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Abstract

We present astrometric VLBI observations of H,O masers associated with IRAS 2248046002 (= IRC 460370,
hereafter 122480) with the VLBI Exploration of Radio Astrometry (VERA). The stellar type of 122480 looks
unusual in stellar maser sources, and has been debated since the 1970’s. We successfully determined that an annual
parallax of a group of H,O maser spots is 7 = 0.400 & 0.025 mas, corresponding to a distance to 122480 of D
= 2.501’8:}; kpc. This suggests that an estimated bolometric luminosity of 122480 should be revised to 35000 L,
preferring a K-type supergiant to an RV Tau-type variable star, previously suggested. Although its spectral type is
unusual in stellar maser sources, internal motions of H,O maser features suggest that the H,O masers are associated
with the circumstellar envelope of this star. We derived a secular proper motion of 122480, (u,, its) = (—2.58 £0.33,
—1.91 £ 0.17) [mas yr~!], from a possible stellar motion relative to the maser feature motion. The derived motion
of 122480 in the Milky Way has a deviation of ~ —30kms~! in the Galactic azimuthal direction from the circular
motion, estimated from a galactocentric distance to 122480 and an assumption of a flat Galactic rotation curve. This
peculiar motion is still comparable to those typically seen in H,O maser sources located in the Perseus Arm. Taking
into account its peculiar motion and proximity to the Galactic midplane (z >~ 60 pc), 122480 may be a member of

the Galactic thin disk.

Key words: masers — stars: AGB and post-AGB — stars: individual (IRAS 22480+6002) — stars: mass-loss

1. Introduction

H,O maser emission is observed in circumstellar envelopes
of evolved stars, such as Mira variables, OH/IR stars, and red
supergiants, which exhibit energetic stellar mass loss at a rate
of M > 1077 Mg yr~!' (Elitzur 1992). Most of these stars
with H,O (and SiO) maser emission have the spectral type M,
except for central stars of pre-planetary and planetary nebulae,
whose circumstellar envelopes are destroyed (e.g., Miranda
et al. 2001), or stars whose surfaces are still too hot, but that
will become M-type stars.

IRAS 2248046002 (=AFGL 2968, IRC +60370, hereafter
abbreviated as 122480) has been classified as a K-type super-
giant (Humphreys & Ney 1974; Fewley 1977). Although this
star has a V' magnitude of ~ 8.3 (Tycho Input Catalogue), it
has not been reported as a variable star. The detection of H,O
and SiO masers was surprising for the above-mentioned reason
(Han et al. 1998; Nyman et al. 1998). However, Winfrey et al.
(1994) newly classified spectral type of 122480 as MO1. CO
emission was detected toward 122480, indicating that energetic
mass loss still occurs or has already occurred. The systemic
stellar velocity and the mass-loss flow velocity of 122480 are
estimated to be Vigg = —49.3kms™! and 26.4kms~!, respec-
tively (Groenewegen et al. 1999), which are consistent with
those estimated from the spatio-kinematics of H,O masers

in 122480 (Imai et al. 2008). The Two-Micron Sky Survey
(2ZMASS) image shows a secondary star that is located only
~ 12" east of 122480, but this B5II star may have no phys-
ical association with the western K-type star. The distance
to 122480 was estimated to be 5.0 kpc based on the kinematic
distance method. This gives the K-type star an extremely high
luminosity of L, = 140000 Ly (Groenewegen et al. 1999). On
the contrary, Imai et al. (2008) obtained a distance of ~ 1 kpc
based on the basis of the statistical parallax method applied to
the H,O masers in 122480. If it is true, the stellar luminosity
should be down to L, = 5600 L, favoring an RV Tau-type
variable star, or a population II low-mass post-AGB star.

In this paper, we report on new VLBI astrometric observa-
tions of H,O masers associated with 122480 with the VLBI
Exploration of Radio Astrometry (VERA), which yielded
successful detection of the annual parallax of 122480.

2. Observations and Data Reduction

VERA observations of the 122480 H,0 (Jk_k, = 612-523,
22.235080 GHz) masers were carried out at 16 epochs during
the period from 2009 December to 2011 December. Table 1
gives the log of observations and their resulting perfor-
mances. At each epoch, the observation was made for 8 hr
in total. 122480 was scanned for ~4.5hr together with
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Table 1. Parameters of the VERA observations.

Observation VERA  Noise® Beam? A Astrometry
Code Epoch Telescopes™ [mas] Valid?l  Viet?  Free™ Iy22541T Note
(kms™'] [Jy] [mly/b]
r09346a 2009 December 12 MROS 30 1.18 x0.93,-50°5 19 Y —53.8 20 10.3
r10048b 2010 February 18 MROS 30 1.20 x 0.86, —45°8 14 Y —53.9 24 8.3
r10139a 2010 May 19 MROS 107 1.22x0.80,—-28°9 9 Y —53.9 36 13.6
r10232a 2010 August 10 MROS 80 1.19x0.93,-31°6 9 Y —53.9 24 13.5
r10316b 2010 November 12~ MROS 64 1.51 x091,—45°9 13 Y —53.9 22 17.9
r10345a 2010 December 11 ~ MROS 44 123 x0.89, —44°5 17 Y —53.8 19 16.1
r11060c 2011 March 2 MROS 48 1.42 x 0.86, —46°6 20 Y —53.9 12 17.5
rl1113b 2011 April 23 MROS 46 138 x0.92,-28°1 7 Y —54.1 6 16.0
r11215a 2011 August 3 (M)ROS — — N — — Bad recording in Mizusawa.
r11249b 2011 September 6 MROS 80 1.42x0.93,-62°4 7 Y -51.0 6 13.7
Y

r11344a 2011 December 10  MROS 47 1.23 x 1.05, —55°1

-51.4 7 13.7

Telescopes whose data were valid for phase-referencing maser imaging. M, Mizusawa; R, Iriki; O, Ogasawara; S, Ishigakijima. The station in

parentheses had its problems during the period of observation and affected the annual-parallax measurement.

T Noise means rms one of the emission-free spectral channel image in units of mJy beam

% Synthesized beam size resulting from natural weighted visibilities, i.e., major- and minor-axis lengths and position angle.
§

\

3 Number of identified maser features.

-1

Y and N are valid and invalid data points for annual-parallax measurement, respectively.

! LSR velocity of the spectral channel including the maser spot used for fringe-fitting, self-calibration, and the inverse phase referencing (see

the main text).

**Flux density of the maser spot used for fringe-fitting, self-calibration, and the inverse phase referencing.
1 Peak intensity of J225425.34+620939 in units of mJy beam™! on the phase-referenced image.

the position-reference source, J225425.34+620939 (hereafter
abbreviated as J2254), simultaneously using the VERA’s dual-
beam system. 122480 and J2254 are separated by 1°94.
3C454.3 was also scanned in both of the dual beams for 5 min
per beam every ~ 40 min for calibration of group-delay resid-
uals. The received signals were digitized into four quantiza-
tion levels, then divided into 16 base band channels (BBCs)
with a bandwidth of 16 MHz each. The signals in one of the
BBCs were obtained from scans on 122480 at the frequency
band including the H,O maser emission, while those in the
other BBCs from scans on J2254 with a total frequency-band
range of 480 MHz. The BBC outputs were recorded at a rate of
1024 Mbits s~!. Data were analyzed using Mitaka FX corre-
lator. The accumulation period of the correlation was set
at 1s. The correlation outputs consisted of 512 spectral chan-
nels for the H,O maser and 32 for the continuum emission. The
former corresponds to a velocity spacing of 0.42kms~!, which
is narrow enough to resolve an H,O maser feature (corre-
sponding to a maser gas clump) consisting of two or more spec-
tral channel components, called maser spots.

An analysis of data was mainly conducted using the National
Radio Astronomy Observatory (NRAO) Astronomical Image
Processing System (AIPS) package. For astrometry, we need
special procedures, described in the following (see also, e.g.,
Honma et al. 2007; Imai et al. 2007). Firstly, delay-tracking
was again performed on the correlated data using better delay-
tracking models calculated by an original software equiva-
lent to the CALCY package developed by the Goddard Space
Flight Center/NASA VLBI group. Throughout the whole data
analysis, we adopted the following coordinates of the two
delay-tracking centers: oj2000.0 = 22P49™585876, 832000.0
= +60°17'56765 of 122480; aja000.0 = 2215425293179,
832000.0 = +62°09'38”72393 of J2254. The delay-tracking

solution includes delay residual contributions from the atmo-
sphere, which were estimated using global positioning system
(GPS) data (Honma et al. 2008). Secondly, the difference in
the instrumental delay between two signal paths in the dual-
beam system was calibrated using the differential delay, which
was measured using artificial noise signals injected into the
two receivers during the series of observations (Honma et al.
2008). Because J2254 was too faint (~ 12mly) to detect in
the normal fringe-fitting procedure, this should be detected
through inverse phase-referencing to a bright H,O maser spot
in 122480, as will be mentioned later. Thirdly, fringe-fitting
was performed using the data of 3C 454.3, whose solutions of
the group delay, rate (fringe frequency), and phase residuals for
the clock-parameter calibration were applied to the data cali-
brations of both 122480 and J2254. Fourthly, fringe-fitting and
self-calibration were performed using the brightest H,O maser
spot in 122480, whose velocity with respect to the local stan-
dard of rest (LSR) is given in column 8 of table 1, without
solving any group-delay residuals, in a solution interval of
2 min or shorter, whose solutions were applied to the data
calibration of both 122480 and J2254. Before applying the
second fringe-fitting solutions to the data calibration of J2254,
the data of J2254 were averaged into a single spectral channel.
The sequence of AIPS data reduction in the inverse phase-
referencing part is described in appendix 1 in more detail.
Finally, image cubes of the maser source and the image of
J2254 were obtained in visibility deconvolution through the
CLEAN algorithm in a typical synthesized beam of 1.3 x 0.9
in mas. Each maser spot (or velocity component) was auto-
matically identified as a Gaussian brightness component using
the AIPS task SAD. The parameters of J2254 as a Gaussian
component were obtained using AIPS task JMFIT.
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Fig. 1. Scalar-averaged cross-power spectra of IRAS 224806002,
which were synthesized with the data obtained from all baselines. For
clarity, these spectra are shifted in the vertical direction along with
observation epochs. The dates of observation epochs (year / day of
the year) are also displayed.
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1

- 50 AU at 2.5 kpc

Proper motion
- 10 km s at 2.5 kpc
(0.84 mas yr')

—

I

Decl. offset (mas)
-20

-40

Visr (km s™)
-60 -55 -50 -45 -40

40 20 0
R.A. offset (mas)

Fig. 2. Distribution of H,O maser features in IRAS 22480-+6002.
The origin of coordinates is set at the maser feature that
includes the —53.9kms~! component in the maser feature
IRAS 224804-6002:12012-4. Colors of maser feature indicate
LSR velocities. An arrow shows the relative proper motion of each
maser feature. The root position of an arrow indicates the location of
the maser feature at the first epoch when the feature was detected. The
length and direction of an arrow indicate the speed and direction of the
maser proper motion, respectively. The mean proper motion, X,7)
= (7,-2) [kms™!], is subtracted from individual proper motions.
A cross indicates the location of the originating point of the outflow or
that of the star itself, which is estimated in the model fitting by using
the maser kinematical data. The size of the cross indicates its position

€rror.
3. Results
3.1. The Spatio-Kinematics in H,O Masers in
IRAS 22480+6002

Figure 1 shows the variation in the cross-power spec-
trum of the 122480 H,O masers. The H,O masers covered
a velocity range of —40km sl < Visg < —60kms~'; such
a velocity width is typically seen in Mira-type AGB stars
(e.g., Takaba et al. 1994). Imai et al. (2008) found five spec-
tral peaks at intervals of 2-3kms~!. In the present spectra,
only the middle three out of five peaks, Visg ~ —54, =52,
and —48kms~!, were clearly seen. The —53.9kms™" (or
—54.1kms~") component (maser spot) in the —54 km s~! peak
was always visible through the observation epochs, and suit-
able for visibility phase calibration and position reference of
the present VERA astrometry. At the latest two epochs when
this component weakend, its position was determined rela-
tive to the —51.0kms™! (or —51.4kms~!) component that
was used for the calibration. Although the phase-referencing
velocity channel changed at different observing epochs, as
shown in table 1, the positions of all maser spots in 122480 as
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Table 2. Parameters of the H,O maser features identified by the proper motion toward IRAS 224804-6002.

Feature* Offset Proper motion® Radial motion? Detections at 10 epochs
(mas) (mas yr_l) (km s_l)
Aa AS Ly Oy My  OHy v, AVS 12345678910
1 29.78 4.05 222 015 —096 0.24 —58.42 2.11 0000XXXXX X
2 31.46 341 1.00 041 -0.20 0.37 —5593  2.00 XXX X0000X X
3 —1.42 3.02 0.19 0.29 036 0.22 —-55.05 0.70 XX XXX00o0X X
4 0.00 0.00 0.00 0.04 0.00 0.05 —54.04 295 ©coooo0o0o0o00 O
5 —0.42 2.56 -0.12 042 -0.50 0.27 —53.36 021 00X XXXXXX X
6 —2.21 —2.01 —0.04 027 —-0.27 0.16 —53.08 0.79 XXX 000 0XX X
7 —-0.79 0.13 —0.03 0.05 0.08 0.02 —-53.06 0.75 X 0000000X X
8 0.28 —-0.37 024 1.08 —-021 1.17 —5294 148 XX XXX 00XX X
9 0.23 1.95 1.76  0.31 0.80 0.12 —52.10 098 000XXXXXX X
10 0.78 —0.44 0.37 0.13 0.03 0.02 —-51.68 1.69 0O0XXO000XX X
11 0.67 —0.58 —0.06 042 —-0.15 0.58 —-51.20 253 XXXXXXXXO0 o
12 0.01 -0.73 0.31 0.08 0.00 0.06 —-51.01 193 ©0000000X X
13 28.40 5.45 124 0.27 0.83 0.22 —50.83 049 XXX XX0 00X X
14 32.28 5.20 092 023 -0.12 0.18 —=50.55 042 X XXX 00 0XX X
15 29.74 —6.19 129 023 —-136 0.26 —49.69 021 X 00XXXXXX X
16 29.34 3.65 022 046 0.10 0.12 —49.57 0.84 OX X O0XXXXX X
17 30.38 6.39 —-022 144 —-0.12 0.56 —49.21 1.68 XXX XXXXXO0 o
18 29.48 6.21 096 0.13 0.38 0.06 —49.17 239 ©oo0o0o00000 X
19 4.77 8.05 0.28 0.03 0.15 0.03 —47.00 1.12 ©0000000XO
20 4.86 13.43 —-0.08 141 -0.07 0.68 —4494 0.84 XX XXX 00XX X
21 29.55 11.67 0.38 0.33 0.06 0.27 —44.51  0.31 XX XXX0o0XX X
22 3941 —47.15 1.12 033 —-0.77 043 —43.67 1.05 00X XXXXXX X

* HpO maser features detected toward IRAS 22480+4-6002. The feature is designated as IRAS 22480-+6002:12012-N, where N is the ordinal
source number given in this column (12012 stands for sources found by H. Imai et al. and listed in 2012).
 Value of proper motion relative to the position-reference maser feature: IRAS 224804-6002:12012-4.

¥ Value of radial motion relative to the local standard of rest.
§ Mean full velocity width of a maser feature at half intensity.

well as that of J2254 were measured with respect to the phase
center that was set after fringe-fitting and self-calibration using
a specific brighter maser component in the phase-referencing
velocity channel (column 8 of table 1).

Figure 2 shows the distribution of the H,O maser features
and their relative proper motions. Table 2 gives the parame-
ters of the maser features whose proper motions were identi-
fied. The angular extent of the maser distribution in the present
work was up to ~ 70 mas, and larger than previously reported
one (Imai et al. 2008). The difference in extent between the
two works is attributed to a new maser feature found on the
southeast side of the maser distribution. Two major clusters
of maser features were always seen in the east—west direction
with a separation of ~35mas. One can roughly see outflow
motions of maser features from a common originating point
(the possible position of the central star). This may rule out the
previously suggested possibility that the maser feature align-
ment in the north—south direction is attributed to the interac-
tion of the circumstellar envelope harboring the H,O masers
with the wind from the eastern star (Imai et al. 2008).

In order to derive the kinematical parameters of the outflow,
we conducted the model-fitting analysis presented by Imai
et al. (2011a) by the least-squares method. Throughout the
model fitting, we derived a position vector of the originating
point of outflow in the maser map (A Xy, AYy), and a velocity
vector of the originating point (Vj,, Vo,). They were estimated
by minimizing the y? value,

Nm
2 _ 1 [l’Lix - (wix/aOD)]2
X 3Na— N, o2

2
iy — (Wiy/a D uiz_wizz
+[“ty ( 2,»/ 0D)] +[ ' ] § )
o
iy Uiz

Here, N, (= 22) is the number of maser features with
measured proper motions, N, (= 4) the number of free param-
eters in the model fitting, ag (= 4.74kms~! mas~! yrkpc™")
a factor of the conversion from a proper motion to a transverse
velocity, and D (= 2.5kpc) the distance to the maser source
from the Sun (see subsection 3.2); 1;, and p;, are the observed
proper-motion components in the RA and Dec directions,
respectively; oy, and oy, their uncertainties; u;, the observed
line-of-sight(LSR) velocity; o;, its uncertainty. For the sake of
simplicity we assume a spherically expanding outflow. In this
case, the modeled velocity vector, w; (W;y, Wiy, W;,), i given
as

w1 = VoVo, Vo, Vo) + Vesp 1) )
where
ri =x;(x;,yi,7) — x0(AXo,AYp), 3)
L, (i, = Vo) (r} +712) @
" Uiy = Vor)Tix + Wiy — Voy)riy|
Uiy = WixaoD, u;y = wiyaoD. ®)
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Table 3. Parameters of the best-fit 3D spatio-kinematical model of the
H,0 masers in IRAS 22480-+6002.

Parameter Value
AX, [mas]* 2248
AY, [mas]* 9+6
Vor [km s~']* T+4
Voy [kms™']* 242
Vo [km s~ -50
D [kpe] 2.5
V )(21 2.08

* Value relative to the maser feature

IRAS 22480+-6002:12012-4.

 Assumed value.

¥ The y2-square value was obtained in the model
fitting by the least-squares method.

T T T T T T
]
=
0 QF o ]
15
=
> o
= ]
g er o °0o° ]
[ o o o
c o [
2 @
2 of 1
8
>3 ]
[} o
S o °
3t ]
24
o
L L L L L L
0 10 20 30 40 50 60 70

Angular distance from the outflow origin (mas)

Fig. 3. Distribution of the expansion velocities of individual maser
features, which were derived from the model fitting.

The systemic LSR velocity of the central star, Vj,
= —50kms~!, was adopted in this fitting. Table 3 gives the
derived parameters of the fitting. A cross sign in figure 2
indicates the estimated location of the originating point of the
outflow. The location appears to be biased toward the eastern
maser feature cluster due to relatively high velocity compo-
nents of its individual maser motions. We do not discuss the
location of the central star in this paper. Radial expansion
velocities of individual features were calculated after the model
fitting [equation (7) of Imai et al. 2011a]. Figure 3 shows the
distribution of expansion velocities. The data points seem to be
concentrated around an expansion velocity of ~8kms™!.

3.2. Annual  Parallax  and Motion  of
IRAS 22480+6002

Secular

As mentioned in subsection 3.1, at each observation epoch,
we measured the position of all H,O maser components (spots)
in 122480 and J2254’s one relative to the position refer-
ence where the brightest maser spot in the map was located.
Assuming that J2254’s position remains as a reference, we
eventually measured positions of the maser spots relative to
J2254. We estimate the intrinsic position error of J2254 to
be 039254 =~ 0.03-0.07 mas, which is statistically determined
by the signal-to-noise ratio of detection of J2254, o ~ 0.5

Distance Derived from H,O Masers in IRAS 22480+6002

142-5

(Bbeam/ RsN)- Here, Ohcam ~ 1 mas is the synthesized beam
size and 8 < Rgn < 20 (for S, ~ 8-18mly) the range of
signal-to-noise ratio (Moran & Reid 1993). The intrinsic posi-
tion error of the position-reference maser spot is much smaller
than that of J2254 because of the much higher signal-to-noise
ratio. The systematic error in each astrometric measurement
has been discussed in previous papers dealing with VERA
astrometry (e.g., Honma et al. 2010 and references therein).
One of the major factors in the systematic error is attributed
to uncertain zenith delay residuals of VERA stations caused
by the atmosphere [contributions from the troposphere and the
ionosphere, Aty >~ / (Artzropo + At2 )], which are esti-
mated to be 0atm >~ peam (CATatm/A) = 0.0270pcam (Osep/1°)
~ 0.05mas in the case of a typical zenith delay residual of
~2cm (Honma et al. 2008) and a separation angle between
122480 and J2254 of 1°94. Thus, we estimate the position
error to be typically 0repoch = /(02 + 079054) = 0.08 mas
by each measurement, which was actually dependent on
the observation season.

We used the method of least-squares to fit modeled motions,
each of which was composed of an annual parallax, a constant
secular motion, and an position offset at the reference epoch
(J2000.0),! to the spot motions. We used all of the epoch
points, except one without any valid astrometric result.
Column 7 of table 1 shows a valid (Y) or invalid (N) astrometric
observation epoch. In the model fitting, different weights were
assigned to observed positions of spots. Errors of maser spot
positions and those for the kinematic model fitting param-
eters were adjusted by using a constant factor, so that any
residual of the model fitting y?> would be reduced to unity.
In order to obtain an annual parallax common to these spots,
we adopted the iterative procedure which is similar to that
adopted by Sanna et al. (2012). At first, the model fitting to
individual spot motions was begun independently (indepen-
dent fitting). Then, a mean annual parallactic motion was
subtracted from spot motions to estimate only the position
offsets and linear motions of spots (proper-motion fitting).
Further, the linear motions estimated here were subtracted
from the original spot motions. Finally, the position resid-
uals were used for estimating a parallax common to a posi-
tion offset and proper-motion residuals (combined fitting). The
proper-motion fitting was again performed using the estimated
common parallax. Thus, a series of procedures were iterated
until the estimated parameters had been converged. The left-
hand panels of figure 4 show the motion of one of the target
spots, the —53.9kms~! component. The right-hand panel of
figure 4 plots positions of five maser spots with their individual
linear proper motions subtracted. The modeled annual parallax
modulation is superposed on the maser positions. Table 4 gives
results of the maser motion fitting.

Here, we consider a possible systematic error caused by
a time variation of the brightness structures of J2254 and
the H,O maser spots in 122480. We found a simple, unre-
solved structure toward J2254, but this structure may be
heavily affected by the synthesized beam pattern and low
signal-to-noise ratio (column 5 of table 1). In fact, Gaussian

! In the model fitting, all spot positions were at first converted to the relative

positions with respect to that at the first observation epoch for conserving
the fitting accuracy.
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Fig. 4. (a) Motion of the —53.9km 57! component of HyO maser emission in IRAS 224804-6002 and the kinematical model fit to this motion. RA and
Dec offsets with respect to the phase-tracking center of the —53.9 kms~! component. A filled circle shows the observed data point used for the annual
parallax measurement. A solid curve shows the modeled motion including an annual parallax and a constant velocity proper motion. The length of the
horizontal and vertical bars in each data point indicates the uncertainty of the spot position, which is adjusted so that a y* value in the model fitting would
be reduced to unity. An open circle indicates the spot position expected in the model at the observation epoch. (b) Same as (a), but right ascension- and
declination-offset variation of the maser spot through the two years. The estimated linear proper motion is subtracted from the observed spot position.
A solid curve shows the modeled annual parallactic motion. (c) Result of the combined annual parallax fitting using five maser spots at V1 g = —53.9,
—52.7,-51.0, —48.9, and —47.2 kms~! in the maser features IRAS 22480+6002:12012-4, 7, 12, 18, and 19. For clarity, data points in different spots are

denoted by different colors and horizontally shifted slightly.

brightness fitting errors for J2254 are larger than the intrinsic
error mentioned above, and they are highly variable and
dependent on observation conditions (see the relative vari-
ation of error-bar length in figure 4). This may be the
largest contribution to the temporal fluctuation of the measured
position (typically 032254 =~ 0.2mas, up to 0.5mas). The
position of the position-reference maser spot is also fluc-
tuated by any temporal structure variation of the associ-
ating maser-emitting gas clump (feature). As described in
appendix 2, we estimated such an error contribution to be typi-
cally omaser =~ 0.05 mas. Thus, we estimated a typical value of
the spot-position fluctuation (including a systematic position
drift) to be 0 = /(07 poen + OFa254 T Omaser) = 0.22 mas.

In the motion fitting of each maser spot with a position-
fluctuation amplitude of ~0.22mas to 10 data points
(epochs), the accuracy of the annual parallax has increased
to 0, ~ 0.05mas, ~1/4 of the position errors of indi-
vidual data points. This is typically seen in previous VERA
astrometry (e.g., Ando et al. 2011). Because some maser
spots are associated with the same cluster including maser
features, the position measurements of the five maser spots
listed in table 4 are not completely independent. However,
the fitting error contributed from the temporal (random) vari-
ation in maser-feature structure (see appendix 2) may be statis-
tically mitigated. In fact, the final error of the annual parallax
determined based on the result of the combined fitting was
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Table 4. Parameters of the fitted maser spot motion.

142-7

VLSR X()* YO* [LXT /LyT T Deviationi
[km s™!] [mas] [mas] [mas yr—'] [mas yr—'] [mas] oy oy
Independent fitting
—53.9 3248 +£0.56 2033 +0.57 —-3.23+0.05 —-2.04+0.05 0.400+0.040 0.13 0.11
—52.7 3278+ 1.72 1999+199 —-323+0.16 —195+0.18 0.398+0.071 0.25 0.17
-51.0 2851 +1.01 2228+1.11 -—-284+0.10 —-2234+0.10 0.428£0.059 0.17 0.09
—48.9 22.324+0.69 18.76+0.72 —-2224+0.06 —1.87+0.07 0.380+0.038 0.12 0.08
—47.2 29.06+0.94 20.75+0.99 —-290+0.09 —-2.01+0.09 0.316=+0.052 0.14 0.14
Proper motion fitting after subtracting the annual parallax®
—53.9 3263+145 2071+1.30 -3.23+0.13 —-2.06+0.12 — —
-52.7 3400+345 2092+272 -—-333+0.32 -—-2.03+0.25 — —
—51.0 3042+ 1.85 21.54+2.13 -3.01+0.17 —-2.15+0.20 — —
—48.9 24474+2.09 1793+191 -—-240+0.19 —-1.78+0.18 — —
—47.2 31.544+248 19.12+223 —-3.11+023 —-190+0.21 — —
Combined fitting of an annual parallax
Combined —1.19+043 —-0.07+045 0.10+0.04 —0.024+0.04 0.400+£0.025 0.18 0.13

* Position at the epoch J2000.0 with respect to the delay-tracking center (see main text).

T Secular motion of each component.

% Mean deviation of the data points from the model-fit motion in units of mas.
§ The adopted annual parallax was given in the combined fitting in the converging phase of iterations.

reduced to o, =~ 0.025 mas, smaller by a factor of ~2 than
the error in the independent fitting (~ 0.05 mas). Finally, we
obtained an annual parallax of 7 = 0.400 £ 0.025 mas, corre-
sponding to a distance to 122480 of D = 250" {7 kpc.

We also estimated the secular motion of the star in 122480 to
be (g, ts) = (—2.58 = 0.33, —1.91 £ 0.17) [mas yr’l], which
was derived from a secular motion of the —53.9 km s~! compo-
nent, (Uo,Ms) = (fx, y) = (=3.23£0.05, —2.06 £0.05)
[mas yr—'] (see table 4), plus a relative motion of the star with
respect to this maser spot (X,Y) = (0.65,0.15) [mas yr 1]
[corresponding to (Voyx, Voy) = (7,2) [km s71, see subsec-
tion 3.1]. The secular motion error is mainly attributed to
an uncertainty of the stellar motion relative to the maser spot
motion. The westerly proper motion of 122480 previously
measured by using several literatures (Imai et al. 2008) is
reconfirmed in this paper.

4. Discussion

As described in subsection 3.1, the spatio-kinematical struc-
ture of H,O masers in 122480 is well modeled by an expanding
outflow with an expansion velocity of ~8kms~!. Such a flow
is typically seen in the circumstellar envelope around Mira
variables (e.g., Bowers & Johnston 1994). On the other
hand, the total extent of the maser-feature distribution is up
to ~170 AU (D/2.5kpc), which is larger than those typi-
cally seen around Mira variables (up to 50 AU, e.g., Bowers
& Johnston 1994) and comparable to, or a little smaller than,
those seen around red supergiants (200400 AU, e.g., Choi
et al. 2008; Asaki et al. 2010). Therefore, these suggest that
122480 harbors an envelope seen in M-type supergiants and
support the hypothesis that this star is a K-type supergiant or
a post-AGB star harboring its ejected envelope. It has been

Table 5. Location and 3D motion of IRAS 22480+6002 in the Milky

Way estimated from VERA astrometry.

Parameter Value
Galactic coordinates, (I,b) [°]* (108.43, 0.89)
Heliocentric distance, D [kpc]* 2.504+0.16
Systemic LSR velocity, Vsys [km sTI1* —50.8 +£3.5
Secular proper motion, iy [mas yr~!] —2.58+£0.33

s [mas yr~!] —1.91+0.17
Ro [kpe]f 8.0
©¢ [km s~ 17T 220
Uo, Vo, W) [km s (7.5,13.5,6.8)
20 [pel’® 16
Rgal [kpc] 9.10 £ 0.09
z [pc] 5542
Vg [kms™!] —11+4
Vy [km s~ 197 +4
V, [kms™!] 0+3

* Input value for IRAS 22480-+6002.

 Input value for the Sun in the Milky Way.

¥ Motion of the Sun with respect to the local standard of rest, cited
from Francis and Anderson (2009) (cf. Dehnen & Binney 1998).

§ Height of the Sun from the Galactic midplane, cited from
Hammersley et al. (1995).

suggested that 122480 is an RV Tau-type variable star (Imai
etal. 2008). However, the revised distance gives a revised value
of the stellar luminosity of 35000 L. Together with a nega-
tive confirmation of optical magnitude variability, this suggests
again that 122480 should be a K-type supergiant rather than an
RV Tau variable. Note that Winfrey et al. (1994) gave a new
spectral classification of MOI for 122480.
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Fig. 5. Flow chart of the data reduction and image synthesis in the case of the inverse phase-referencing technique for VERA data. A round-square block
denotes a visibility (UV) or image cube data set. A thick-black square block denotes a segment of process in AIPS. Setting of the essential parameters
(adverbs) is described on the side. A thin-black square block denotes a file or solution (SN) table loaded or used for data calibration. The parts of
calibration solution application (CLCAL in AIPS) are just expressed by crossing points of the lines that show the flows of data processing.

Obviously, the previous statistical parallax underestimated
the distance to 122480 (~ 1 kpc, Imai et al. 2008), in which
only 13 proper motions were used for the estimation. Using
the present data including 22 proper motions, we obtain
a distance value of 2.9+ 0.4kpc, in agreement with the
distance (2.50 kpc) derived from an annual parallax. We have
learned that the statistical parallax method is valid only with
a sufficient number of maser-feature proper motions (>20),
that are uniformly and independently distributed (Moran &
Reid 1993).

The location and velocity vector of 122480 in the Milky Way
were also estimated in the same manner as that adopted in
Imai et al. (2011b) from the derived secular motion shown in
subsection 3.2. Table 5 gives derived parameters. Although
the change of these values may depend on any assumption
of the Galactic constants and the Solar motion relative to the
LSR, it is clear that the secular motion of 122480 is slower
by ~30kms~! than a circular motion estimated from the

galactocentric distance to 122480 and from an assumption
of flat Galactic rotation curve, as commonly found in maser
sources in the Perseus Arm (Reid et al. 2009). Imai et al.
(2008) reported a larger peculiar motion, U = —71kms™!
and V = —29km s~ for 122480, where U and V indicate the
peculiar-motion components in the antigalactic-center direc-
tion and the Galactic-rotation one, respectively. However,
these components also should be revised from these values to
the values determined in this paper (U = —11kms~! and V
= —22kms™"), because the distance and the secular motion
of 122480 are now revised from 1.0kpc to 2.5kpc and from
~ 17masyr~! in the westerly direction to ~3masyr~' in the
southwesterly one, respectively. In addition, 122480 is located
close to the Galactic midplane (z ~ 60 pc). They also support
the hypothesis that 122480 is a (high-mass) K-type super-
giant and a member of the Galactic thin disk. The discus-
sion of the dynamics of the Galaxy to determine the Galactic
rotation curve, itself, based on the peculiar motion of H,O
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Fig. 6. Maser spot distribution around the —53.9-—54.1kms~! components in the maser feature IRAS 22480+-6002:12012-4, which was one of the
maser spots used for the annual parallax measurement, at all observation epochs within a box of 1 mas x 0.5 mas. An open circle with a radius of 0.1 mas
is centered at the position-reference spot. The date of observation epoch is shown in the bottom-right corner of each subpanel.

maser sources including 122480’s motion, will be described
in a separate paper.
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Appendix 1. Inverse Phase-Referencing Method in VERA

As described in section 2, the present work adopted the
inverse phase-referencing (IPR) technique for the first time
throughout all observation epochs. This technique employs
the transfer of fringe phase (and rate) calibration solutions
from maser to continuum source data instead of that from the
continuum to maser source data employed in the normal phase-
referencing (PR) technique for maser source astrometry. The
IPR technique has often been adopted in maser source astrom-
etry with the Very Long Baseline Array (VLBA) (e.g., Reid
et al. 2009; Sato et al. 2010). In the VLBA observation, a maser
source and a position-reference continuum source are observed
in the same signal-processing path and in the same frequency
setup. In this case, the data from other scans on group-delay
calibrators can commonly be used for calibrating both source
data. Fringe fitting with the data of the maser scan is performed
after this group-delay calibration in order to obtain only phase
and rate residuals. These solutions are applied to the data of
the position-reference source.

In the case of VERA, not only different signal processing
paths, but also different frequency setups are used between the
maser and continuum signals. Therefore, the sequence of data
calibration steps is different from that in the VLBA data anal-
ysis. Figure 5 briefly shows the sequence of the whole data

reduction in the IPR technique for VERA data. The essential
and unique parts of the VERA IPR technique are summarized
as follows:

e The solutions for more precise delay tracking and those
of the relative instrumental delays between Beam-A and
Beam-B should be applied before any delay and phase
calibration using the visibility data, themselves.

e The group-delay calibration shall be made by using the
data of another continuum calibrator, which should be
brighter than the position-reference continuum source.
The calibrator signals shall be recorded in Beam-B
(15 BBCs), which has a much wider total bandwidth
than Beam-A does (only one BBC). The group-delay
calibration solutions shall be obtained by calculating
multi-BBC group-delay residuals. The useful phase-
calibration solutions shall be contained in the eighth
BBC (in the digital filter mode of VERA7MM) of the
solution (SN) table, whose base frequency is coincident
with, or almost equal to if Beam-A data are filtered
through a bandwidth of 8 MHz, that in Beam-A, and
should be copied into the first subband. When they are
copied to the data set of Beam-A, only those in the first
subband are recognized in Beam-A.

e The solutions of fringe-fitting and self-calibration using
bright maser emission in Beam-A shall be applied to the
data set of Beam-B after the Beam-B data are integrated
into a single BBC.

The ParselTongue/python scripts for the PR/IPR calibration
for VERA data in AIPS are now available in the wiki page.>-?

2 (http://milkyway.sci.kagoshima-u.ac jp/groups/vcon_lib/wiki/9fbfd/

Data_Analysis.html).
3 See also the ParselTongue wiki page (http://www.jive.nl/dokuwiki/
doku.php?id=parseltongue:parseltongue).
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Fig. 7. Observed relative proper motions and LSR velocity drifts of the H,O maser features in IRAS 2248046002, whose accompanying brightest maser
spots were the targets of the annual parallax measurement. The number given to the proper motion of each maser feature means the assigned number
added to the designated name “IRAS 22480+-6002:12012.” A thin solid line indicates a least-squares-fitted line assuming a constant velocity proper
motion and a constant rate of the LSR velocity drift. A vertical bar for each data point in the left and middle panels indicates the defined size of the maser

feature. For clarity, the velocity widths of maser features are not displayed.

Appendix 2. Contribution of Maser Structures to
Accuracy of Absolute Astrometry

H,O maser spots or features, as reference candles for VLBI
astrometry, are time-variable. It is impossible to visualize the
whole maser-feature structure in VLBI imaging and the loca-
tions of the individual maser spots in the feature, because we
are always watching only the brightest parts of the feature
structure in the spectral channel maps. Nevertheless, we can
evaluate the stability of the structure and the accuracy of the
astrometry described in this paper. Figure 6 shows the rela-
tive distribution of maser spots including one of the position-
reference maser spots at all epochs. The position-reference
spot was always located around the center of the whole distri-
bution of maser spots (or a maser feature) whose spatial
velocity pattern has persisted within ~ 0.1 mas. In particular,
the locations of the position-reference spot and its velocity-
adjacent spots (within 0.4kms~!) were always concentrated
within ~ 0.05 mas, corresponding to 0.6 km s~ at 2.5kpc from
the Sun, although other spots exhibit relatively rapid variation

in their locations. The latter scale may give the accuracy of
our astrometry. Because the velocity spacing of VLBI spec-
troscopy itself was ~0.4kms~! (section 2), and the corre-
sponding spectral channels covered slightly different velocity
ranges among the observation epochs, we consider a group of
maser spots within 1 kms~! in our astrometry.

This is also supported by the deviations of the maser-
feature positions from fitted ballistic motions (or constant
proper motions) of the features. Figure 7 shows such devi-
ations for the maser features whose accompanying brightest
maser spots were the targets of the annual parallax measure-
ment. The proper motions ralative to the reference feature
IRAS 22480+6002:12012-4 (with zero relative proper motion)
were measured. The displayed position and the size of
maser feature were derived as shown in Imai, Deguchi, and
Sasao (2002). Note that we suppose constant rates of the
LSR velocity drifts of the maser features. Even the largest
drift rate of ~0.4kms~!yr~!, however, corresponds to only
0.03mas yr—2 at the rate of the proper-motion variation per
year. Except for a small number of large deviation cases (up
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to 0.3 mas), the position deviations from the expected ballistic
feature motions are also within ~ 0.05 mas. The origins of the
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position deviation and the LSR velocity drifts are expected to
be micro-turbulence in the feature (Imai et al. 2002).
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