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Abstract

We present two-epoch maps of SiO masers (v = 1 and v = 2, J = 1–0) associated with the M-type star
IRC �10414, which were obtained with the Japanese VLBI Network (JVN). The spatial and Doppler velocity distri-
butions, and the intensity ratio of the v = 1 to v = 2 (J = 1–0) lines have significantly changed for eight years since
our previous Very Long Baseline Array (VLBA) observation. The maser proper motions revealed by these two-
epoch observations with an interval of one month are quite random and too fast to be explained by ballistic motions
of the maser clumps. The maser distributions seen in the present observations cannot be explained by a rotating-
infalling ring model implied in the previous work. We discuss the kinematical relation between the SiO and H2O
masers in IRC �10414. In the present observations, the scale sizes of SiO v = 1 and v = 2 masers in IRC �10414
were roughly equal, as observed in typical Mira variables.
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1. Introduction

A star with an initial mass of 1–8Mˇ finally passes through
the asymptotic giant branch (AGB) phase, while undergoing
the most copious mass loss, and eventually evolves into a white
dwarf with an accompanying planetary nebula (PN). There
still exists a missing link in the mass-loss history between
the AGB and post-AGB phases. It has been stated that many
young PNe exhibit bipolar morphologies or large deviations
from spherical symmetry, whereas the central stars should be
spherically symmetric (e.g., Aaquist & Kwok 1991; Sahai &
Trauger 1998). Such PN asymmetry may be caused by asym-
metric mass loss on the stellar surface, but it cannot be directly
observed, because the central stars are heavily obscured by the
gas and dust ejected from the stars, themselves. Many oxygen-
rich AGB stars often harbor SiO, H2O, and OH maser emis-
sion consisting of many compact maser features, whose proper
motions are able to be measured with great accuracy achieved
in very long baseline interferometry (VLBI). The SiO maser
emitting regions are located at distances of between 1011 m
and 1012 m from the stellar surface, and are the closest to the
host AGB stars in the three species of masers. Therefore, SiO
masers have been used to resolve the complicated structures
seen around the central star.

In the present paper, we present maps of SiO maser
emission in IRC �10414 obtained with the Japanese VLBI
Network (JVN) during two epochs. IRC �10414 (GL 2139,
OH 17.55�0.13, IRAS 18204�1344) is classified as an M8
giant (Lockwood 1985) and as a source of bright OH, H2O,

and SiO maser emission (Engels 1979; Ukita & Goldsmith
1984). The distance to IRC �10414, the luminosity, and the
stellar mass-loss rate have been estimated to be D � 700 pc,
L� � 104Lˇ, and PM = 4 � 10�6Mˇyr�1 (Jura & Kleinmann
1989). H2O maser emission in IRC �10414 was found by
Kleinman, Sargent, and Dickinson (1978), and mapped by
Lada et al. (1981). Recently, Maeda et al. (2008) revealed
the three-dimensional velocity field of H2O masers exhibiting
a bipolar outflow. They reestimated the distance to be D =
2–3 kpc, resulting in L� = 9–20 � 104Lˇ and PM = 4–6
� 10�5Mˇyr�1, suggesting that IRC �10414 is a supergiant
rather than a red giant.

The SiO maser emission from IRC �10414 was mapped by
Imai, Deguchi, and Miyoshi (1999) (IDM99 hereafter), and
was found to exhibit a possible rotating ring or disk structure,
whose diameter is � 14 mas with a rotation axis at a position
angle of � 3ı, measured from north to east. This axis is almost
parallel to the major axis of the outflow found in the H2O
masers (Maeda et al. 2008). However, to reveal the true spatio-
kinematical structure of an SiO maser source, especially if it
is expected to be dominated by the stellar gravity, the maser
source should again be observed several years later (cf. for
IK Tau, Boboltz & Diamond 2005; Matsumoto et al. 2008). In
fact, in the present observations, the rotating disk structure in
IRC �10414 was not revealed.
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Table 1. Parameters of the JVN observations and the data reduction.

Code Observation Duration 1� level Synthesized beam� Nfeatures
�

epoch (hr) noise 42.8GHz 43.1GHz v = 2 v = 1
in 2006 (Jy beam�1)

r06080b March 21 6.5� 4.1 0.85 � 0.80, �32ı 0.84 � 0.80, �33ı 5 14

r06117a April 27 6.8� 2.5 1.05 � 0.85, �8ı 1.04 � 0.85, �32ı 7 14
� Synthesized beam made in natural weight; major and minor axis lengths in units of mas and a position angle.
� Number of detected maser features.
� Data from the VERA Iriki antenna were completely invalid because of too high system noise temperatures in the whole scans.
� Data from the VERA Ishigaki antenna were almost invalid because of too high system noise temperatures in most of the scans.

2. Observations and Data Reduction

We simultaneously observed two SiO maser lines (v = 1
and v = 2, J = 1–0) in IRC �10414 [RA(J2000.0) =
18h23m17:s866, Dec(J2000.0) = �13ı42047:0067] on 2006
March 21 and April 27, using six telescopes of the JVN;
the four 20 m telescopes of the VLBI Exploration of Radio
Astrometry (VERA); the 45 m telescope of Nobeyama Radio
Observatory (NRO); and the 34 m telescope of the National
Institute of Communications Technology (NICT). In each
epoch, the observation was made for � 7 hr, including scans
of calibrators (NRAO 530 and OT 081). In the present
paper, 43.122079GHz and 42.820582 GHz are adopted as rest
frequencies for the SiO v = 1 and v = 2 (J = 1–0) transi-
tions, respectively. The signals, received in left-hand circular
polarization, were digitized in four levels, filtered into two base
band channels with a band width of 16 MHz each (covering �
111kms�1 in velocity), and recorded with the SONY DIR1000
recorder at a rate of 128 Mbits s�1. Data correlation was made
with a Mitaka FX correlator. The accumulation period of the
correlation was set to 1 s. The correlation outputs consisted
of 512 velocity channels, yielding a velocity spacing of �
0.22kms�1.

To obtain image cubes for the maser source, data reduc-
tion was made using the NRAO AIPS package in normal
procedures (see also Matsumoto et al. 2008). Fringe fitting
and self-calibration procedures were made for using visibil-
ities in a Doppler velocity channel at VLSR = 40.7 km s�1,
including a bright maser spot (velocity component). The solu-
tions were applied to data in other velocity channels. Note that
after applying these calibrations, information about the abso-
lute positions is lost from the maser image cubes. A typical
size of the synthesized beam was 1 milliarcsecond (mas)
in the two observations. In order to identify and parame-
terize maser components, two-dimensional Gaussian functions
were fitted to the emission above a signal-to-noise ratio cut-
off of 5 in each spectral channel using the AIPS task SAD.
Identification of the position of an SiO maser feature, or
a physical gas clump composed of several velocity components
within � 2mas in position and �1kms�1 in Doppler velocity, is
defined as a velocity-integrated brightness peak in the feature.
The relative position accuracy of a maser feature was ranged
over 0.002–0.420 mas, depending on the signal-to-noise ratio.
However, the accuracy may be much worse when taking into

account the extended structure of SiO maser emission invisible
in the present VLBI observations. Note that the maser features
were identified when they were found to occupy two or more
adjacent spectral channels (ΔV � 0.4 km s�1). Table 1 gives
some parameters of the observations and data reduction.

3. Results and Discussion

3.1. Spatial and Velocity Distributions of the SiO Masers

Table 2 gives parameters of the detected SiO maser features
associated with IRC �10414 in the present observations. Two
upper panels in figure 1 [a (v = 1) and b (v = 2)] show velocity-
integrated intensity maps of SiO v = 1 and v = 2 (J = 1–0)
transitions between the two epochs. Figure 2 shows the distri-
butions of the Doppler velocities of the maser features with
respect to the local standard of rest (LSR), in which all maser
features detected in all the observations are plotted. An LSR
velocity gradient from east to west, as can be seen in IDM99,
is marginally found. However, there are many maser features
spread in the north–south direction as well. This direction
corresponds to the direction of the major axis of a bipolar
outflow found for the H2O masers (Maeda et al. 2008).

By finding maser feature pairs located at almost the same
relative position (within 1 mas) and LSR velocity (within
0.5 km s�1), we found 13 and 3 proper motions in v = 1 and
v = 2 maser features, respectively. Note that the reliability
of the proper-motion measurement is poor because they were
derived from only two epochs of observations, separated by
about one month. The proper motions are indicated by arrows
in figure 2. If the distance to IRC �10414 is adopted to be
2 kpc (Maeda et al. 2008), the linear velocities of the maser
features apparently achieve up to � 110 km s�1. Even if we
assume a distance of 710 pc (Jura & Kleinmann 1989), the
proper motions are converted to � 40 km s�1. The derived
linear velocities are much larger than the LSR velocity width
of only 5–15 km s�1 (see also IDM99). Very likely, we are
looking at the Christmas tree effect, in which only the phys-
ical conditions for preferentially lighting up the masers change
in certain regions of the circumstellar envelope. In this case,
we are incorrectly tracing the same maser feature from one
epoch to another. To exactly identify true proper motions, we
need one more data point for each feature by performing the
third epoch of observation. Here, we suppose that only small
proper motions (. 5 masyr�1) may trace real ballistic motions
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Table 2. Parameters of all detected maser features.

VLSR X �X Y �Y Iint
� Size ΔV �

(kms�1) (mas) (mas) (mas) (kms�1)

v = 1 emission on 2006 March 21

38.31 12.988 0.003 �1.821 0.004 0.77 0.64 1.96
38.16 12.241 0.002 �2.141 0.006 0.48 0.25 1.30
39.07 5.977 0.009 0.285 0.012 0.37 0.43 2.61
41.67 �1.266 0.021 5.279 0.011 0.42 0.43 1.09
40.71� �0.166 0.001 �0.051 0.001 4.69 1.41 1.74
41.12 �0.287 0.003 �6.309 0.002 2.35 0.70 1.74
39.41 5.977 0.014 �5.782 0.018 0.55 0.49 1.96
41.68 7.876 0.020 �7.554 0.018 1.06 0.56 2.17
40.60 7.338 0.050 �14.489 0.036 1.14 1.05 3.04
39.61 6.546 0.002 �13.364 0.003 1.32 0.92 1.30
41.87 8.241 0.006 �13.579 0.007 1.25 0.58 1.74
41.43 7.523 0.002 �13.671 0.002 1.80 0.55 1.96
41.56 9.091 0.009 �13.074 0.009 1.12 0.42 1.96
41.49 6.005 0.042 �19.663 0.414 1.19 1.91 2.39

v = 2 emission on 2006 March 21

41.79 0.293 0.037 6.393 0.039 1.28 0.48 1.31
41.35� �0.126 0.013 �0.035 0.011 7.33 0.92 1.75
41.35 �0.393 0.149 �6.289 0.043 0.92 0.75 1.97
41.13 4.585 0.047 �10.423 0.061 0.68 0.35 2.63
42.66 7.765 0.047 �12.804 0.059 0.75 0.37 0.44

v = 1 emission on 2006 April 27

37.88 12.250 0.056 �2.809 0.010 0.55 1.31 1.09
38.48 12.489 0.006 �2.136 0.008 0.66 0.65 0.65
37.74 6.153 0.004 0.306 0.005 0.59 0.54 1.52
42.40 �1.220 0.007 4.261 0.013 0.59 0.39 1.09
40.75� �0.059 0.001 �0.002 0.001 2.11 1.40 2.17
40.32 0.780 0.021 �5.613 0.022 0.81 0.86 2.17
38.04 5.987 0.011 �5.810 0.011 0.46 0.34 3.04
41.67 8.608 0.024 �7.746 0.050 0.62 0.64 4.13
39.77 6.985 0.011 �12.956 0.015 0.42 0.39 0.65
40.36 7.965 0.027 �14.609 0.033 0.48 0.76 5.21
43.61 8.396 0.005 �13.261 0.006 0.62 0.76 1.09
41.16 7.574 0.001 �13.653 0.002 1.01 0.74 3.26
41.96 7.440 0.001 �13.553 0.001 0.55 0.51 3.04
41.22 7.982 0.014 �19.159 0.073 0.57 0.93 4.13

v = 2 emission on 2006 April 27

40.26 7.600 0.171 13.500 0.335 0.04 0.02 1.31
40.26 �0.754 0.033 7.237 0.035 0.25 0.36 2.41
39.61 6.139 0.049 0.263 0.054 0.23 0.52 3.06
41.5871� �0.004 0.003 0.005 0.003 6.25 0.93 1.53
38.29 �0.003 0.144 �7.536 0.076 0.10 0.47 1.53
39.83 5.084 0.043 �10.554 0.052 0.12 0.24 2.63
36.54 8.335 0.037 �12.984 0.058 0.18 0.38 1.09

� Velocity-integrated peak intensity of the feature in units of Jykms�1beam�1.
� Full velocity width with maser emission.
� Maser feature containing the maser spot in the phase-reference velocity channel.
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Fig. 1. Velocity-integrated intensity contour maps of the SiO v = 1 and v = 2 (J = 1–0) emission lines seen at the two epochs. Only maser emission
higher than 7 � , not 5 � , was collected. Here, the noise level was independently measured in each spectral channel map. The map origin is located at
the position of the reference maser spots of v = 1 and v = 2 lines at VLSR = 40.7km s�1. Contour levels of the maser intensity are shown in panels (c)
and (d). (a) Comparison of the v = 1 maps between the first (black) and second (cyan) epochs. (b) Same as (a), but for the v = 2 map. (c) Comparison
between the v = 1 (black) and v = 2 (red) maps at the first epoch. (d) Same as (c), but at the second epoch.
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Fig. 2. Composite map and proper-motion distribution of the
IRC �10414 SiO masers. The map origin is located at the position
of the reference maser spots of v = 1 and v = 2 lines at VLSR =
40.7kms�1 . In the map, all maser features detected at least at one epoch
are displayed. The feature color indicates the LSR velocity shown in
the color scale at the top, which ranges from 36 km s�1 to 44 km s�1 .
An arrow indicates the location and the relative proper-motion vector
of a maser feature with the mean proper motion subtracted. Thick and
thin arrows show proper motions for the v= 2 and v= 1 maser features,
respectively.

of maser gas clumps. There are three v = 1 maser features that
meet the criterion of a possible real proper motion. We note
that these three features were apparently moving from east to
west. These motions are roughly perpendicular to the bipolar
outflow found in the H2O maser (Maeda et al. 2008), implying
a rotation motion around the central star. Assuming a Keplerian
rotation for these three features, as suggested by IDM99, we
derive a rotation velocity of 18 km s�1 and the mass of the
central star being 3.2Mˇ. These values are still realistic, but
smaller than those expected from the suggestion that the central
star should be a supergiant (Maeda et al. 2008). We cannot also
explain other SiO maser features using this hypothesis.

On the other hand, Matsumoto et al. (2008) also show, based
on multiepoch VLBI observations of SiO masers in IK Tauri,
that it is quite difficult to reliably trace ballistic motions of
individual SiO maser features on a short time scale, like that
made in the present observations. Instead, they found that
spoke-shaped SiO maser features may reflect possible dynam-
ical motions of the maser features. In the present data, there

was no maser feature exhibiting such a spoke-shaped struc-
ture due to insufficient angular resolution. Instead, we found
such maser features in the IRC �10414 SiO masers in the
previous observation (IDM99). Using the same data as those
in IDM99, the distribution of individual maser spots is plotted
in figure 3. We find that some of the spoke-shaped features of
v = 1 emission [a, d, e(west side), f, and h] elongated radially
from the center of the maser feature distribution, and had LSR
velocity gradients that suggested deceleration, as demonstrated
by Matsumoto et al. (2008). Thus, it is likely that the maser
features are moving in the radial direction from the center of
the maser distribution, rather than rotating around the center.

We also note that the total LSR velocity width is larger
than those typically found in Mira variables (	 10 km s�1),
but comparable to those found in supergiants (see figure 3).
This supports the suggestion that IRC �10414 is a supergiant
(Maeda et al. 2008). We also suppose a biconically expanding
flow for the spatiokinematical structure of SiO masers, as
adopted for W 43A (Imai et al. 2005). This model suggests the
existence of biconical cavities of the SiO maser feature loca-
tions, but such a structure was not so clear in IRC �10414. It
is speculated that the bipolar outflow of IRC �10414 is not so
fast or so developed that it could create such biconical cavities
in the circumstellar envelope. The circumstellar envelope of
IRC �10414 may be in the same condition as that of WX Psc,
where the SiO maser distribution still exhibits a circular ring
(Soria-Ruiz et al. 2004), while a bipolar outflow has just been
launched (Inomata et al. 2007).

3.2. Spatial Coincidence of the SiO v = 1 and v = 2 Masers

The two lower panels (c and d) in figure 1 show maps of
maser features of the SiO v = 1 and v = 2 (J = 1–0) transitions
associated with IRC �10414 in the two epochs. The positions
of a few bright v = 2 features fall close to those of the corre-
sponding v = 1 features within a few mas, although the number
of detected spots is larger in the v = 1 (J = 1–0) transition than
in the v = 2 (J = 1–0) transition. This tendency is consistent
with that found in typical SiO masers around Mira variables.
Desmurs et al. (2000), Soria-Ruiz et al. (2004), and Yi et al.
(2005) have shown that v = 2 emission is always located closer
to the central star, on the same scale as that mentioned above.
A similar tendency may be found in the present observations,
but more maser features are necessary for clear confirmation.

Note that the SiO masers in IRC �10414 have the unique
property that the flux density ratio between v = 1 and v = 2
(J = 1–0) lines has changed by two orders of magnitude for
eight years. In many stellar SiO masers, although the ratio is
weakly correlated with the infrared color of the circumstellar
envelope (Nakashima & Deguchi 2007), it is typically stable
in each star (e.g., Pardo et al. 2004). According to unpub-
lished data of SiO maser emission in IRC �10414, obtained
with VERA single-dish observations, the flux ratio was close
to unity when the present JVN observations were made. On the
other hand, the previous observation by IDM99 could not map
the v = 2 emission because of its weakness. A similar situa-
tion is found in the SiO masers in W 43A (Imai et al. 2005) and
IRAS 19312+1950 (Nakashima et al. 2008). These stars may
be either at the last stage of the AGB phase or at the initial stage
of the post-AGB phase, and have cold IRAS colors (Nakashima
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Fig. 3. Enlarged view of alignments of SiO v = 1 maser spots (velocity components) in IRC �10414 found by Imai, Deguchi, and Miyoshi (1999). The
feature color indicates the LSR velocity shown in the color scale at the right bottom corner, which ranges from 30kms�1 to 50kms�1 .

& Deguchi 2003). They are also expected to exhibit the most
active mass loss in their evolution. A temporal increase in
the mass-loss rate of IRC �10414, therefore, is one possible
explanation for the temporal flux-ratio deviation from unity.
Note that, however, IRC �10414 has a relatively hot IRAS
color [log.F25�m=F12�m/ = �0.18, H � K = 0.69], which is
inconsistent with the IRAS colors of the three above-mentioned
sources. Also note that the distributions of v = 1 and v = 2
lines well resemble each other, even around supergiants (e.g.,
VY CMa: Miyoshi et al. 1994).
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