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ABSTRACT

Context. water-fountain sources are a class of post-AGB objects that exhibit bipolar jet-like structures traced by H,O maser emission.
The circumstellar envelopes of these objects show deviations from spherical symmetry. While the H,O masers originate in a colli-
mated outflow in the polar region, the OH masers may be distributed in the equatorial region or a biconical outflow in the circumstellar
shell. Magnetic fields could play an important role in collimating the jet and shaping the circumstellar envelope of these objects.
Aims. The aim of this project is to understand the morphology of the OH masers in three water-fountain sources, for which we ob-
tained high-resolution interferometric data. We compare the observational parameters of the spectral profile and spatial distribution
with our models in order to constrain the morphology and velocity fields of the OH maser shell. We would also like to understand the
role of the magnetic field in shaping the circumstellar envelope of these stars.

Methods. We observed the OH masers of three water-fountain sources (OH 12.8-0.9, OH 37.1-0.8, and W43A) in full polarization
spectral line mode using the UK Multi-Element Radio Linked Interferometer Network. Additionally, we performed reconstruction
models of OH maser shells distributed uniformly in equatorial or biconical outflows and compared them with the OH maser observa-
tions.

Results. The OH masers of W43A seem to be located in the equatorial region of the circumstellar shell, while for OH 12.8-0.9 the
masers are likely distributed in a biconical outflow. We measured magnetic fields of ~360 xG and ~29 uG on average for OH 37.1-0.8
and OH 12.8-0.9, respectively. The measured field strengths show that a large-scale magnetic field is present in the circumstellar
environment of these stars.

Conclusions. Our observations show that the OH maser region of the three water-fountain sources studied in this work show signs of
aspherical expansion. Reconstruction of the OH maser distribution of these objects show both biconical and equatorial distributions.

Magnetic fields likely play an important role in shaping the OH maser region of water-fountain sources.

Key words. stars: individual: W43A — magnetic fields — polarization — masers — stars: individual: OH 12, 8-0.9 —

stars: individual: OH 37, 1-0.8

1. Introduction

Maser emission occurs in different regions of the circumstel-
lar envelope (CSE) of evolved stars and can be studied at high
angular resolution. These masers are good tracers of the out-
flow and morphology. In the picture of regular asymptotic giant
branch (AGB) stars, SiO masers occur close to the central star,
while the H,O and OH masers are found at progressively fur-
ther distances (e.g. Habing 1996). The OH masers often exhibit
double-peak profiles, while the H,O maser spectra are typically
more irregular and have a velocity range confined within the OH
spectrum (e.g. Reid & Moran 1981).

Water-fountain sources are defined by having high-velocity
H,O masers, and they are observed to have jets. The spectral
characteristic and the spatial morphology of the OH and H,0
masers of these objects are unique and differ from those of
typical AGB stars. The OH and H,O masers of these objects
show double-peak profiles; however, the HO maser velocity
range exceeds that of OH masers (Likkel et al. 1992). For exam-
ple, OH 09.1-0.4 has water maser emission spread over nearly

* Figures 619 are available in electronic form at
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400 kms~' (Walsh et al. 2009). Therefore, these objects can
not be understood by the standard expanding shell model. An
archetype of this class of objects is W43A, for which inter-
ferometric observations showed highly collimated H,O maser
jets, with a 3D outflow velocity of 145 kms~' (Imai et al.
2002). Interferometric observations of the H,O masers of other
water-fountains (e.g. IRAS 16342-3814, IRAS 19134+2131,
and OH 12.8-0.9) also revealed bipolar distributions (Morris
et al. 2003; Claussen et al. 2004; Boboltz & Marvel 2005).

The bipolar jets observed in water-fountain sources are pre-
sumably to be related to the onset of asymmetric planetary neb-
ulae (PNe) (Sahai & Trauger 1998). The majority of the ob-
served planetary nebulae show elliptical or bipolar structures
(Manchado et al. 2000). During the post-AGB phase, the jet-like
outflows modify the CSEs, for example, by carving out polar
cavities. It could be this imprint that provides the morpholog-
ical signature of the aspherical PNe. These jets are thought to
form on a very short time scale, less than 100 years during the
transition from the AGB phase to PNe (Imai et al. 2002).

Although H,O masers are found in bipolar jet-like structures
in water-fountain sources, the distribution of OH masers in the
CSE of these stars is not clear. For example, the blue-shifted
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and red-shifted OH masers of W43A are separated in the plane
of the sky and in the opposite direction with respect to the blue-
shifted and red-shifted H,O masers (Diamond et al. 1985; Likkel
et al. 1992; Imai et al. 2002). Likkel et al. (1992) proposed that
the OH masers of W43A are located in a biconical outflow sur-
rounding the H,O maser jet at lower latitudes. Likewise, Sahai
et al. (1999) suggest that the OH masers of the water-fountain
source IRAS 16342-3814 are located at intermediate systemic
latitudes, where the outflow velocity is much lower than along
the polar axis. So far, no systematic studies have been performed
to explain the morphology of the OH masers in water-fountains.
Therefore, it is important to investigate observational parame-
ters, such as the profile shape and spatial distribution, and com-
pare them with geometrical models to constrain the morphology
and velocity field of these objects.

The H,O maser jets observed in water-fountain sources may
result from magnetic collimation (Garcia-Segura et al. 2005).
Theoretical models indicated that magnetic fields in AGB stars
are driven by a dynamo. However, in order to maintain the differ-
ential rotation an additional source of angular momentum such
as a binary companion or a heavy planet is required (Nordhaus
et al. 2007). In addition to probing the morphology of the CSEs,
masers are useful tracers of the magnetic field strength and struc-
ture around these stars. For example, H,O maser polarimetric
observations of W43A showed that the jet is magnetically colli-
mated (Vlemmings et al. 2006). Follow up polarimetric obser-
vations of the OH maser region showed evidence for a large
scale magnetic field in the circumstellar environment of this star
(Amiri et al. 2010, hereafter A10).

In this paper, we present the 1612 MHz OH maser polari-
metric observations of three water-fountain candidates (W43A,
OH 12.8-0.9 and OH 37.1-0.8). For two sources, OH 12.8-0.9
& OH 37.1-0.8 the observations are presented for the first time.
The observations are compared with the kinematical reconstruc-
tion models in order to understand the OH maser morphology of
these objects. In Sect. 2 we describe the MERLIN observations.
The results of the observations are shown in Sect. 3. The mod-
eling procedure and comparison with observations are discussed
in Sect. 4.

2. MERLIN observations

We observed the 1612 MHz OH masers of three water-
fountain sources with the UK Multi-Element Radio Linked
Interferometer Network (MERLIN). The observations were per-
formed on 7 May 2007, 4 June 2007 and 6 June 2007 for
OH 37.1-0.7, OH 12.8-0.9 and W43 A respectively. We achieved
a spatial resolution of of 0.3 x 0.2 arcsec. The observations
of W43 A were presented earlier (A10). Here we present the ob-
servations of the two other sources, following the same proce-
dure as we used for W43A.

For OH 37.1-0.8, the observations were performed in full
polarization spectral line mode with 256 spectral channels and a
bandwidth of 0.25 MHz, covering a velocity width of 44 kms™!
and a channel width of 0.2 kms~!. The observations were
interleaved with observations of the phase reference source,
1904+013, in wide-band mode in order to obtain an optimal
signal-to-noise-ratio. 3C 286 was observed as primary flux cali-
brator and polarization angle calibrator. 3C 84 was observed both
in narrow band and wide band modes in order to apply band pass
calibration and a phase offset correction. The rms noise in the
emission free channels was 6.5 mJy.

Similarly, the observations of OH 12.8-0.9 were performed
in full polarization spectral line mode. We also used a bandwidth
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of 0.25 MHz, but now with 512 spectral channels. This cov-
ers a velocity range of ~44 kms™' with a spectral resolution
of 0.08 kms~!. We observed the phase calibrator 1829207 in
wide band mode, in order to obtain sufficient signal to noise ra-
tion. 3C 286 and 3C 84 were observed as a primary flux calibra-
tor and polarization angle calibrator. The rms noise in emission
free channels was 9.4 mJy.

The initial processing of the raw data and conversion to
FITS file were performed using the local “d-programs” at
Jodrell Bank. 3C 286 was used to obtain the flux density of the
amplitude calibrator 3C 84. We used the Astronomical Image
Processing Software Package (AIPS) to perform the rest of the
calibration, editing and imaging of the data. We corrected the
phase offset between the wide and narrow band data by deter-
mining the difference in phase solution for 3C 84. These solu-
tions were then applied to phase reference source. The phase and
amplitude corrections derived from the phase calibrator where
applied to the target data set.

The polarization calibration for leakage was determined
using 3C84, and the R and L phase offset corrections
were performed on 3C286. Image cubes were created for
stokes I, Q, U, V,RR and LL. A linearly polarized data cube was
made using the Stokes Q and U. Using the AIPS task SAD, OH
maser features with peaks higher than three times the rms noise
in the emission free channel were identified and fitted with a
Gaussian in the total intensity image cube.

We use the cross-correlation method introduced by Modjaz
et al. (2005) to measure the magnetic field due to the Zeeman
splitting. In this method the right circular polarization (RCP) and
the left circular polarization (LCP) spectra are cross-correlated
to determine the velocity splitting. The magnetic field is deter-
mined by applying the Zeeman splitting coefficient to the mea-
sured velocity splitting. We refer to A10 for a detailed descrip-
tion of the polarization procedure.

3. Results
3.1. OH maser observations of OH 12.8-0.9

Figure 1 shows the total intensity and the stokes V spectra of
OH 12.8-0.8. The stokes I spectrum shows a double peak struc-
ture with peaks at —68.0 and —43.7 kms~!, which is typical for
the OH masers of AGB stars. Since maser lines are very narrow,
it is likely that each of the peaks in the spectrum is a blend of
several maser lines.

The properties of the OH maser features identified using
the AIPS task SAD are shown in Table 1. Each maser fea-
ture consists of several maser spots. On average, we measured
a magnetic field of ~-31 uG and ~27 uG for the blue-shifted
and red-shifted regions, respectively. The magnetic field mea-
sured for the blue- and red-shifted features have opposite signs
which may indicate a clear difference between the blue- and red-
shifted regions. We found no significant linear polarization for
the OH maser features of this source. Additionally, no stokes V
signal is apparent in the spectrum shown in Fig. 1, which corre-
sponds to the total V emission from all maser features. However,
an individual analysis of the features identified with SAD using
the cross-correlation method still produces 3—40 detections of
the magnetic field strength. This is confirmed by the V-spectra,
shown in Fig. 2, taken at the location of one of the individual
maser feature (feature 13). Now a circular polarization signal is
clearly visible.

The spatial distribution of the blue- and red-shifted OH
maser spots of OH 12.8-0.9 are plotted in Fig. 1. The spots are
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color-coded according to their radial velocity. We calculated the
average position for the red- and blue-shifted spots. The distri-
bution of the spots implies that the maximum extent of the OH
maser region and the offset between the blue- and red-shifted
emission are ~500 mas and ~135 mas in the plane of the sky,
respectively. The measured offset is slightly higher than the stan-
dard deviation in the spread of the red- and blue-shifted maser
features (~100 mas), and significantly larger than the positional
uncertainty on the individual features (<30 mas). The distance
to OH 12.8-0.9 is not accurately known, based on Galactic ro-
tation models it was estimated to be 8 kpc (Baud et al. 1985),
but this could be off by a considerable amount. At a distance of
8 kpc, the measured maximum extent of the OH maser region
of this source corresponds to 4000 AU. However, the actual ex-
tent of the OH maser region could be much larger, since we only

size of the spots is scaled logarithmi-
cally according to their flux density.

detected emission at the blue- and red-shifted peaks and no emis-
sion was found close to the stellar velocity (Vig; = =55 km s7h.
The observed distribution does not seem to be explained by the
spherically expanding shell model, in which the red- and blue-
shifted peaks should be coincident.

3.2. OH maser observations of OH 37.1-0.8

Figure 3 displays the total intensity and stokes V spectra of OH
37.1-0.8. The spectrum shows a double peak structure. The emis-
sion is also detected in the circular polarization profile. The red-
shifted emission ranges from 73 kms~! to 78 kms ~!. The blue-
shifted emission ranges from 95 kms™' to 103 km s~'. Each
of the blue-shifted and red-shifted regions has multiple peaks
and is a blend of several lines. In Table 2 we present the maser

A149, page 3 of 19


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201116649&pdf_id=1

A&A 532, A149 (2011)

Table 1. Properties of the OH maser features of OH 12.8-0.9.

Table 2. Properties of the OH maser features of OH 37.1-0.8.

Feature RA Dec  Velocity Flux B Feature RA Dec % Peak flux B
1816 —1815 kms~' Jybeam™  uG 19 02 0320 kms ! Jy uG

1 49.21560 1.53 —43.65 9.3 <19 1 6.28344  15.7047 102.3 1.9 180 + 3

2 49.21315 1.53 -43.4 7.8 <19 2 6.28736  15.6984 102.6 5.0 180 +2

3 49.21947 1.89 439 0.3 <37 3 6.29012  15.6579 101.6 3.1 240 +3

4 49.21560 1.56 —44.5 1.9 <22 4 6.2978 15.6186 101.4 2.1 260 +5

5 4921111 153 453 0.4 27 +7 5 6.29083  15.658 99.8 2.8 240 +3

6 49.21947 1.62 —45.7 0.6 <44 6 6.29074  15.6257 99.6 3.8 290 +7

7 49.22368 1.80 —46.2 0.3 <23 7 6.2800 15.66 77.3 4.2 150 +4

8 49.21947 174  —46.6 0.5 <127 8 6.28534 15.66 74.2 4.7 850 +5

9 49.21862 1.77 —47.5 0.6 <165 9 6.28801 15.66 74.02 2.5 260 +7

10 4922189 1.59 —65.3 0.3 <29 10 6.28801 15.7 73.8 1.3 720+ 6

12 49.22579 1.50 -66.2 0.3 <39

13 4922347 1.44 —67.9 03 45 + 12 Notes. Each maser features consists of several maser spots.

14 49.22158 1.50 -66.7 1.5 27+ 8

15 49.21685 1.50 —66.9 1.6 21+6

16 49.21581 1.56  -67.6 9.1 <17 symmetric shell model, since the blue-shifted and red-shifted

17 49.21105 1.53 —66.9 0.8 <15

Notes. Each maser feature consists of several maser spots. The upper
limits are given in absolute values.

-70 -69 -68 -67 -66 -65 -64 -63
V (km/s)

Fig. 2. Total intensity (bottom panel) and stokes V (top panel) spectra of
the blue shifted OH maser region of OH 12.8-0.9 taken at the position of
feature 13. The V spectrum is shown after removing the residual scaled
down of the stokes /.

components that we identified for the OH maser region of this
star, using the AIPS task SAD. Each component consists of sev-
eral maser spots. We did not find significant linear polarization
for the OH maser features of this source. On average we mea-
sured a magnetic field of ~430 uG and ~230 uG for blue- and
red-shifted masers, respectively.

Figure 3 displays the spatial distribution of the OH maser
spots of OH 37.1-0.8. We determined the average position for
the red- and blue-shifted peaks. The maximum extent of the OH
maser region and the offset between the blue- and red-shifted
emission are ~200 mas and ~100 mas, respectively. The offset is
almost twice higher than the standard deviation in the spread of
the red- and blue-shifted maser features (~50 mas). The best es-
timate for the distance of this source based on galactic rotation
model is 8 kpc (Baud et al. 1985). At this distance, the mea-
sured maximum extent of the OH maser region of this source is
~1600 AU. This distribution is not consistent with spherically
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maser features are not coincident in the plane of the sky.

4. Analysis
4.1. Description of the kinematical reconstruction procedure

The observations of the H,O masers in a number of water-
fountain sources revealed that these masers are located in bipolar
structures (e.g. Vlemmings et al. 2006; Boboltz & Marvel 2005).
Thus the spherically symmetric CSE is modified, for example by
carving out polar cavities. In order to understand the geometry
of the OH maser region of these sources, we performed a geo-
metrical reconstruction of the masers in three dimensional grids.
We did not consider radiative transfer of masers in our analysis.
Instead, the velocity coherent path length along the line of sight
was determined for maser shells of various geometries and ve-
locity fields. In all cases, we assumed a maximum shell radius
of 3 x 10'® cm (~2000 AU), which is typical for OH masers
(Chapman & Cohen 1986).

We assumed that the masers are saturated and that the re-
sulting intensity increases linearly rather than exponentially with
path-length. Observations indicate that the 1612 MHz respond
smoothly and linearly to the change in physical conditions and
pump rates, which could indicate that the masers are saturated
(Elitzur 1990). Therefore, the saturation assumption enables us
to investigate the extent at which the velocity field along the
line of sight contributes to the profile and structure of the maser
shells, but not the line strengths in detail.

A similar analysis was performed by Bowers (1991), in
which they obtained the velocity coherent path length along the
line of sight for ellipsoidal shells with various inclinations from
the plane of the sky. They also considered different velocity
fields, incorporating isotropic velocity, rotation and radial accel-
eration. We use a similar modeling procedure, but we expand
our work to more complex morphologies and velocity fields that
may explain the distribution of OH masers in water-fountain
sources which show significant deviation from spherically sym-
metric CSEs. For the basic method we refer to Bowers (1991).

We consider two different possibilities for the distribution
of OH masers in water-fountain sources: equatorial distribution
(Fig. 4) or biconical outflow (Fig. 5). In the case of equato-
rial distribution, the OH masers stem from the equatorial re-
gion of the circumstellar shell, while the H,O masers are located
in a bipolar jet-like outflow. Alternatively, the OH masers may
originate in a biconical outflow surrounding the H,O maser jet
(Likkel et al. 1992). The spectral profile and emission structure
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were calculated assuming these two morphologies. Throughout
our analysis the opening angle in the case of equatorial distribu-
tion is defined as the angle from the equatorial plane. In contrast,
for a biconical outflow the opening angle is defined from the po-
lar axis.

We incorporate two different velocity fields: isotropic ex-
pansion or azimuthally dependent velocity, either towards the
equatorial plane or the polar axis. In the case of isotropic out-
flow, we assume a constant expansion velocity of 15 kms -1
which is typical for the OH maser in evolved stars (e.g. Sevenster
2002). Since the velocity scales linearly with the extent of the
velocity, choosing other values of the expansion velocity does
not change the profile shape in our models. In the case where
the velocity is enhanced towards the equatorial plane, we use
Vexp = a + b X |sin(¢)|. Similarly, if the velocity increases to-
wards the polar axis, we adopt Vexp = a + b X | cos(¢)|. In both

of the spots is scaled logarithmically ac-
cording to their flux density.

cases a+b = 15kms™'. In all cases ¢ is the angle from the polar
axis.

If the velocity has a latitudinal dependence, we assume an
elongated ellipsoid geometry for the maser shell. We define the

2
ellipticity (e = V(1 — 11:2%‘“)) of the oblate or prolate shells by the
velocity ratio between the major and minor axes of the ellipsoid

(p= “aﬂ, e = \/(1-p?)). We present the results for two values of

ellipticity (e = 0.7 and e = 0.9), which implies that the velocity
of the major axis of the ellipse is twice and four times higher
than that for the minor axis of the ellipse. The models in this
section have not been adjusted to match the data for a specific
object.

The following plots are presented for each model:

1. normalized intensity profile versus velocity, which indicates
the path length along the line of sight for each velocity
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Fig. 4. Equatorial distribution of the OH masers surrounding the H,O
maser jet in the CSEs of water-fountain sources. The opening angle is
shown from the equatorial plane.

Fig. 5. Biconical distribution of the OH masers around the H,O maser
jet in the CSEs of water-fountain sources. The opening angle is shown
from the polar axis.

integrated over the sky. We calculated the spectra for inclina-
tions of 0°, 15°, 30°, 45°, 60°, 75°, 90° from the plane of the
sky. At each inclination, the spectra are presented for 25°,
45°, 65°, 80° opening angles;

2. the offset between the blue-shifted and red-shifted peaks in
the plane of the sky. The spatial distribution of the OH maser
region of a number of water-fountain sources reveal that
the blue-shifted and red-shifted features are separated in the
plane of the sky. For the cases where the spectrum shows
the typical double peak profile, we calculated the position
of the blue-shifted and red-shifted peaks and measured the
offset. For more complex spectra where the spectra show in-
ner peaks it becomes more complicated as the position of
the inner peaks and outer peaks are different. Therefore, we
measured the position of the outer peaks for the blue-shifted
and red-shifted emission and determined the offset value. For
example, Fig. 6 shows the distribution of the blue-shifted
and red-shifted peaks in the case where masers are confined
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1000 AU

Fig. 6. The offset between the blue-shifted and red-shifted peaks of
maser emission calculated from the models. The OH masers are con-
fined within 30° from the equatorial plane with an inclination of 40°
from the plane of the sky. The models show that the OH masers are
reversed in the plane of the sky compared to those of the bipolar H,O
maser outflow.

within 30° from the equatorial plane with an inclination of
40° from the sky plane, which shows that the OH masers
are reversed in the plane of the sky compared to those of the
bipolar outflow. Similarly, for all cases we determined the
separation between the blue shifted and red shifted regions.
The negative sign for the offset values implies that the masers
are located in the opposite direction with respect to the fast
bipolar H,O maser outflow.

We consider different scenarios, which are intended as a guide
for analysis of the OH masers in water-fountain sources. The
plots presented are particularly useful for comparison with the
observed parameters of spectral structure and spatial distribution
in these objects. Figures 7 and 8 show the results for the cases
of equatorial and biconical distribution of the masers, where the
expansion velocity is constant in all directions. For the other
cases where the velocity has latitudinal dependence we present
the result of our modeling calculations in Figs. 6-19.

Al: Equatorial distribution, Ve, = const.

This case describes the situation that the OH masers remain
active in the equatorial plane, while H,O masers originate in a
high velocity outflow in the polar region. The outflow velocity is
constant in all directions. The OH masers in this scenario would
have a slower expansion velocity with respect to the fast outflow
in the polar region.

Figure 7 displays the results for this case. The spectra show
double peak structure for inclinations below 45° from the plane
of the sky. For 60° and 75° inclinations, the spectra display inner
peaks for opening angles smaller than 45°. At 90°, the spectra
again show double peaks.
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The diagram at the bottom shows the offset between the
blue-shifted and red-shifted regions versus opening angle from
the equatorial plane. Each line shows the offset at a specific
inclination. For 0°, 15° and 90° inclination angle from the
plane of the sky, the separation is zero and the blue-shifted and
red-shifted emission coincide in the plane of the sky. For other
inclinations the masers are reversed in the sky plane. The offset
is highest at small opening angles and as expected approaches
0 for large opening angles in the equatorial region. The highest
offset is ~3000 AU.

A2: Equatorial distribution, Ve = a + b X | sin(¢)|

Similar to case Al, we assume equatorial distribution for the
masers. But we adopt a latitudinal dependent velocity of Vex, =
a + b x|sin(¢)|, where the velocity is highest in the equatorial
plane and decreases towards the polar region. The shell geometry
is elongated towards the equatorial plane. This case potentially

70 80

90 the sky compared to those located in a
narrow region in the polar axis.

describes the situation where the masers are affected by a binary
companion in the equatorial region of the CSE.

We calculated the spectra and map structure for e = 0.7 and
e = 0.9. The results of this case are shown in Figs. 9 and 10.
Comparison of the spectra obtained for this scenario and those
for the case A1, shows that the shape of the spectra remains sim-
ilar at inclinations below 60°, where the spectra show double
peaks. Above 60° inclination the inner peaks occur, which dom-
inate the emission at the edges of the spectrum for the case of
e=0.9.

Again, the second figure displays the offset value between
the blue-shifted and red-shifted peaks. At 0° and 90° inclina-
tions from the plane of the sky, the separation is zero. For other
inclinations the masers are reversed and the offset is in the range
400-2500 AU and 400-2500 AU for the cases of e = 0.7 and
e = 0.9, respectively.
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A3: Equatorial distribution, Ve, = a + b X | cos(¢)|

In this case we assumed equatorial distribution for the masers
but the shell geometry is considered to be elongated towards the
polar axis. The velocity field is latitudinally dependent (Vex, =
a+ b x|cos(¢)]), which implies that the velocity increases to-
wards the polar region.

We calculated the models for ¢ = 0.7 and ¢ = 0.9, the re-
sults of which are shown in Figs. 11 and 12. The spectra show
significant differences compared to the case Al, where the ve-
locity is constant in all directions. For all inclinations the spectra
show inner peaks, which are even higher than the emission at the
edges of the spectrum for opening angles smaller than 45°.

The bottom figure shows the separation between the blue
shifted and red shifted regions. For 0° and 90° inclination from
the plane of the sky, the offset between the blue shifted and
red shifted regions is zero. At 45°, 60° and 75° inclinations the
masers are reversed when the opening angle is smaller than
45°, 60° and 75° from the equatorial plane, respectively. The
maximum offset value is ~1500 AU and ~800 AU for the cases
of e = 0.7 and e = 0.9, respectively.
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pansion velocity of 15 kms™!.

Biconical distribution, Ve, = const.

A biconical distribution is another possibility for the distri-
bution of OH masers in water-fountain sources (Likkel et al.
1992; Sahai et al. 1999). In this case, the OH masers are lo-
cated in a biconical outflow surrounding the H,O maser jet, but
at lower latitudes (Fig. 5) with a constant expansion velocity of
15 kms™!.

Figure 8 displays the results for this case. The spectra show
double peak structures generally. However, at inclinations of 0°,
15° and 30° there are strong inner peaks for small opening angles
(i £ 45).

For 0° and 90° inclination angle from the sky plane the
offset between the blue-shifted and red-shifted peaks is zero. In
contrast to case Al, the masers are not reversed in the plane of
the sky. The maximum offset value is 3000 AU.

B2: biconical distribution, Vex, = a + b X | sin(¢)|

In this scenario, the masers are distributed in a biconical out-
flow and the expansion velocity increases azimuthally towards
the equatorial region. This case describes the situation where the
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masers are affected by a binary companion in the equatorial re-
gion, while they are still entrained by the fast collimated outflow
in the polar region.

We calculated the models for e = 0.7 and e = 0.9. The
results of this case are shown in Figs. 13 and 14. Comparison
of the spectra obtained for this case and those for the case Bl
show significant differences in the profile structure for inclina-
tions above 45°, where most of the spectra show inner peak emis-
sion.

The bottom figure shows the offset between the blue-shifted
and red-shifted emission. The masers are reversed for large
inclinations from the plane of the sky, in particular at 45°, 60°
and 75°. The maximum offset value is ~1500 AU and ~800 AU
fore = 0.7 and e = 0.9 respectively.

B3: biconical distribution, Vex, = a + b X | cos(¢)|

In this case, the masers are distributed in a biconical outflow
and the velocity has latitudinal dependence towards the polar
axis. Figures 15 and 16 show the results for e = 0.9 ¢ = 0.9
cases.

For 45° to 90° inclination angle from the plane of the sky,
the spectra show double peak profiles, however for 0° to 30° in-
clinations the spectra show inner peaks. The offset between the
blue shifted and red shifted regions is higher for smaller open-
ing angles and approaches zero for higher opening angles. The
maximum offset value is ~2500 AU and ~1600 AU for e = 0.7
and e = 0.9 respectively.

4.2. Application to individual sources
4.2.1. W43A

W43A is a unique water-fountain source because it exhibits OH
(1612, 1665 and 1667 MHz), H,O and SiO masers (A10; Nyman
et al. 1998; Imai et al. 2002). The spectra of the OH and H,O
masers of this object exhibit double peak profiles. The H,O
maser velocity range (~180 kms™!) is much higher than that for
the OH masers (~13 kms™"), which makes this the archetype
water-fountain source (Imai et al. 2002; Likkel et al. 1992).

High resolution interferometric observations of the H,O
maser region of W43A revealed a highly collimated and pre-
cessing jet. The H,O masers are found in two opposing clusters
separated by ~1700 AU at a distance of 2.6 kpc (Diamond
et al. 1985). The H,O maser jet has an outflow velocity of
~145 km s~! with 39° inclination from the plane of the sky (Imai
et al. 2002). The SiO masers of this source are thought to occur
in a shock at the interface between the fast collimating jet and
the slow biconical outflow (Imai et al. 2005). The spatial distri-
bution of the OH maser region of W43A revealed that the OH
masers are located inside the H,O maser region. The OH masers
are found in two opposing clusters separated by ~650 AU. The
red-shifted and blue-shifted OH masers are reversed in the plane
of the sky with respect to those of H,O masers (A10).

The fact that the blue and red-shifted OH maser features are
not positionally coincident in the plane of the sky, is not consis-
tent with an isotropically expanding shell model. Additionally,
the bipolar structure of the H,O and SiO maser regions is an-
other piece evidence that these masers are located in aspherical
shells.

The expansion velocity of the OH maser region of W43A is
~18km s~ (A10). This seems to imply that the OH maser region
is not affected by the fast post-AGB wind. We considered the
two scenarios of either an equatorial distribution or a biconical

outflow, as explained in Sect. 4.1 and compared the spectral pro-
file and the OH masers spatial distribution with the model cal-
culations. The same inclination (39°) as that of the collimated
H,O maser jet was adopted for the OH maser region (Imai et al.
2002).

If the masers are distributed in the equatorial plane of the
circumstellar shell with a constant expansion velocity in all di-
rections, then our calculations show that the masers are reversed
in the plane of the sky and the spectra would show double peak
structures for all opening angles in the equatorial region (Fig. 7).
For an opening angle of ~35°, the offset corresponds to the ob-
served value of ~650 AU. If the velocity is azimuthally enhanced
towards the equatorial plane, the spectra would show double
peak profiles in all opening angles (Figs. 9 and 10). The models
show that the masers are reversed in the plane of the sky, and the
offset is in the range 400 AU to 700 AU for all opening angles in
the equatorial plane. Therefore, this case may also describe the
distribution of the OH masers of W43A.

On the other hand if the velocity has latitudinal dependence
enhanced towards the polar axis, the spectra show inner peaks
(Fig. 12). These profile shapes are not consistent with the OH
maser profile of W43A. Therefore, this scenario is unlikely for
the OH maser region of W43A.

Alternatively, we considered biconical distribution of the OH
maser region of W43A. If the velocity is isotropic or azimuthally
enhanced towards the polar axis, the masers are not reversed in
the plane of the sky (Figs. 8 and 16), which is not consistent with
the OH maser morphology of W43A. However, if the velocity is
azimuthally enhanced towards the equatorial region, the spectra
show double peak profiles at opening angles larger than 70°, for
which the separation between the blue shifted and red shifted re-
gions is ~650 AU (Fig. 14). Therefore, this scenario may also
explain the OH maser morphology of W43A. However, for such
large opening angles we are approaching an oblate distribution
with enhanced outflow in the equatorial region. Thus, in either
case, the reconstruction of the OH maser region of W43A sug-
gests a predominantly equatorial distribution.

422 0H12.8-0.9

OH 12.8-0.9 is a water-fountain candidate. This source was first
reported by Baud et al. (1979) as a type Il OH/IR star on the ba-
sis of its double peak 1612 MHz OH maser profile. The source
IRAS 18316-1816 is identified as the IR counterpart to this
source. The H>O masers of OH 12.8-0.9 were first discovered by
Engels et al. (1986). They also found that the OH masers of this
object lie inside the H,O maser velocity range, which is not typ-
ical for OH/IR stars. VLBI H,O maser observations of this ob-
ject revealed that the masers are located in two opposing clusters
at the tips of a bipolar jet-like structure oriented north-south
(Boboltz & Marvel 2005). The blue-shifted and red-shifted H,O
masers are found in arc-shape structures separated by ~110 mas
in the plane of the sky.

Multi-epoch VLBA observations revealed a 3D outflow ve-
locity of 58 km s~! for the H,O maser jet with 24° inclination
from the plane of the sky (Boboltz & Marvel 2007). Comparison
of the spatial morphology of the OH masers (Fig. 1) and the
H,0O masers reveal that the OH masers are located outside the
H,O maser jet. The maximum extent of the OH maser region
is ~500 mas, which is much larger than that for H,O masers
(~110 mas). This is in contrast to Boboltz & Marvel (2005) ex-
pectation that the OH masers should be located inside the H,O
maser jet. Since this object is characterized as a high mass-loss
source it is possible that this source is still in the AGB phase and
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that the jet has recently turned on in this source (Deacon et al.
2007).

We compared the observational parameters of the profile
shape and spatial distribution (Fig. 1) with our model calcula-
tions. The OH maser spectrum of this source shows a double
peak structure. Our observations show that the separation be-
tween the blue shifted and red shifted OH maser region of this
source is ~135 mas (Fig. 1). Assuming a distance of 8 kpc for
this source, the offset corresponds to 1080 AU. Unlike W43A,
the blue-shifted and red-shifted OH masers are not reversed in
the plane of the sky compared to those of HO masers.

The equatorial distribution of the masers is unlikely. Our
models show that the masers are reversed in the plane of the
sky at 24° in the case of isotropic outflow and latitudinal depen-
dent velocity enhanced towards the equatorial region (Figs. 7,
10). However, in the case where the velocity azimuthally in-
creases towards the polar region, the masers are not reversed
in the plane of the sky, but the spectral shapes in this case are
quadruply peaked (Fig. 12), which is not consistent with the ob-
served spectrum of this source.

If the masers are located in a biconical outflow with isotropic
expansion velocity or azimuthal dependent velocity towards
the polar axis, our results show that at opening angles of >65°,
the spectra show double peak profiles (Figs. 8 and 16). However,
the offset between the blue shifted and red shifted regions is
smaller than 1000 AU. This implies that either the distance of
8 kpc is not accurate for this source or the assumption of max-
imum shell radius of 2000 AU is not correct. In the case of a
biconical distribution where the velocity enhances towards the
equatorial region (Fig. 14), at opening angles above 65° the
profile shape is double peaked, however the offset approaches
zero at these large opening angles, which is not consistent with
the observed spatial distribution of the OH maser region of this
source. Therefore, a biconical outflow with isotropic expansion
velocity or azimuthal dependent velocity towards the polar axis
may explain the OH maser morphology of this source. However,
we do not consider other effects (e.g. anisotropic pumping, etc.),
that may produce the observed asymmetry of the OH maser re-
gion of this source.

4.2.3. OH 37.1-0.8

The H,O masers of this source were first discovered by Engels
et al. (1986) and the OH masers were first detected by Winnberg
et al. (1975). The H,O maser velocity range of this source
(63-114kms™'; Engels 2002) is higher than that for OH masers
(73-103 km s™"), which establishes the water-fountain nature of
this source.

The spatial distribution of the OH maser of this source shows
that these masers are located in aspherical shell. The separation
between the two corresponds to ~100 mas (Fig. 3). Since no high
resolution map of the H,O masers of this source is available, the
spatial distribution of the OH maser features with respect to H,O
masers is not clear in this source. Additionally, we do not have
information on the orientation of the jet from the plane of the sky.
Therefore, we can not easily distinguish between the equatorial
or biconical outflow scenarios for the OH maser region of this
source.

However, the OH maser spectrum of this source shows dou-
ble peaks, but each peak is a blend of several maser lines. This
could raise two possibilities. These peaks could originate from
several maser spots with different velocities. Alternatively, geo-
metric effects can produce this profile structure. Our calculations

A149, page 10 of 19

show that multiple peaks in the spectra may form in both biconi-
cal outflow and equatorial distribution; for example Figs. 12, 14.

5. Discussions

Our observations reveal that the OH maser region of the three
water-fountain sources studied in this work show signs of non-
spherical expansion. This morphology can not be explained by
the standard spherically expanding shell model for the OH maser
shells in evolved stars. The dynamical ages of the H,O maser jets
of W43A & OH 12.8-0.9 are 90 and 50 yr, respectively (Boboltz
& Marvel 2007; Imai et al. 2005). We measured a shell size of
>1600 AU and the expansion velocity of <15 kms~! for the OH
masers. This implies the dynamical time scale of ~506 yr. This
indicates that the OH maser region is significantly older com-
pared to the H,O maser jet. Therefore, the collimating agent was
likely already at work before the H,O maser jet was launched.
No H;0 maser image of OH 37.1-0.8 is available. Therefore we
can not confirm whether the jet is older that the OH maser shell
in this star. Alternatively, the observed asymmetry may not re-
flect an actual asymmetry in the distribution, but rather other
effects such as anisotropic pumping.

Recent observations have shown that magnetic fields could
have an important role in collimating the H,O maser jets in
water-fountain sources. Vlemmings et al. (2006) show that the
H,O maser jet of W43A is magnetically collimated. The bipolar
H,O masers, can be explained by the dynamo-driven magnetic
field. Blackman et al. (2001) showed that a single star model can
produce magnetic driven dynamo in the AGB phase. However,
since magnetic field drains rotational energy, it needs to be re-
seeded. A binary companion can maintain the differential rota-
tion required during the lifetime of the AGB phase. In the pres-
ence of a binary companion, the in-spiral of the companion into
the envelope produces rotational energy needed for the genera-
tion of the magnetic field (Nordhaus & Blackman 2006).

Magnetic fields could also have an important role on the
non-spherical shape of the OH masers in water-fountain sources.
From our MERLIN observations, we measured a magnetic field
of ~430 uG and ~230 uG for blue shifted and red shifted masers
of OH 37.1-0.8, respectively. These values are approximately an
order of magnitude larger than those measured for the OH maser
features of OH 12.8-0.9 (~27 uG and ~-31 uG for the blue-
shifted and red-shifted regions, respectively). Previous MERLIN
observations of the OH masers of W43A also revealed a field
strength of 100 4G (A10), which indicates that a large scale
magnetic field is present in the circumstellar environment of this
object. A10 discussed several non-Zeeman effects which could
produce the observed circular polarization. These effects include
observational and instrumental effects. However, they did not
find any effects which could falsely be attributed to the Zeeman
splitting. This implies that the circular polarization observed in
the OH masers originates from the Zeeman splitting.

The fact that the field strength measured for OH 37.1-0.8 is
almost an order of magnitude larger than that for OH 12.8-0.9
could imply that the OH maser region of OH 37.1-0.8 is located
at a smaller distance to the central star than that of OH 12.8-
0.9. As shown in Figs. 1 and 3, the maximum extent of the OH
maser region of OH37.1-0.8 is ~200 mas, which is ~2.5 times
smaller than the OH maser region of OH 12.8-0.9 (~500 mas).
The magnetic field strength changes as a function of distance
from the central star (Vlemmings et al. 2005, Fig. 6). The dipole
field has =3 dependence and the solar type field has =2 depen-
dence, where r is the distance from the central star. The distance
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to these stars is poorly known. However, considering the max-
imum extent of the OH maser region of these objects, it could
be due to the difference in size of the OH maser shell that we
measure different field strengths. Therefore, depending on the
magnetic field morphology, the field strength in the OH maser
region of OH 37.1-0.8 could be higher than that of OH 12.8-0.9
by up to an order of magnitude.

We performed geometrical reconstruction in order to clar-
ify the morphology of the OH maser region in water-
fountain sources. We have studied the effects of many different
parameters including the spectral shape, velocity field and the
equatorial or biconical morphology. Our analyses show that the
OH maser spots of W43A are likely located in the equato-
rial region of the circumstellar shell, while in OH 12.8-0.9 the
OH masers are likely found in a biconical outflow surrounding
the H,O maser jet. The equatorial enhancement could be pro-
duced by the presence of a binary companion close to the CSE
via common envelope (CE) evolution (Nordhaus & Blackman
2006). Under certain conditions the Roche lobe overflow, in a
binary system may result in both companions immersed in a CE
(Paczynski 1976). Numerical simulations showed that a binary
induced equatorial outflow is confined to opening angles of 20°—
30° (Terman & Taam 1996).

Although the binary companion could explain the equatorial
enhancement, at the same time it may destroy the maser action.
Schwarz et al. (1995) performed statistical analysis for a limited
sample of symbiotics, most of them containing Mira variables
as primaries. Their analysis showed that for very wide systems
(R > 50 AU), all masers (OH, H,O and SiO) can operate. At
intermediate orbits (10 AU < R < 50 AU) SiO and H,O but not
OH masers can survive. For much closer orbits (R < 10 AU) no
maser operates. The absence of masers in the close binary sys-
tems may be explained by the tidal effects from the secondary on
the maser regions. Therefore, in water-fountain sources which
show OH and sometimes SiO maser activity, the orbital sepa-
ration is wide enough, that the masers are not affected by the
companion (Deacon et al. 2007). Alternatively, the companion
may already be swept up by the primary and does not influence
the maser regions which occur at much larger distances from the
central star.

6. Conclusions

The observations show that the OH masers in water-fountain
sources are located in aspherical shells. We performed geomet-
rical reconstruction in order to understand the morphology of
the OH masers. The comparison between the observations and
models show that the OH masers of W43A are likely located
in the equatorial region of the circumstellar shell, while in OH
12.8-0.9 the OH masers stem from a biconical outflow surround-
ing the H,O maser jet. We measured significant magnetic fields
for the OH maser region of OH 12.8-0.9 and OH 37.1-0.8. This
shows the possible role of the magnetic field in shaping the CSE
of these stars.
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Fig. 9. As in Fig. 7, model calculations for the oblate ellipsoid e = 0.7 with equatorial distribution, where the velocity in the equatorial region is
twice that in the polar axis.
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Fig. 10. As in Fig. 7, model calculations for the oblate ellipsoid (e = 0.9) with equatorial distribution,where the velocity in the equatorial region is
four times higher than that in the polar axis.
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Fig. 11. As in Fig. 7, model calculations for the prolate ellipsoid (¢ = 0.7) with equatorial distribution, where the velocity in the polar axis is twice
than that in the equatorial plane.
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Fig. 12. As in Fig. 7, model calculations for the prolate ellipsoid (e = 0.9) with equatorial distribution, where the velocity in the polar axis is four
times higher than that in the equatorial plane.
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Fig. 13. As in Fig. 8, model calculations for the oblate ellipsoid (e = 0.7) with biconical distribution, where the outflow velocity increases towards
the equatorial plane.
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Fig. 14. As in Fig. 8, model calculations for the oblate ellipsoid (e = 0.9) with biconical distribution, where the outflow velocity increases towards

the equatorial plane.
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Fig. 15. As in Fig. 8, model calculations for the prolate ellipsoid (e = 0.7) with biconical distribution, where the outflow velocity increases towards
the polar region.
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Fig. 16. As in Fig. 8, model calculations for the prolate ellipsoid (e = 0.9) with biconical distribution, where the outflow velocity increases towards

the polar region.
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