLBI observations of these maser lines.

4. In addition, we detected H2O, 28SiO v=1, 2, J=1–
0, and J=2–1 lines from the late OH/IR star
OH65.5+1.3. The SiO v=2, J=2–1 line, which was
detected rarely and weakly from only a few Mira
variables and S-type stars, was first detected from
this late OH/IR star. This suggests that the abun-
dance of H2O in this source is significantly lower
than in other sources.

5. IRAS 19312+1950 is a very peculiar object in that
it is difficult to explain not only the evolutionary
stage but also even the morphology. Nakashima et
al. (2004) detected 12CO, 13CO, C18O, HCN, and

CS lines, which trace the presence of a young stellar
object, from this source, and we detected not only
H2O and SiO v=1, 2, J=1–0 maser lines, which
trace AGB or post-AGB stars, but also clear SiO
v=0, J=2–1 and J=3–2 thermal lines, which can
indicate molecular outflow. Recently, Nakashima
et al. (2016) suggested that the maser source of
IRAS 19312+1950 seems to be a red supergiant
associated with its natal clouds. However, this
still cannot explain how the SiO v=1 and 2 masers
were detected outside the velocity range of the H2O
maser. To properly explain these unusual phenom-
ena of SiO and H2O maser emissions, it is essential
to establish the relative locations and spatial dis-
tributions of the SiO and H2O maser lines. To do
that, we need simultaneous VLBI observations of
SiO and H2O masers and long-term intensive mon-
itoring of both masers.

6. Through the comparison with the FWZPs and lo-
cation of four target sources on the IRAS two-
color diagram (except for IRAS 19312+1950),
the evolutionary sequence is suggested as below:
OH65.5+1.3 → OH13.1+5.1 → OH16.1−0.3 →
OH38.10−0.13. For all observed sources, we plot-
ted the SED and found that the redder SED and
double-peaked distributions are found to be in the
same order as above. Moreover, 9.7µm absorption
features from amorphous silicates appear distinctly
from all sources except for IRAS 19312+1950.
These phenomena suggest that, as the mass-loss of
AGB stars approaches an ending state, the inner
shell toward the central star and the outer CSE are
separated and develop as a detached shell struc-
ture; in addition, they represent evidence toward
post-AGB stars.

7. Consequently, we studied the evolutionary charac-
teristics of transition objects toward a post-AGB
star phase through simultaneous monitoring obser-
vations of SiO and H2O masers and the investiga-
tion of multi-wavelength infrared properties.
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Engels, D., & Jiménez-Esteban, F. 2007, Lifetime of OH
Masers at the Tip of the Asymptotic Giant Branch, A&A,
475, 941
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