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ABSTRACT

Using the Very Long Baseline Array at six epochs, we have observed H,O maser emission in the preplanetary nebula
IRAS 1913442131 (119134), in which the H,O maser spectrum has two groups of emission features separated in radial
velocity by ~100 km s~!. We also obtained optical images of 119134 with the Hubble Space Telescope to locate the
bipolar reflection nebula in this source for the first time. The spatio-kinematical structure of the H ,O masers indicates
the existence of a fast, collimated (precessing) flow having a projected extent of ~140 mas and an expansion rate of
~1.9 mas yr~! on the sky plane, which gives a dynamical age of only ~40 yr. The two detected optical lobes are also
separated by ~150 mas in almost the same direction as that of the collimated flow. The good agreement between the
extent and orientation of the H,O maser outflow and optical lobes suggests that the lobes have been recently formed
along the collimated fast flow. Thus, the circumstellar envelope around the evolved star has apparently been pene-
trated by the fast flow and has been cleared for the emergence of the starlight in the directions of the fast flow. The
positions of all of the detected maser features have been measured with respect to the extragalactic reference source
J19254+2106 over one year. Therefore, we analyzed maser feature motions that consist of the combination of an annual
parallax, a secular motion following Galactic rotation, and the intrinsic motions within the flow. We obtain an annual-
parallax distance to 119134 of D = 8.0f8:2 kpc and estimate its location in the Galaxy to be (R, 0, z) = (7.4f8:‘3l kpc,
62° 4 5°, 0.65f3:82 kpc). From the mean motion of the blueshifted and redshifted clusters of maser features, we es-
timate the three-dimensional (3D) secular motion of 119134 to be (Vx, Vg, V) = (3732,12573% 8 74%) km s~!. From the
height from the Galactic plane, z, and the velocity component perpendicular to the Galactic plane, V,, we estimate a

rough upper limit of ~9 M, to the stellar mass of 119134’s progenitor.

Subject headings: masers — stars: AGB and post-AGB — stars: individual (IRAS 19134+2131) —
stars: kinematics — stars: mass loss — stars: winds, outflows

1. INTRODUCTION

A stellar jet appearing at the final stage of stellar evolution is a
manifestation of the important, but still poorly understood phe-
nomenon leading to the formation of asymmetric planetary nebulae
(PNe). Bipolar and multipolar optical morphologies and the com-
mon presence of point symmetry are frequently found in a sample
of young PNe. Based on this fact, Sahai & Trauger (1998) con-
cluded that collimated jets have been operational in a large fraction
of PNe and are one of the major factors shaping these objects.
Similar morphologies have been found in a survey of preplanetary
nebulae (PPNe; Sahai 2004; R. Sahai et al. 2007, in preparation),
leading to the current paradigm that such a collimated jet is launched
near or at an earlier phase of stellar evolution—the asymptotic giant
branch (AGB) phase—and is frequently observable in molecular
line emission.

There are a small number of candidate sources that show us the
earliest stage of stellar jet emergence. “Water fountain sources”
are the most promising candidates; these are stellar objects that
have extremely high-velocity flows traced by H,O maser emission.
The outflow velocity sometimes exceeds 100 kms~!, much greater
than the typical expansion velocity of circumstellar envelopes
(CSEs) of Mira variable and OH/IR stars traced by 1612 MHz
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OH maser emission (10—25 km s e g., te Lintel Hekkert et al.
1989). About 10 water fountains have been identified in pre-
vious single-dish observations so far: IRAS 15445—5449 = OH
326.5—0.4; IRAS 15544—5332 =0OH 325.8—0.3; IRAS 16342 —
3814 = OH 344.1+5.8; IRAS 16552—3050 = GLMP 498; IRAS
18043—2116 = OH 0.9—0.4; IRAS 18139—1816 = OH 12.8—
0.9; IRAS 18286—0959; IRAS 18450—0148 = W43A, OH 31.0+
0.0; IRAS 18460—0151=0H 31.0—0.2; IRAS 18596+0315=0H
37.1—-0.8; IRAS 1913442131, hereafter abbreviated as 119134
(e.g., Genzel & Downes 1977; Baud et al. 1979; Engels et al.
1986; Likkel et al. 1992; Engels 2002; Deacon et al. 2007; Deguchi
etal. 2007; Suarez et al. 2007, and references therein). The spatio-
kinematical structures of most of them have been revealed by the
high angular resolution of radio interferometers (e.g., Diamond
etal. 1985; Gomez et al. 1994; Sahai et al. 1999; Imai et al. 2002,
2004, hereafter Paper I, 2005, hereafter INDMDOS; Morris et al.
2003; Claussen et al. 2004; Boboltz & Marvel 2005; Vlemmings
et al. 2006). VLBI observations of some of these H,O maser
sources have revealed that the jets are highly collimated and have
extremely short dynamical ages (<100 yr; Morris et al. 2003:
Paper I; INDMDO5; Boboltz & Marvel 2005).

Collimated bipolar outflows in young stellar objects are perhaps
in an atomic or ionized form as a result of the violent acceleration
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TABLE 1
PARAMETERS OF THE VLBA OBSERVATIONS AND DATA REDUCTION FOR INDIVIDUAL EPOCHS

Duration rms noise Beam®
Observation Code Epoch (hr) Recording Mode® (mJy beam 1) (mas) Detected Features Remark®
BI25A.... 2003 Jan 4 8 4 x4 MHz 8.6 1.07 x 0.40, —9.4° 21 0
BI25B.... 2003 Mar 7 8 4 x4 MHz 8.6 0.92 x0.39, —13.4° 28 0
BI28A.... 2003 May 25 6 2 x 8 MHz 11.2 0.84x0.37, —5.3° 16 0
BI28B.... 2003 Dec 20 6 2 x8 MHz 11.6 0.97 x0.35, —11.0° 15 X
BI28C.... 2004 Feb 9 6 2 x8 MHz 11.3 0.81x0.36, —3.0° 22 0
BI28D.... 2004 Apr 26 6 2 x8 MHz 8.5 0.81x0.36, —5.1° 12 0

? Number of baseband channels and bandwidth per BBC.

® Synthesized beam size resulting from natural weighted visibilities; major and minor axis lengths and position angle.

¢ Correction for atmospheric zenith delays: valid (0) or invalid (x).

processes that brought the outflows to very high velocities. On the
other hand, the molecules are believed to form in the compressed,
rapidly cooling, postshock regions at the interface between the jets
and ambient molecular clouds (e.g., Bachiller 1996). A similar inter-
action is expected between a fast stellar jet and the ambient, slow
AGB outflow (e.g., Likkel et al. 1992; Sanchez Contreras & Sahai
2001). In either case, molecular emission in stellar jets, as seen in
H,0 maser emission, is strongly collimated both geometrically
and kinematically. This implies that high-density gas, which may
not be originally molecular, is supplied from the very vicinity of
the stellar surface or the innermost part of the CSE to the jet tips.
In the water fountain source W43 A, precession of the stellar jet is
also confirmed (INDMDO5). Vlemmings et al. (2006) found that
the H,O maser emission in W43 A exhibits strong Zeeman split-
ting and linear polarization, strongly suggesting that the W43A
jet is driven magnetohydrodynamically. The launching of such
jets apparently takes place at the end of the AGB phase or the
beginning of the post-AGB phase, during which stellar mass loss
is still most active.

The H,O maser emission in the “water fountains™ is located
over 100 AU away from the central stellar objects, so it does not
shed any light on regions close to the stars. It is still unclear whether
the dynamical center of the jet coincides with the evolved star itself.
However, the symmetrical placement about the central star as
seen in many planetary and PPNe suggests that such jet-induced
shock structures, which are likely to be related to the H,O maser
spot clusters in the water fountain sources, are both spatially and
dynamically centered on the star. Note that, on the other hand, a
molecular stellar jet traced by H,O maser emission will disappear
within 1000 yr or less because of the imminent exposure of the PN
nucleus that causes photodissociation of H,O (cf., Miranda et al.
2001). The number of water fountain candidates is increasing, so
the duration of the water fountain phase should be better deter-
mined statistically and kinematically. Within this short period, the
spatio-kinematical structures of the H,O maser emission should
undergo substantial evolution, which might be directly confirmed
by long-term observations within a human lifetime.

In this paper, we present the spatio-kinematics of H,O masers
associated with 19134, as revealed by six epoch observations with
the Very Long Baseline Array (VLBA), together with the optical
morphology obtained by the Hubble Space Telescope (HST). The
preliminary result obtained with the VLBA data in the first two
epochs was published in Paper I, but the data from all epochs
were reduced in the same procedure, although with additional
data calibration in the present paper. With the new data, we better
determined the dynamical age of the 119134 flow and the location
0f119134 in the Galaxy using the phase-referencing technique in
the VLBA observations. Section 2 describes in detail HST and
VLBA observations and data reduction. Section 3 describes the

results. Section 4 discusses the implications of the maser spatio-
kinematics for the evolutionary status of 119134 and of the as-
trometry to determine the distance to 119134 and its location and
origin in the Galaxy. In the present paper, a distance to 119134 of
8.0 kpc (see § 4.2) is derived and adopted to infer other physical
parameters of 119134.

2. OBSERVATIONS AND DATA REDUCTION
2.1. HST Observation

119134 was imaged on UT date 2002 December 19 (GO pro-
gram 9463) by the Wide Field Camera (WFC) of the Advanced
Camera for Surveys (ACS), which has a plate scale of 0.05” pixel~!.
Two dithered exposures of 338 s each were obtained through
each of the two filters (F606W, pivot wavelength = 0.599 pym
and F814W, pivot wavelength = 0.806 pm). The standard STScl/
HST pipeline calibration has been applied to all data. We have
preserved the intrinsic orientation of the HRC images in the fig-
ures in this paper, electing not to rotate them for alignment of
their horizontal and vertical axes with the cardinal directions.
This is because such rotation would result in some degradation
of the image quality. Several field stars present in the images
have been used to achieve satisfactory registration between the
dithered images, which were subsampled by a factor of 2 before
being registered and combined to produce the final images. Cosmic-
ray hits were also removed during this process. The angular reso-
lution in the F6O6W image, as measured from many field stars,
is 0.11”.

2.2. VLBA Observations of the H,O Masers

Table 1 summarizes the status of the VLBA observations of
the 119134 H,0O masers and data reduction. The VLBA obser-
vations were made at six epochs spanning the period from 2003
January 4 to 2004 April 26 (BI 25 and 28). The duration of each
observation was 8—10 hr in total, including scans on the cali-
brators NRAO 512 and J2148+0657, which were observed for
6 minutes every 45 minutes for calibration of the bandpass char-
acteristics. The phase-referencing mode was adopted, in which
each antenna nodded between the phase-reference and target maser
sources in a cycle of 60 s. The on-source duration in each of the
cycles was shorter than 20 s, depending on the position angle of the
target-reference separation and on antenna zenith angle. In the first
two epochs, the sources J1910+2305 and J1925+2106 (hereafter
abbreviated as J1925) were observed as phase references, while at
other epochs only the latter was observed. In this paper, we show
the astrometric results obtained with the data of J1925, which is
~2.5° away from 119134 and was well detected in every antenna-
nodding cycle. As a result, the effective coherent integration time
of the maser data was ~2.5 hr at all epochs. The received signals
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were recorded at a rate of 128 Mbits s~! with 2 bits per sample
into four or eight baseband channels (BBCs) in dual circular po-
larization. Two of the BBCs covered each of the velocities of the
redshifted and blueshifted maser components of 119134, respec-
tively. The recorded data were correlated with the Socorro FX
correlator using an integration period of 2 s. The data of each of
the BBCs were divided into 256 or 512 spectral channels, corre-
sponding to a velocity spacing of 0.2 km s~! per spectral channel.
The following coordinates of 119134 were adopted as the delay-
tracking center in the data correlation: o900 = 19"15™35.2150¢,
612000 = +21°36/33.900".

For the VLBA data reduction, we used the NRAO’s AIPS pack-
age and applied the procedures for the phase-referencing technique
(e.g., Beasley & Conway 1995). Note that, at the last four epochs,
the data correlation was made with the Earth orientation parame-
ters (EOPs), the Earth’s pole position and UT1—-UTC, predicted
about two weeks before the observation date. This makes a dif-
ference of tens of milliarcseconds in the observation geometry
from that estimated from the EOPs obtained in the actual geodetic
VLBI observations (Walker et al. 2005). The error in the target
position with respect to the reference source may be smaller than
the value mentioned above or the error in the absolute coordinates
of the reference source, but may not be negligible. First, there-
fore, the visibilities obtained from the original correlation were cor-
rected as if the delay tracking is made using the precisely estimated
EOPs. Second, residual delay/delay-rate solutions were obtained
from fringe fitting for scans on the calibrators. In this stage, we
estimated that the residuals in the delay solutions had uncertainties
less than 3 ns. Then fringe fitting was carried out for J1925 scans.
Most of the residual delay-rate solutions were smaller than 10 mHz;
we could thus avoid any 27n radian ambiguity in the fringe-phase
interpolation between successive scans on J1925. All of the cal-
ibration solutions obtained for J1925, including the self-calibration
solutions, were applied to the maser data. We used a synthesized
beam based on naturally weighted visibilities to make image cubes.
The beam parameters and the rms noise level in the maser cubes (in
spectral channels without bright maser emission) are summarized
in Table 1.

We determined the position of a maser feature (a physical maser
clump consisting of a cluster of maser spots or velocity compo-
nents located at almost the same position and velocity) by cal-
culating an intensity-weighted mean of positions of maser spots
in the feature. Table 2 lists all maser features detected in the ob-
servations. The feature positions are measured with respect to the
delay-tracking center whose coordinates are given above. The
maser astrometry may be affected by the brightness structure of
J1925, but the effect of that is estimated to be less than 15 pas
(Paper I). Although 119134 is so distant that apparent angular
structures of the individual maser features are relatively compact
and simple, the low signal-to-noise ratios could still affect the fea-
ture position measurement at a level less than 70 pas. A relative
difference in the excess path delays in the atmosphere between the
reference and the maser sources also occurs due to different zenith
angles at each station (Brunthaler et al. 2005). Errors in position
measurements due to unknown residual atmospheric zenith delays
are described in Paper I and references therein. In the present paper,
we attempted correction for the residual zenith delay as follows.
First, we obtained a maser map using the normal procedures for
the phase-referencing technique mentioned above. The maser map
obtained was used as a trial map to subtract phase variation with
time from the visibility phases used for the maser mapping. The
residual visibility phases are fit to modeled curves expected from
given residual zenith delays with their linear drifts with time. In
the model fitting, uncertainties in the estimated residual zenith

delays were typically 5 ps (1.5 mm in length). For the maser-
reference pair separated by 2.5° in the present paper, this uncer-
tainty translates to a difference of ~0.4 ps (~120 pm in length) in
the excess path delays toward the individual sources at a mild
zenith angle (z ~ 50°). This, in turn, corresponds to a position
error of 26 pas when observing with a 1000 km baseline (a fringe
spacing of 2.78 mas at 4 = 1.35 cm). The correlated intensity
in the maser images after this correction was also increased by
10%—15% from the trial maser images. In conclusion, the posi-
tional accuracy of a maser feature is typically about 50 pas. For
BI28B, however, the accuracy was worse because the solutions
for the excess path delay correction were invalid due to poor
weather conditions that made the model fitting difficult.

3. RESULTS

3.1. The Morphology of Optical Lobes and the Maser
Spatio-Kinematics in IRAS 19134+2131

Figure 1 shows HST optical images of 119134. There exist two
optical lobes separated by ~150 mas, whose coordinates are es-
timated using seven stars that are catalogued in the USNO B.1
catalog and located within 30” from 119134. The intensity peak
of the western lobe is located at oo = 19M15™35.20% and
S12000 = +21°36'34.5". The 1 o uncertainty in the coordinates
is 0.33” in both R.A. and decl. The centroid of the eastern lobe is
located about 0.13” east of this location in the F606W image.
There is no ambiguity about which star to associate with the cen-
tral object of the H,O masers, because this is the only bright red
object visible in the 2MASS near-infrared bands within 2” of the
masers. The difference in the locations of the centroids of the
maser feature groups and the optical lobes is only about 0.15” in
R.A., but about 0.6” in decl., which is consistent with being coin-
cident within 2 o. However, the 2MASS coordinates are coin-
cident with the centroid of the maser coordinates within 0.1”.

Figure 2 shows the distribution of H,O maser features. The ma-
ser emission consists of two clusters of maser features; the blue-
shifted (Vi sr = —121to —117 km s™!) and redshifted (Vi sp =
—23to —10 km s~!) maser components are clearly distinguished
and are separated by ~140 mas. As shown in Figure 1, the op-
tical emission is elongated in the same direction as the major axis
of the H,O maser distribution. The western optical component
is brighter and may be closer to us than the eastern fainter com-
ponent, consistent with the flow inclination found in the maser
emission with respect to the sky plane. The large brightness
ratio of the two optical lobes suggests that the central evolved
star is located at the middle of the lobes and still has a thick
CSE that significantly obscures optical emission from the east-
ern lobe.

We measured relative proper motions of the H,O maser fea-
tures with respect to the position reference feature IRAS 19134+
2131:12007 16 (please see note e of Table 2 for an explanation of
nomenclature). Columns 4—7 in Table 3 list, for 20 maser features
that were detected twice or more, their measured proper motions.
The mean motions of the redshifted and blueshifted feature clus-
ters were measured; then a mean systemic motion of the 119134
H,O maser features was derived from the mean of the means of
the two cluster motions. Thus, we obtain a relative mean systemic
motion of (Apiy, Apy) = (—1.84 & 0.81,0.13 £ 0.76) mas yr~!
and a one-way projected flow expansion vector of 1.85+
0.63 mas yr—! with P.A. = 94°. Here X and Y denote the east-
west and north-south directions, respectively. Figure 2 shows
the proper motion vectors of maser features with the systemic
motion subtracted. The systemic radial velocity of V' g = —67+
2 kms~! is also obtained by applying the same procedure to the



TABLE 2

PARAMETERS OF THE DETECTED HyO MASER FEATURES

Feature
Visr® R.A. Offset® Decl. Offset” I N No.°
2003 Jan 4
—7.626 +0.011 3.844  4+0.014 0.23 1.05
—6.769 +0.028 4361 +0.054 0.13 0.42
—7.495 + 0.005 2875 4+ 0.009 0.89 2.11 19
—7.269 +0.011 1.864 +0.038 027 1.05
—6.974 +0.017 3.194  +0.039 0.16 0.84
—7.630 + 0.020 3.950 4 0.020 0.09 021
—5.344 +0.014 3.115  +0.024 0.15 0.84 16
—14.135 + 0.001 1.657 +0.015 0.61 1.48 12
—14.287 + 0.030 2.637  +0.016 0.13 0.84
—13.914 +0.017 0.626 £ 0.055 0.15 0.84
14.310 + 0.030 6.060 4 0.080 0.10 021
—13.900 +0.011 0.440 £ 0.030 0.13 021
—13.590 +0.011 1.832  +0.047 0.12 0.63 13
10.373 +0.027 8.825 4+ 0.016 0.3 0.84 11
—16.918 +0.028 1.132  +0.041 0.09 0.63 8
12.848 +0.030 7.078 £+ 0.061 0.08 0.63
—14.325 +0.053 1491  +0.043 0.12 1.05 4
3.850 + 0.020 11.620  +0.040 0.09 021
3.279 +0.103 12235  +£0.118 023 1.90 3
—133.160 +0.010 17.040 -+ 0.084 0.13 1.68 2
—133.534 + 0.063 17.408  +0.040 0.20 1.90 1
2003 Mar 7
—7.050 + 0.046 2384 +0.035 033 1.26
—8.064 +0.017 1.725  +0.016 0.38 1.69 ...
—7.507 +0.013 2123  +0.018 1.06 1.90 19
—11.970 +0.020 —3.590 +0.030 0.19 021
—4.770 + 0.020 2730  +0.050 0.06 021
—5.800 +0.028 1.890 +0.041 0.07 0.42 ...
—5.281 +0.013 2356  +0.061 0.14 1.05 16
—13.565 +0.014 1.097 +0.075 0.12 1.05 13
—14.674 +0.015 0.558 4+ 0.026 0.14 0.84
—14.096 +0.012 0918 4 0.030 0.32 1.27 12
10.950 + 0.020 8360 4 0.050 0.07 021
9.823 + 0.028 7.621 £+ 0.042  0.09 0.63 ...
10.383 +0.016 8.055 4+ 0.015 0.18 0.84 11
—14.683 +0.043 0.806 4 0.053  0.09 0.63 9
—16.248 +0.025 0386 4+ 0.015 0.24 1.05
—16.111 + 0.049 0.402 £ 0.022 0.24 1.26 ...
—16.783 +0.075 —0.011 +0.056 0.10 1.05 8
—15.730 + 0.021 0.640 4 0.030 0.10 021
—15.630 + 0.020 0.720 4 0.040 0.08 0.21
—16.671 +0.038  —0.044 +0.041 0.10 0.84 .
—15.399 + 0.028 0.698 4 0.086 0.07 1.05 5
—16.494 +0.023 0.015 4 0.027 0.10 0.84
—15.923 + 0.028 0427 4+ 0.014 021 1.26 .
—14.146 +0.033 0.719 £ 0.054 0.08 0.63 4
3.157 + 0.058 11.527  +0.093 0.17 1.47 3
2.585 +0.023 11.114  +0.038  0.09 1.05 ...
—133.740 + 0.020 16390 =+ 0.061 0.07 1.05 2
—134.040 +0.030 16.820 +0.060 0.06 021 1
2003 May 25
—10.531 +0.099  —1231 +0.037 035 0.84 20
—10.240 +0017 —1.126 +0.016 0.60 0.63 18
—8.595 +0.015 —0.683  +0.010 1.01 1.47 19
—5.900 +0.015 —0.248 +0.025 0.39 1.05 16
—12.052 +0.028  —1.641 +0.050 0.11 0.63
6.045 +0.025 7452 +£0.031 0.14 0.63 15
—14.908 +0.018  —1.729 +0.024 0.26 1.05 13
9.660 + 0.020 5221  +0.041 0.15 0.42 11
—16.260 +0.010  —2.660 +0.040 0.17 0.21
—15.732 +0.082  —1958 +0.030 0.86 232 9




TABLE 2— Continued

Feature
Visr® R.A. Offset® Decl. Offset® I° AV4 No.°
2003 May 25
—15.46 oo —12.570  £0.031  —5380 4 0.040 0.14 0.21
—18.08 ceoverrer —16476  £0.051  —2213 £ 0.043 0.09 0.84 5
—117.46..ceeen... —137.101  +0.010 13.176  +0.052 0.13 0.42
—117.49..cn. —136.557  + 0.001 13.857 4+ 0.018 0.53 1.05 2
—117.56.ccceereren. —136.010 =+ 0.020 14420 +0.050 0.13 0.21
— 11912 —136.947  + 0.020 14304 +0.044 0.12 0.84 1
2003 Dec 20
—10.449  £0.022  —1.612 +0.047 046 0.84 18
—9970  +£0.030 —1.700 =+ 0.040 0.20 0.21 17
—6.014  +£0.025 —0.733 +0.064 0.22 0.42 16
—8.839  +£0.029 —0903 £0.102 021 0.84 19
5.898 =+ 0.025 6.980 +0.047 0.18 0.42 15
—10353  £0.037 —1573 +0.025 038 1.05
—15.144  £0.034  —2205 +0.029 0.27 0.84 13
—14.686  +£0.032  —2407 +0.071 0.14 0.42 14
—10.233  +£0.018 —1.571 +0.037 0.24 0.84
—20.610  £0.030 —17.410 4 0.040 0.11 0.21
—15.720  +£0.045 —2.447 +0.038 0.79 1.69 9
—16.175  £0.023  —2.800 +0.053 0.15 1.47 7
—16.696  +0.034  —2.639 =+ 0.080 0.20 1.48 6
—137.195  +0.010 13362 4+ 0.052 0.16 0.84 2
—137.537  +0.010 13.832 4+ 0.068 0.13 1.47 1
2004 Feb 9
~10.530  £0.096 —2376 +0.071 0.11 0.63 20
—10414  £0.035 —2392 +0.029 023 1.05 18
—5996  +0.008 —1470 +0.026 0.33 1.05 16
—6470  +0.023  —2.066 +0.074 0.14 0.84
—5522 +£0059 —1.178 £0.035 0.18 1.05
—9917  +£0.023 —2.133 +£0.033 023 0.84 17
—10.950 £+ 0.020 —2.840 +0.040 0.15 0.21
5954 4 0.027 6.127 +£0.074 0.1 0.63 15
—14460  £0.030 —2710 =+ 0.050 0.10 0.21
6.417 4 0.028 6.437 +£0.043 0.12 0.42
—14.692  £0.037 —2.791 +0.053 0.17 1.26 14
—15.181  £0.017  —3.003 +0.032 0.23 1.05 13
—15.666  +£0.032 3514 +0.062 0.10 0.84
—16.630 £+ 0.020 —3.940 +0.050 0.12 0.21
~16.172 £0.022  —3.358 +0.031 042 1.26 9
—15.177  4+0.017  —2.802 +0.034 0.24 1.05
—15.669  +0.025 —3.051 +0.074 038 2.11 10
—16.660 £+ 0.015 —3.469 +0.018 049 1.68 6
—17.165  £0.019  —=3991 +0.036 0.19 1.26
—16.159 £+ 0.039  —3.224 +0.026 0.30 1.47 7
—137.920  + 0.099 13133 +0.063  0.11 1.26 1
—137.512 £ 0.010 13374 £ 0.089 0.1 0.84
2004 Apr 26
—10.20 oo —10.844  +0.007 —3.223 +0.026 0.61 1.27 20
—11.09.coe —6.161  +£0.017 —2245 +0.015 0.29 1.26 16
—12.24 e —15368  +0.030 —3.753 +0.012 1.08 1.26 13
—12.31 e, 5730 4 0.030 5290 +0.040 0.26 0.21 15
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Feature
VisR® R.A. Offset® Decl. Offset® I° N No.®
2003 Apr 26
—14.950 + 0.010 —-3.270 £ 0.040 0.27 0.21 ...
—10.454 + 0.014 —-3.167 +£0.046 0.28 1.68 18
—14.984 +0.045 —3.742 £ 0.031 0.27 0.84 14
—15.846 + 0.031 —3.846 £0.022 047 0.84 10
—16.178 + 0.053 —-3.768 £ 0.026 0.34 1.26 9
. —16.704 + 0.058 —4.160 =+ 0.009 1.14 2.53 6
—117.83..c. —128.972 + 0.010 12.126  + 0.022 0.26 1.26
—119.62................ —138.876 + 0.010 12.325 £ 0.041 0.27 1.68 1

? Local standard of rest velocity at the intensity peak in units of km s~'.
Y Position offset with respect to the delay-tracking center at data correlation (ayag00 = 19"15™35.2150°,
12000 = +21°36/33.900) in units of mas.

© Peak intensity of the feature in units of Jy beam™'.

1

4 Full velocity width of maser emission in units of km s~!. The minimum is equal to the velocity spacing

of a spectral channel (0.21 km s~ ).

¢ Identification of the maser feature listed in Table 3. The feature is designated as IRAS 19134+2131:12007
N, where N is the ordinal source number given in this column (12007 stands for sources found by Imai et al.

2007, and listed therein).

mean radial velocity of each of the two clusters. The resulting 3D
expansion velocity for each cluster, with respect to the mean
systemic motion, is 89 £ 25 km s~ ! at an inclination of 351“;3
deg with respect to the sky plane. Here we adopt a distance to
119134 to be 8 kpc (see § 3.2).

In order to find the axis of the flow more objectively and
precisely, we performed diagonalization for the velocity vari-
ance-covariance matrix obtained from velocity vectors of maser
features (cf., Bloemhof 2000). The eigenvector corresponding to
the largest eigenvalue (velocity dispersion) indicates the major
axis of the flow. A ratio of square roots of the largest and second

largest eigenvalues gives a collimation factor of the flow. The
uncertainties in the obtained eigenvectors and eigenvalues were
derived from standard deviations of these parameters, which
were calculated with a Monte Carlo simulation for the matrix
diagonalization using velocity vectors varying around the ob-
served values within their estimated errors. Table 4 gives the
eigenvalues and their corresponding eigenvectors obtained after
the matrix diagonalization. The spatial eigenvector is also par-
allel to the flow axis within the uncertainty of their directions
(~8°). The collimation factors of the maser velocity vectors
and the positional maser feature distributions are 4.8 and 9.7,

a) F606 W

0.2"

b) F814W

Fic. 1.—Image of'the preplanetary nebula IRAS 1913442131 made using exposures taken with ACS/HST through the (@) F606W filter and (b) F814W filter. The angular
scale and orientation are identical in both panels. Images show the square root of the intensity (on a linear stretch). The maximum (black) and minimum (white) intensities of the
gray scale are 7.0 x 10~'7 and 2.3 x 10-18 erg s~! cm~2 A~! arcsec 2, respectively, in panel @, and 4.5 x 10~1¢ and 1.1 x 10~ erg s~! em~2 A~ arcsec™2, respectively, in
panel b. The solid line above the bipolar nebulosity shows the position angle (P.A. = 94°) of the projected flow expansion vector derived from the H,O masers; its size

(139 mas) is equal to the separation of the red and blueshifted maser features.
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Fic. 2.—Relative proper motions of H,O masers in IRAS 19134+2131, with
the systemic motion subtracted. Position offsets with respect to the location of
the position-reference maser feature: IRAS 19134+2131:12007 /6 are shown here.
A thin dashed line indicates the direction of the bipolar flow estimated from the
proper motion vectors.

respectively. These factors are smaller than those of the water foun-
tain in W43 A (Imai et al. 2002), but still indicate kinematically and
spatially high collimation of the flow, similar to W43A.

We note that there is an aligned distribution of maser spots in
the redshifted maser cluster having an angle offset of ~10° from
the flow axis (Figs. 2 and 3). This slant of the aligned maser dis-
tribution may indicate the presence of a precessional motion in
the flow. Alternatively, the masers might be distributed only on
one side of a bow shock for some reason, so that the tilted dis-
tribution of spots just traces half of the bow shock. If the maser
proper motion vectors are parallel to the flow axis rather than to
the direction of elongation of the maser distribution, the former
is possible. However, the observed proper motion vectors show a
significant scatter (c = 22°) around the mean value of P.A. = 94°,
Investigation of proper motion alignment for a much longer time
span such as that carried out for W43 A (INDMDO5) is necessary
to unambiguously obtain a reliable spatio-kinematical model for

IMAI, SAHAI, & MORRIS

Vol. 669

the H,O masers and to assess the precessing jet hypothesis. Such
long-term observations are also necessary to estimate a termi-
nal jet velocity. Boboltz & Marvel (2005) found an accelera-
tion motion in the H,O maser spectra of OH 12.8—0.9 at a rate,
0.68 £ 0.06 kms~!yr~!, during a period of 20 yr. We do not find
systematic acceleration/deceleration motions of the individual
maser features, with an upper limit of 1.5 km s~! yr~!. Because
the maser features most likely represent jet-compressed regions
of the AGB envelope rather than the jet material itself (e.g.,
Elitzur et al. 1989), it is difficult to find any change in the intrinsic
jet speed during the lifetime of a single maser feature.

The dynamical age of the flow is estimated to be 38 &+ 11 yr,
which is roughly equal to that of W43A (~50 yr; INDMDO5).
Both were estimated on the basis of maser proper motions. Note
that a proper motion speed is roughly equal to the linear growth
rate of the jet and that such an estimation method is expected to
provide the true timescale of the jet evolution since the jet’s ini-
tiation (INDMDO5). For other water fountains, similar dynamical
ages (<100 yr) have been found (Morris et al. 2003; Boboltz &
Marvel 2005). Thus, we have found a lifetime that is rather typical
of the water fountains, although it should be more carefully deter-
mined with a larger sample of objects in this class.

3.2. Astrometry

In § 3.1, relative maser proper motions are discussed, in which
they are measured with respect to one of the maser features. In
this section, absolute maser proper motions, or changes of maser
feature positions measured with respect to the reference, J1925,
are presented. Figure 3 shows the temporal variation of the
velocity-integrated maser intensity distribution in 119134, in
a coordinate system fixed with respect to the position reference,
J1925. The blueshifted and redshifted clusters of maser features

TABLE 3
RELATIVE AND ABSOLUTE PROPER MoTIONS OF HyO MASER FEATURES

Position Orrser? (mas) RELATIVE PropER MoTION® (mas yr™1)  AsoLutE ProPER MorioN (mas yr~') RApIAL Morion? (km s~

Maser Feature No.*

(IRAS 19134+2131:12007) RA. Decl. s o pet ot uibs ouids uibs ouss Vz AVy
M @ (€) Q) ®) (©) ™ ® © (1o an 12) (13)
—128.19 14.29 —344  0.02 021 004 —410 002 -3.89 0.04 —53.45 1.21
—127.82 13.93 -3.52 001 0.15  0.07 —425 001 -393  0.07 -51.10 1.15
8.62 9.12 -1.09 070 030 08 —072 070 —4.18  0.89 44.96 1.68
—8.98 —1.62 0.69 037 008 041 1.06 037 —456 041 47.82 0.84
—10.12 —1.66 -072 009 048 015 —170 009 —459 0.15 49.12 0.94
—10.68 -1.91 034 0.8 0.34  0.09 0.04 0.18 -343  0.09 50.85 1.90
—10.16 —2.07 -0.01 033 225 042 0.11 033 —-3.04 042 51.20 1.47
—11.57 -1.98 043 047 =227 041 0.80 047 —6.75 041 51.35 0.84
—9.40 —1.55 -0.73  0.05 0.04 005 150 005 —400 0.05 51.67 1.43
-9.67 —1.58 -006 019 —-0.10 037 —-0.84 019 -3.78 037 52.04 1.47
15.72 5.71 -0.18 004 028 005 —1.02 004 —449 0.05 52.17 0.70
-8.79 —1.46 -0.14  0.07 012 0.20 023 007 —437 020 53.03 1.38
—8.25 —1.28 —0.88  0.01 -0.15 0.03 —155 0.01 —-4.22  0.03 53.10 0.98
-8.67 —1.67 -042  0.16 0.06 019 —-0.82 016 —4.05 0.19 54.16 0.84
11.94 770  -0.08 0.07 —-034 010 054 007 —432 0.10 54.67 0.47
0.00 0.00 0.00  0.01 0.00 0.02 —0.68 0.1 —4.10  0.02 54.71 0.94
—3.96 —0.97 025 027 2.18 037 038 027 -=3.11 037 55.75 0.47
—4.34 —0.88 0.14  0.04 —0.11 0.08 036 004 —412 0.08 55.76 1.05
-2.15 -024  -0.68 0.02 -024 002 -136 002 —442  0.02 55.89 1.58
—4.63 —0.98 -020  0.18 0.01 009 075 018 -394  0.09 56.44 0.91

# Maser features detected in IRAS 19134+2131. The features are designated as IRAS 19134+2131:12007 N, where N is the ordinal source number given in this
column (12007 stands for sources found by Imai et al. 2007, and listed therein).

® Relative value with respect to the location of the position-reference maser feature: IRAS 19134+2131:12007 /6.

¢ Relative value with respect to the motion of the position-reference maser feature: IRAS 19134+2131:12007 16.

4 Relative value with respect to the adopted systemic velocity Visg = —67 km s~
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TABLE 4

DIAGONALIZATION ANALYSIS OF THE VARIANCE-COVARIANCE MATRIX OF THE
VELocITY AND PosiTioN VEcTors oF THE IRAS 1913442131 H,O MaASERS

Eigenvalue Eigenvector Inclination  Eigenvector Position Angle
Velocity Variance-Covariance Matrix
(kms™')? (deg) (deg)
2754 + 88....coene. 36.0 £33 92.0 £ 84
1253 + 200........... 1.0 £ 4.4 1.8 +£ 3.0
129 + 34.............. 535+ 1.1 —89.5 £5.1
Spatial Variance-Covariance Matrix
(mas?) (deg)
95.4
5.4

are moving in the south-southwest and southwest directions, re-
spectively; the difference corresponds to the separating motion
described in § 3.1. In addition, a systemic secular motion toward
the Galactic center (in the south-southwest direction) is clearly seen.
Columns (8)—(11) in Table 3 show the absolute maser proper mo-
tions. From these values, and weighting them by the inverses of
the proper motion errors, we obtain the systemic secular motion of
119134. Here we assume that the redshifted and blueshifted clus-
ters are moving away from the central source at the same velocity
but in opposite directions. This is likely to be a good assumption,
given the velocity symmetry shown by this class of sources (Likkel
etal. 1992). Thus, we obtain the systemic secular motion in the east-
west (X)) and north-south (Y) directions

(py, py) = (—2.3540.81, —4.05 +0.76) mas yr . (1)
In Galactic coordinates, this becomes
() =(—47+1.0, 03+ 1.)masyr . (2)
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Furthermore, we find three maser features that were detected
at all six epochs and are confirmed to exhibit a common annual
parallax, IRAS 19134+2131:12007 1, 13, and /6. We therefore
fit the temporal variation of the mean position of the three fea-
tures to a kinematical model consisting of an annual parallax, 7,
and a constant velocity mean secular motion, (fy, fy):

7 =0.125 4 0.012 mas, 3)
py = —2.186 + 0.022 mas yr,”! (4)
py = — 4.165 4 0.033 mas yr, ! (5)
AXr003.01 = 6.677 &= 0.084 mas, (6)
AYap03.01 = 12.612 £ 0.130 mas, (7)

where A X5003.01 and AYsg03.01 are the position offsets with re-
spect to the delay-tracking center on the date 2003.01. Figure 4
shows the fitting result. The mean motion of the three features
are roughly consistent with the kinematical model including the
annual parallax. The mean position should go clockwise around
the annual-parallax ellipse. However, the positions at BI25A and
BI28B are 150 pas west and 180 pas north, respectively, from
those expected from the modeled parallax (see Fig. 4d). Even with
such large position offsets, the fit to the annual parallax turns out to
be quite reasonable. The best-fit annual parallax corresponds to a
distance to 119134, D = 8.0 kpc.

4. DISCUSSION
4.1. The Water Fountain in IRAS 19134+2131

The implications of the water fountains for the formation of bi-
polar PNe were discussed in Paper I, but the new observations pre-
sented here should provide new insights into the general properties
of the water fountains and their associated central stars.

The spatio-kinematics of H,O masers in all water fountain
sources reveal that the duration of the water-fountain stage is less
than 100 yr. In this time interval, a stellar jet traveling with a typ-
ical velocity of 100 km s~ reaches a distance of ~2000 AU from
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the central star. This corresponds to the typical size of an OH maser
shell in a CSE around an OH/IR star, at the final stage of copious
mass loss. The H,O maser emission is excited near the tip of the
stellar jet, where high compression takes place in the shock at the
interface between the jet and the ambient circumstellar gas. But
because the ambient gas density declines with radius, the maser
emission may be quenched at the distance where the postshock
gas density falls below a critical value, ny, ~ 10° cm~3 (Elitzur
et al. 1989). Note that while optical lobes are observed in some
water fountains (119134 and IRAS 16342—3814, hereafter ab-
breviated as 116342), the optical emission has not yet been de-
tected in others (W43 A and OH 12.8—0.9). This implies that the
presence of water fountains may help in the identification of new
PPNe, which may be optically invisible due to high circumstellar
or interstellar extinction. On the other hand, the number of water
fountains has grown by almost a factor of 4 since this class was
first recognized (Likkel & Morris 1988; Likkel et al. 1992), im-
plying that the lifetime of each water fountain may be much longer
than that previously estimated (e.g., Imai et al. 2002).
Alternatively, the water fountain phenomenon may occur re-
peatedly in the same source. However, it is premature to make con-
clusions about this issue. The total number of stellar H,O masers
associated with AGB and post-AGB stars is still increasing and is
too small (<1,000; e.g., Valdettaro et al. 2001; Takaba et al. 2001)
to precisely estimate the duration of the water fountain phase,
whose number of occurrences is only about 10. If the water foun-
tain lifetime estimated here is presently known, the total number
of stellar H,O masers in the whole AGB phase will give the du-
ration of H,O maser excitation, which is inversely estimated from
the lifetime of the water fountains (~100 yr). The duration of H,O
maser excitation is thereby estimated to be only <10* yr. This is
much shorter than ~10° yr, which is the expected time period for
excitation of H,O masers during AGB/post-AGB phase. On this
timescale, an AGB star loses a total mass of ~1 M, at the max-

imum stellar mass loss rate (typically 107 M, yr~!), which is
sufficiently high for excitation of H,O masers (e.g., Bowers &
Johnston 1994). Note that not all stellar H,O maser sources nec-
essarily pass through the water fountain stage; bipolar nebulae
that have jets may be a restricted class of stellar H,O masers.

As shown in § 3.1, the optical lobes in 119134 coexist with the
H,0 maser emission. This is a case similar to that found in 116342,
where the masers lie just beyond the tips of the optical lobes (Sahai
et al. 1999; Morris et al. 2003). We adopt the paradigm that the
lobes have recently been formed along with the collimated fast
jet. Then the CSE around the evolved star may have been sculpted
and evacuated by the jet, allowing starlight to escape and be scat-
tered by dust in, or at the edge of, the resulting lobes. 119134 and
116342 are presumably at a similar transitional stage between the
AGB and post-AGB phases. Also the inclination of the 116342 jet
is estimated to be ~40° with respect to the sky plane (Sahai et al.
1999), similar to that of 119134 (~35°). The ratios of peak surface
brightness between the two lobes are 3.4 and 6.2 for [19134 and
116342, respectively, but the low spatial resolution in 119134 might
reduce the ratio slightly from the intrinsic contrast. 116342 has
larger separations of the optical lobes and the maser components
(1.8" and 3” or ~3600 and 6000 AU at 2 kpc, respectively) than
those in 119134 (~1200 AU). However, the difference in the
dynamical ages of the jets in these two systems is still comparable
to their implied dynamical ages (<100 yr).

Does the size of a CSE determine the lifetime of a water foun-
tain, or a collimated stellar jet traced by molecular emission? We
already know that H,O masers can survive until photoionization
of the CSE starts to form a PN, such as in K3—35 and IRAS
17347—-3139 (Miranda et al. 2001; de Gregorio-Monsalvo et al.
2004), but they do not exhibit water fountains. In K3—-35, H,O
maser emission is seen at the tips of the radio lobes, but it is less
morphologically collimated, and the radial velocities of the masers
are very slow (a radial velocity range of only 15 km s~!). This
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implies that any initially collimated jet that might have been pres-
ent and traceable by H,O maser emission has disappeared. In K3—
35, H,O maser emission is also seen in the inner and denser part
of the CSE, where UV radiation from the star has not yet pene-
trated. This raises the possibility that H,O maser emission can be
excited while the spatio-kinematical collimation of a water foun-
tain is being destroyed. Such low-velocity maser components
have been found in other water fountains alongside the high-
velocity ones (Imai 2007). The dynamical age of the radio lobes
of K3—35 is estimated to be 800 yr (Miranda et al. 2001). This
may correspond to an upper limit to the lifetime of a water foun-
tain source, but is an order of magnitude longer than the dynamical
age estimated using VLBI observations of the maser spatio-
kinematical structures. In 119134, the morphological similarity
of the two broadband images shown in Figure 1 suggests that the
optical lobes are due to scattered starlight, rather than emission
lines as in a PN. Therefore, we speculate that the collimated jet
may drill through the CSE formed during the AGB phase, and the
tip of the jet may soon reach the outer boundary of the envelope.
There the density declines precipitously, and the maser levels are
no longer sufficiently excited to produce observable emission. The
masers lying beyond the optical lobes, such as those in 116342,
might thus disperse and disappear within a few centuries owing
to the decline of the gas density in the preshock gas as the jet prop-
agates outward. Does the CSE size play a significant role in de-
termining the lifetime of the water fountain? The question can be
answered with a statistical comparison of the dynamical timescales
for the water fountains to the timescale on which photoionized ra-
dio lobes emerge and expand along the axis of the water fountains.

4.2. The Location and Kinematics of IRAS 19134+2131
in the Galaxy

In the present analysis, we adopt a Galactocentric distance and
a Galactic rotation velocity of the Sun to be 8.0 kpc and 217 kms ™!,
respectively (Reid 1993; Dehnen & Binney 1998). Then, on the
basis of our inferred heliocentric distance and the systemic sec-
ular motion of 119134, we infer the location of 119134 [(1, b) =
(54.867°, 4.642°)] in the Galaxy to be

(R, 0, 2) = (7.4793 kpe, 62° £5°, 0.657007 kpe), (8)

and the 3D velocity vector in Galactic cylindrical coordinates to
be

(Vry Vo, Vo) = (3753, 125720 878y km s~ 9)

The bias due to the solar motion with respect to the local stan-
dard of rest has been corrected, but is relatively small (~3 kms~!).
The derived heliocentric and galactocentric distances of 8.0
and 7.4 kpc, respectively, are much smaller than those (~16
and ~13 kpc, respectively) estimated by the kinematical dis-
tance method using only the systemic radial velocity (Visg =
—67 km s™1). As described in Paper I and shown in Figure 5, the
kinematical distance obtained using both the radial velocity and
the secular proper motion, with the assumption of circular Galactic
rotation, is estimated to be about 8.0 kpc. This is consistent with
the annual-parallax distance. The estimated location is within
1 kpc of the Perseus spiral arm (cf., Nakanishi & Sofue 2006).

Note, however, that the estimated Galactic azimuthal velocity
of 119134 (~125 km s~') is much slower than that implied by
the Galactic rotation curve (~220 km s~'; e.g., Clemens 1985;
Dehnen & Binney 1998). It implies that 119134°s orbit must have
large excursions in radius, although it must be orbiting near its
maximum in galactocentric distance at present. 119134 is appar-
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ently orbiting as a member of the Galactic “thick disk” component
rather than the “thin disk” component. Thus, the high Galactic
latitude of 119134 favors a low mass of 119134, allowing for it to
orbit as a member of the Galactic thick disk component. Adopt-
ing the source velocity perpendicular to the Galactic plane, V., =
8 km s~!, we find that the present Galactic altitude gives a lower
limit to the travel time of 119134 from the Galactic plane to the
present position to be ~2.4 x 107 yr. This suggests that the cen-
tral star of 119134 has a lifetime of at least this travel time and a
stellar mass smaller than ~8.6 M, (here we adopt a stellar life-
time to be ¢, o< M, /L, M*’Z'S) if the central star of 119134 was
born in the Galactic plane as a member of the Galactic “thin disk™
component. The timescale for a star that initially has thin disk
kinematics to acquire thick disk kinematical characteristics is very
likely to be far larger than 2.4 x 107 yr, so 119134 is therefore
likely to have a much larger age than this timescale. The statistical
study of Galactic PNe by Manchado (2004) shows that the Ga-
lactic scale height of bipolar PNe, such as 119134 may become, is
(z) = 100 pc, suggesting that their progenitors should be high-
mass stars. Although 119134’s progenitor is expected to be such
a high-mass star, the present Galactic altitude of 119134 and its
anomalously slow Galactic rotation velocity are quite odd. These
may imply an abnormal environment during the birth of 119134°s
central star. Thus, the mass of 119134°s progenitor is an interesting
puzzle.

5. CONCLUSIONS

Together with the spatio-kinematical structures of other water
fountain sources, the spatio-kinematical structures of HO masers
in 119134 have shown that the dynamical ages of the water foun-
tains are shorter than 100 yr. More precise ages and more detailed
physical conditions of such stellar jets should be elucidated by
future observations of thermal molecular emission in infrared and
radio wavelengths with high angular resolution (<0.1”) to trace
the whole morphology of the jets, including the regions without
maser emission.

Optically visible lobes resulting from scattered starlight are
found in 116342 and 119134 but have not yet been found in W43 A
and other water fountain sources. This implies that a water foun-
tain is produced during the transition from the AGB phase, when
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mass loss is greatest and the CSE is the thickest, to the post-AGB
phase. The jet carves bipolar cavities inside the CSE, so that it
is observed as a bipolar PPN. Subsequently, as the central star
evolves to a temperature of about 30,000 K, photoionization
sets in and transforms it into a PN.

High-precision astrometry for HO masers at the 10 pas level
has enabled us to directly measure the distances to a Galactic
source located up to 8 kpc from the Sun and to determine the lo-
cation and kinematics of such distant sources throughout the Gal-
axy (e.g., Honma et al. 2007). These parameters of the water
fountain sources may provide additional probes to estimate ages
and masses of their central stars, helping us to understand which
progenitor stellar mass range produces the water fountain sources.
For 119134, we obtained an upper limit to the progenitor mass,
M, < 8.6 M. The accuracy of the proper motion of and paral-
lactic distance to 119134, and thus its full 3D velocity found after
the intrinsic maser motions are subtracted, may be improved with
sensitive VLBA observations over a longer time baseline. To find
a better kinematical model for the intrinsic motions, in partic-

ular, point symmetry of the maser spatio-kinematics should be
examined.
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