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Abstract

We present the results of VLBI observations of three H2O maser sources in massive star-forming regions:
IRAS 06058+2138, IRAS 19213+1723, and AFGL 2789. We determined the annual parallaxes and proper motions
for these sources by a phase-referencing method. The estimated distances to IRAS 06058+2138 and AFGL 2789 are
1.76˙0.11 kpc and 3.07˙0.30 kpc, which are located in the Perseus spiral arm. The distance to IRAS 19213+1723
is 3.98˙0.57 kpc, placing it in the Carina–Sagittarius arm. With estimated 3-dimensional velocity components, we
have shown that the galactic rotation curve is flat in the range of 6.4 kpc � R � 13 kpc as combining with S 269,
which was observed with VERA. We have also found that the overall rotation curve of the Galaxy do not depend
on Θ0. The maser sources also show deviations from flat rotation curves by a few kilometers per second. We discuss
possible reasons for these peculiar motions.
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1. Introduction

Since galactic rotations depend on the mass distributions in
disk galaxies, rotation curve of the Galaxy, plotted with rota-
tion velocities as functions of the distance from the galactic
center, play a very important role in studies of the mass distri-
bution in the Galaxy. For instance, rigid-body rotation near the
galactic center implies that the mass must be roughly spheri-
cally distributed and the density nearly constant. On the other
hand, flat rotation curves suggest that a density law is propor-
tional to r�2 if the bulk of the mass in the outer region of the
Galaxy is spherically distributed. From observations to deter-
mine the galactic rotation curve, a great deal of data have been
obtained and analyzed. Such observations have been made
with various methods, such as terminal velocities of the H I

and CO lines for the inner region of the Galaxy (Clemens
1985; Fich et al. 1989), optical distances and velocities for
outer region of the galactic plane (Blitz et al. 1982), the H I

thickness for the entire disk (Merrifield 1992; Honma & Sofue
1997a, 1997b), and recent VLBI astrometry with VERA for the
outer disk (Honma et al. 2007) and VLBA (Reid et al. 2009a,
2009b). Many observations of rotation curves in external
galaxies have revealed that they are basically flat within the
optical disks of spiral galaxies (Rubin 1983; Sofue & Rubin
2001). These flat rotation curves provide strong evidence for
the dark matter, which cannot be directly observed in outer
regions of the galaxy (Kent 1986, 1987). Although a large
number of observations and simulations have been made to

determine the galactic rotation curve, the outer rotation curve is
still crude, mainly because it is difficult to determine accurate
distances of the galactic objects, which trace the rotation curve,
such as bright stars and molecular clouds. Another reason is
a difficulty to measure the proper motions of galactic objects,
and hence only radial velocities among the three components
of spatial velocity can be used to constrain the galactic rotation.
Besides, the large scatter in the data from observations not only
caused by the different methods, but also due to the different
parameters, can be a reason for difficulties to determine the
rotation velocities. Therefore, the rotation curve of the outer
region and the distribution of dark matter in the galactic plane
is still highly uncertain, although it is widely believed that outer
rotation curve is flat, as shown in those of extra galaxies.

The distance to a source is one of the most fundamental
physical properties. If it is estimated accurately, it can be
applied to measure the luminosity and mass of the object, and
eventually one can determine the type of star. A direct method
to obtain the distance is to measure the annual parallax. As
the Earth orbits around the Sun with a period of one year,
star positions show seasonal modulations. By measuring this
apparent displacement of star positions (annual parallax) one
can determine the distance; nearby objects have larger paral-
laxes than more distant objects. For instance, the Hipparcos
satellite (Perryman et al. 1997) has used this technique for
over 100000 nearby stars, and has succeeded to measure
annual parallaxes within �300 pc. This provides the basis
for all other distance measurements in astronomy, the cosmic



102 C. S. Oh et al. [Vol. 62,

Table 1. Information of VLBI observations.

Source Dates Observation time
DOY(2006) DOY(2007) DOY(2008) (hour)

IRAS 06058+2138 118, 321, 351 19, 53, 272, 34, 99, 186 9
J0603+2159 306, 351

IRAS 19213+1723 293, 326, 355 40, 81, 110, 9
J1924+1540 152, 185, 214

AFGL 2789 83, 112, 151, 21, 53, 102, 10
J2137+5101 248, 318, 351 146

Table 2. Information of maser and reference sources.

Source RA (J2000) Dec (J2000) S.A.� P.A. Position error�

(h m s) (ı 0 00) (ı) (ı) ΔX (mas) ΔY (mas)

IRAS 06058+2138 06 08 53.49384 21 38 30.7408
J0603+2159 06 03 51.55709 21 59 37.6980 1.223 �73 0.25 0.53

IRAS 19213+1723 19 23 37.32285 17 29 10.4794
J1924+1540 19 24 39.45588 15 40 43.9417 1.822 �8 0.32 0.26

AFGL 2789 21 39 58.27171 50 14 21.0140
J2137+5101 21 37 00.98619 51 01 36.1292 0.916 �31 0.34 0.44

� The separation angle between maser and reference source.
� The value of the VLBA calibrator list.1

distance ladder. However, this is much smaller than the size
of the galactic disk with a radius of about 15 kpc. Hence,
the present astrometry in the optical domain still has diffi-
culties to study the stars and the Galaxy. At radio wave-
lengths, however, high-precision astrometry have been made
with the VLBI (Very Long Baseline Interferometry) tech-
nique. These radio interferometers generally have several
telescopes that are separated by �100 to �10000 km from
each other. The advantage of VLBI is that it provides the
highest angular resolution among the existing telescopes at
any wavelength. However, VLBI observations suffer from
fluctuation of the atmosphere, which is mainly due to water
vapor in the troposphere; this problem can be eliminated by
a phase-referencing method. In phase-referencing observa-
tions, one target and nearby reference sources, whose abso-
lute positions have already been determined, are observed by
rapidly switching the telescope or simultaneously (Hachisuka
et al. 2006; Honma et al. 2007; Hirota et al. 2007; Reid et al.
2009a). After correcting for the influence of troposphere, the
relative position of the target source with respect to the refer-
ence sources can be determined. By performing VLBI obser-
vations with phase-referencing method, one can measure the
absolute positions, parallaxes, and proper motions of target
sources with high accuracy of sub–milli-arc-second (mas) or
several tens of micro-arc-second (�as).

In this paper we present the phase-referencing VLBI obser-
vation results of 22.235 GHz H2O masers associated with
massive star-forming regions. We have determined their
distances and proper motions, which can be used to constrain
the rotation curve of the Galaxy. For this study, three massive
star-forming regions, IRAS 06058+2138, IRAS 19213+1723,
and AFGL 2789 were selected. They are located at different

positions in the Galaxy and different distances with respect to
the galactic center. Therefore, the rotation of the Galaxy can
be studied with estimated distances and proper motions. In
section 2, we describe multi-epoch VLBI observations with
VERA (VLBI Exploration of Radio Astrometry), and give
technical details on data reduction. In section 3, we present our
VLBI maps of H2O masers and determine the absolute position
of masers, and then estimate the distance and proper motion of
each source. In section 4, we discuss the rotation curve of the
outer region in the Galaxy and peculiar motions of sources.

2. Observation and Data Reduction

2.1. VLBI Observation with VERA

Three pairs of the H2O maser and adjacent reference
sources (IRAS 06058+2138/J0603+2159, IRAS 19213+1723
/J1924+1540, and AFGL 2789/J2137+5101) were observed
with VERA at 11 epochs, 9 epochs, and 10 epochs, respec-
tively. The observed days of the year (DOY) and observa-
tion times for each pair are listed in table 1. Four stations of
VERA (Mizusawa, Iriki, Ogasawara, and Ishigaki-jima) were
used in all observing epochs. At each epoch, the H2O (616–523)
maser line at a rest frequency of 22.235080 GHz in the maser
sources was observed simultaneously with continuum emis-
sion of the reference sources in the dual-beam mode for phase
referencing (Kobayashi et al. 2008). Table 2 gives the param-
eters of the observed sources. Left-hand circular polariza-
tion signals were received and sampled with 2-bit quantiza-
tion, and filtered using the VERA digital filter unit (Iguchi
et al. 2005). The data were recorded onto magnetic tapes at

1 hhttp://www.vlba.nrao.edu/astro/calib/i.
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a rate of 1024 Mbps. This data rate provides a total band-
width of 256 MHz, among which 1 IF channel of 16 MHz
bandwidth is assigned to maser sources and 15 IF channels of
16 MHz bandwidth to reference sources. Correlation process-
ings were made with the Mitaka FX correlator. The nominal
maser positions of IRAS 06058+2138, IRAS 19213+1723,
and AFGL 2789 used in the correlator are listed in table 2. For
IRAS 06058+2138 and IRAS 19213+1723, the frequency and
velocity resolutions were 15.625 kHz and 0.21 km s�1, respec-
tively. For AFGL 2789, the frequency and velocity resolutions
were 31.25 kHz and 0.42 km s�1, respectively. Anyone of the
strong continuum sources (J0530+1331, J1800+3848, 3C 84,
3C 345, or NRAO 512) was observed every 80 minutes for
delay calibration and bandpass correction.

2.2. Data Reduction

Data reduction was performed using the Astronomical
Image Processing System (AIPS, NRAO). An amplitude cali-
bration was made using the system temperatures and gain curve
of each antenna. Bright continuum calibrators were used to
derive the bandpass response. Doppler tracking was made for
the maser line data. We adopted the phase-referencing method
to obtain the absolute positions of the maser features. In the
case of IRAS 06058+2138, for example, fringe fitting was
made on a phase reference source (J0603+2159), and the solu-
tions were applied to the target source (IRAS 06058+2138).
The positional offsets (RA and Dec), evaluated with respect
to the position reference source, J0603+2159, of all maser
features were measured so that one can yield their absolute
positions. Spectral channel maps were produced covering a sky
area of 2500 � 2500 and the whole velocity range where the maser
signal was detected in the total power spectra. The CLEAN
beam had an elliptical Gaussian shape with a FWHM size
of 1.5 mas � 0.9 mas.

Each channel map of the maser source was searched for
emission above a detection threshold taken to be equal to the
minimum value of the map. In each observing epoch, the rms
noise levels on the channel map, � , varied in a range from
11 to 90 mJy beam�1. The detected maser features were fitted
with two-dimensional elliptical Gaussians. A maser feature
was considered to be real if it was detected in at least two
contiguous channels within which the positions of the inten-
sity peaks in the two contiguous channels coincided within the
FWHM size.

The parallaxes and proper motions were calculated for these
features persistent over five epochs or more. Then, the proper
motions were calculated with fitted parallaxes for features
persistent over three epochs or more. The time separation over
three epochs was long enough to allow measurements of the
proper motions of the maser features.

3. Results

3.1. H2O Maser Distributions

3.1.1. IRAS 06058 ��2138
Figure 1a shows the cross-power spectrum of the H2O

masers toward IRAS 06058+2138 on DOY 351 in 2006
observed with Mizusawa–Iriki baseline. The H2O maser
lines were detected within the LSR velocity range from

(a) IRAS 06058+2138

(b) IRAS 19213+1723

(c) AFGL 2789

Fig. 1. Scalar-averaged cross power spectra of the H2O masers at
the VERA Mizusawa–Iriki baseline (baseline length is 1267 km) in
IRAS 06058+2138, IRAS 19213+1723, and AFGL 2789 from top to
bottom, respectively. Spectra a, b, and c were obtained from the obser-
vation on DOY 351 in 2006, DOY 293 in 2007, and DOY 318 in 2007,
respectively.

�10 km s�1 to 7 km s�1 over all epochs. The systemic velocity
of IRAS 06058+2138 is 3 km s�1 (Wouterloot et al. 1989).
Table 3 gives the parameters of the identified features.

The imaged maser feature that was analyzed by the phase-
referencing method, provides a sufficient signal-to-noise ratios
to determine the offset of the reference maser with respect to
the position used at the correlator. For all observing epochs,
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Table 3. Imaged maser features of IRAS 06058+2138 MM1 and MM2.

Region Feature Offsets�,� Vlsr Flux density�
RA (mas) Dec (mas) (km s�1) (Jy)

(MM1) A 70.67 �55.44 6.10 8.0
B �0.45 �5.91 3.79 4.7
C �3.33 8.40 2.74 2.3
D 4.52 6.11 2.32 5.7
E �13.56 �3.63 2.11 5.1
F 0.60 �8.52 1.90 20.6
G 2.61 �0.50 1.27 8.6
H �15.13 �8.89 1.06 18.9
J 2.11 �7.42 0.64 14.0
J �13.78 �85.67 �4.82 1.2
K �13.64 �88.72 �5.45 5.4
L 0.00 0.00 �8.6 2.3

(MM2) M �2112.61 �19134.54 0.43 10.9
N �3466.04 �19942.89 �3.77 24.2

� B, D, E, G, J, K, L, M, N: positions and fluxes of DOY 019 in 2007. A, C, F, H, I: positions and fluxes
of DOY 351 in 2007.

� Position of maser feature relative to feature L.

the absolute positions of the maser features were derived. For
example, the derived absolute position of the maser feature K
for the first epoch was ˛ = 06h08m53:s493430 ˙ 0:s000035,
ı = +21ı38030:0061873˙0:0000049. In phase-referencing VLBI
observations, the main contributions to systematic errors of the
absolute position are the air-mass correction error, the base-
line length error, and the effect of the phase-referencing source
structure (Hachisuka et al. 2006; Honma et al. 2007; Hirota
et al. 2007; Nakagawa et al. 2008). The air-mass correc-
tion error, which is the most dominant error source, is caused
by differences in the optical path lengths for the target and
phase-reference sources due to the different elevation angles.
Therefore, the uncertainty in the positional offset is estimated
by considering the above error sources as well as the ratio of
the FWHM beam size to the dynamic range of the map.

The absolute positions of the maser features were compared
with those in previous submillimeter wavelength observations.
Figure 2 shows our VLBI results superposed on the dust
continuum map. The panel (a) shows the dust core seen in
submillimeter (850 �m, 450 �m) and MIR (21 �m) observa-
tions with SCUBA and MSX, respectively (Minier et al. 2005).
The absolute positions of masers agree with those of the dust
cores, MM1 and MM2. The panels (b) and (c) show the posi-
tions and the radial velocities of all of the H2O maser features
derived from our multi-epoch VLBI observations.

In MM1, 15 features of H2O masers were detected in
the velocity range from �10 km s�1 to 7 km s�1. The maser
features are aligned in the NNE–SSW direction on a scale
of about 80 mas before DOY 53 in 2007. However, after
DOY 272 in 2007, the maser features are aligned in the
NW–SE direction on a scale of about 100 mas, as shown
in figure 2. We found that most features were blue-shifted
with respect to the systemic velocity (3 km s�1) and only two
features, A and B, were slightly red-shifted.

In MM2, only two features of the H2O masers were detected,

which were separated by about 2000 south from MM1. The
velocities of the maser features are �3.77 and 0.43 km s�1, and
are aligned in the NE–SW direction on a scale of about 2:005.
3.1.2. IRAS 19213 ��1723

Figure 1b shows the cross-power spectrum of the H2O
masers toward IRAS 19213+1723 on DOY 293 in 2007
observed with the Mizusawa–Iriki baseline. The H2O maser
lines were detected within the LSR velocity range from
�37 km s�1 to �25 km s�1 over all epochs. They are signif-
icantly blue-shifted with respect to the systemic velocity of
IRAS 19213+1723, 41.7 km s�1, obtained from the CO emis-
sion line observation (Zhang et al. 2005). Table 4 gives the
parameters of the identified features.

The maser features were imaged by the phase-referencing
method. The derived absolute position of maser feature C
for the first epoch was ˛ = 19h23m37:s322841 ˙ 0:s000041,
ı = +17ı29010:0047812 ˙ 0:0000059. The absolute position of
the maser feature was compared with those in previous near-IR
(K band) and CO emission observations. As a result, our VLBI
results can be superposed on the peaks of those contour maps.

In IRAS 19213+1723, a total of six features of H2O masers
were imaged, and these maser features were concentrated in
compact region of less than only 1 mas; all maser features
were highly blue-shifted with respect to systemic velocity of
CO emission (41.7 km s�1). Figure 3 shows a velocity map of
all maser features at the fifth epoch.
3.1.3. AFGL 2789

Figure 1c shows the cross-power spectrum of the H2O
masers toward AFGL 2789, DOY 318 in 2007. This cross-
power spectrum shows only the Mizusawa–Iriki baseline. The
H2O maser lines were detected within the LSR velocity range
from �58 km s�1 to �43 km s�1 at the all epochs. The systemic
velocity of AFGL 2789 is �44 km s�1 (Torrelles et al. 1987).
Table 5 gives the parameters of the identified features.

The derived absolute position of maser feature H for
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Fig. 2. (a) 850�m SCUBA (gray scale), 450�m SCUBA (gray contours; 30%, 40%, 50%, 60%, 70%, 80%, and 90% of peak flux), and 21�m MSX
(white contours; 20% and 60% of peak flux) images (Minier et al. 2005). The millimeter sources 1 and 2 are also seen with SCUBA and MSX (red box).
The position of IRAS 06058+2138 is represented by a black circle. The white cross is the position of the methanol maser. (b) H2O maser feature’s
distribution in MM2, closed up of red-box of panel (a). (c) H2O maser feature’s distribution in MM1. The colors of the H2O maser features indicate LSR
velocities. The origin of map is the nominal maser position of IRAS 06058+2138.

the first epoch was ˛ = 21h39m58:s271774 ˙ 0:s000034,
ı = +50ı14021:0001245 ˙ 0:0000032. In AFGL 2789, over
13 features of H2O masers were detected. Figure 4 shows
a velocity map of all maser features at the first epoch. The
maser features are aligned in the N–S direction on a scale

of about 60 mas, as shown in figure 4. We found that most
features were blue-shifted with respect to the systemic velocity
(�44 km s�1), while three features, A to C, were close to the
systemic velocity. On the other hand, red-shifted velocity
components were not detected.
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Table 4. Imaged maser features of IRAS 19213+1723.

Feature Offsets�,� Vlsr Flux density�
RA (mas) Dec (mas) (km s�1) (Jy)

A 0.19 0.56 �27.5 51.6
B �0.06 0.08 �29.2 169.2
C 0.00 0.00 �31.3 107.0
D 0.07 0.03 �33.8 60.9

� Positions and fluxes of DOY 355 in 2007.
� Positions of maser features relative to feature C.

Fig. 3. Distribution of all maser features in IRAS 19213+1723 at
DOY 81 in 2008. In the case of IRAS 19213+1723, all maser features
have blue-shifted LSR velocities. Maser features A to D correspond to
those in table 4. The origin of the map is the nominal maser position of
IRAS 19213+1723.

3.2. Fitting of the Maser Features with Parallaxes and Proper
Motions

3.2.1. IRAS 06058 ��2138
Over all epochs, four maser features, (F, H, K, and L)

were detected over five epochs or more. Figure 5 shows
the absolute positions of the maser feature and their move-
ments on the sky plane relative to the nominal maser
position of IRAS 06058+2138 with an indication of the
observational date.

By assuming that the movements of the maser features
have a linear motion on the sky plane and parallax, the linear
motion can be clearly modulated by the parallax. In figure 5,
the dashed and solid lines represent the modeled combina-
tion of linear and parallactic motions, and the crosses with
error bars represent our observational data. Based on a least-
squares method, both right ascension and declination data were
fitted. As a result, we determined the annual parallaxes of the
H2O maser features (F, H, K, and L) in IRAS 06058+2138
to be 0.380 ˙ 0.058, 0.729 ˙ 0.112, 0.610 ˙ 0.065, and
0.570 ˙ 0.056, respectively. The error bars in figure 5 repre-
sent the position uncertainty resulting from the systematic error
assuming reduced �2 to be 1.

Table 5. Imaged maser features of AFGL 2789.

Feature Offsets�,� Vlsr Flux density�
RA (mas) Dec (mas) (km s�1) (Jy)

A 0.00 0.00 �44.1 18.7
B �7.52 45.13 �45.8 2.2
C 1.23 �1.49 �45.8 5.8
D �10.02 �12.09 �48.7 1.6
E 10.91 �1.04 �49.2 1.2
F �1.71 1.67 �53.7 19.8
G �1.33 0.78 �55.0 7.2
H �1.69 �3.30 �56.7 5.2

� C: position and flux of DOY 021 in 2008. The others: positions and
fluxes of DOY 318 in 2007.

� Positions of maser feature relative to feature A.

Fig. 4. Distribution of all maser features in AFGL 2789 at the first
epoch. Colors of maser features represent LSR velocities. Maser
features A to H correspond to those in table 5. The origin of the map is
the nominal maser position of AFGL 2789.

Then, the fitted results of four maser features can be
combined to the common parallax. The combined data were
fitted after the linear motions had been subtracted from each
data set. Table 6 gives the best fit. As a result of the combined
fitting, the common parallax, � , is 0.569 ˙ 0.034mas, which
was converted to a distance of 1.76 ˙ 0.11 kpc. This result
gives the distance with an uncertainty of only 6%, which is the
highest accuracy among the results of the distance measure-
ments toward IRAS 06058+2138.
3.2.2. IRAS 19213 ��1723

Four maser features were detected over five epochs or more
in IRAS 19213+1723. Figure 6 shows the absolute positions
of the maser features and thier movements on the sky plane
relative to the nominal maser position of IRAS 19213+1723
along with the observational date.

The parallaxes and linear motions of these four maser
features were estimated by using a least-squares fitting.
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Fig. 5. Movements of maser features and fitting results for each maser feature of IRAS 06058+2138. Left column represents results of RA directions
and right column represents results of Dec directions. Horizontal axes are the DOY of observations. The error bars represent the position uncertainties
resulting from systematic errors which are given to make the reduced �2 to be 1. The lower panels represent combined parallaxes. Blue, pink, skyblue,
and green represent maser features F, H, K, and L, respectively.

Table 6. Parallax and proper motion fit.

Source Feature Parallax �˛ cos ı �ı

(mas) (mas yr�1) (mas yr�1)

IRAS 06058+2138 F 0.380˙0.058 1.62˙0.17 �2.29˙0.41
H 0.729˙0.112 0.95˙0.33 �3.51˙0.72
K 0.610˙0.065 1.03˙0.13 �3.35˙0.44
L 0.570˙0.056 0.64˙0.06 �1.93˙0.18

Combined 0.569˙0.034

IRAS 19213+1723 A 0.243˙0.137 �2.38˙0.51 �6.01˙0.42
B 0.203˙0.066 �2.57˙0.20 �6.26˙0.56
C 0.250˙0.054 �2.51˙0.21 �6.03˙0.79
D 0.310˙0.065 �2.65˙0.15 �5.96˙1.05

Combined 0.251˙0.036

AFGL 2789 A 0.423˙0.078 �2.39˙0.31 �3.43˙0.54
G 0.295˙0.058 �2.11˙0.28 �4.03˙0.93
H 0.326˙0.038 �2.09˙0.11 �3.85˙0.43

Combined 0.326˙0.031



108 C. S. Oh et al. [Vol. 62,

Fig. 6. Movements of maser features and fitting results for each maser feature of IRAS 19213+1723. Left column represents results of RA directions
and right column represents results of Dec directions. Horizontal axes are the DOY of observations. The error bars represent the position uncertainties
resulting from the systematic errors which are given to make the reduced �2 to be 1. The lower panels represent Combined parallaxes. Blue, pink,
skyblue, and green represent maser features D, B, A, and C, respectively.

In figure 6, dashed and solid lines represent the modeled
combination of linear and parallactic motions; the crosses
with error bars represent our observed data, respectively. As
a result of the fitting, we determined the annual paral-
laxes of the H2O maser features from A to D around
IRAS 19213+1723 to be 0.243 ˙ 0.137, 0.203 ˙ 0.066,
0.250 ˙ 0.054, and 0.310 ˙ 0.065, respectively. The fitted
results of four maser features were combined to the common
parallax of 0.251 ˙ 0.036 mas, which could be converted to
a distance of 3.98 ˙ 0.57 kpc. This result gives the distance
with an uncertainty of 14%, which is somewhat lower accu-
racy than the other maser sources in this paper. This uncer-
tainty is due to the concentration of maser features in a region
of less than 1 mas. The concentration of the maser distri-
bution less than the CLEAN beam size (1.5 mas � 0.9 mas)
prevents identifications of all maser features in same beam.
Nevertheless, this result is of the highest accuracy among the
results of distance measurements toward IRAS 19213+1723.

Table 6 shows the best fit of the common parallax.
3.2.3. AFGL 2789

In AFGL 2789, three maser features are detected over five
epochs or more. Figure 7 shows the absolute positions of the
maser features and their movements on the sky plane relative
to the nominal maser position of AFGL 2789 along with the
observational date.

The parallaxes and linear motions of those three maser
features were estimated by least-squares fittings. As a result
of the fittings, we determined the annual parallaxes of the H2O
maser features A, G, and H to be 0.423˙0.078, 0.295˙0.058,
and 0.326 ˙ 0.038, respectively. Then, the fitted results of
three maser features were combined to the common parallax
of 0.326 ˙ 0.031 mas which was converted to a distance of
3.07 ˙0.30 kpc. This result gives the distance with an uncer-
tainty of 10%, which is the highest accuracy among the results
of the distance measurements toward AFGL 2789.
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Fig. 7. Movements of maser features and fitting results for each maser feature of AFGL 2789. Left column represents results of RA directions and right
column represents results of Dec directions. Horizontal axes are the DOY of observations. The error bars represent the position uncertainties resulting
from the systematic errors which are given to make reduced �2 to be 1. The lower panels represent Combined parallaxes. Blue, pink, and green represent
maser features G, A, and H, respectively.

4. Discussions

4.1. Constraint of the Galactic Rotation Curve

We constrained the galactic rotation velocity of
IRAS 06058+2138, IRAS 19213+1723, and AFGL 2789.
First, we assumed circular galactic rotation, as shown in
figure 8. R0 and R are the distances of the LSR (local standard
of rest which include the Sun) system and a star with respect to
galactic center (G.C.), respectively; d is the distance between
the LSR system and the star; Θ0 and Θ are rotational velocities
in their galactic orbitals of the LSR system and the star,
respectively; l is the galactic longitude of the star; ˛ is an
angle between the radial direction of the LSR system to the
star and the galactic rotation velocity direction of the star. If
the LSR system and the star are in perfect circular rotation,
the projected motion of the star with respect to LSR on the
galactic plane can be derived. From figure 8,

vr = Θcos˛ � Θ0 sin l; (1)

vt = Θsin˛ � Θ0 cos l; (2)

where vr and vt are a radial and transverse velocities of star
with respect to LSR, respectively. Therefore, the galactic rota-
tional velocity of star Θ can be estimated from the observed
velocity vector vr and vt, and Θ0. In addition to vr, vt, and Θ0,
the peculiar motion of the Sun with respect to LSR should be
added. We adopted solar motion based on HIPPARCOS satel-
lite data (Binney & Merrifield 1998a), which is (U , V , W ) =
(10.0, 5.2, 7.2) km s�1. The U , V , W directions represent
towards the galactic center, the galactic rotation, and the
northern galactic pole, respectively. In addition, the galactic
coordinates of IRAS 06058+2138, IRAS 19213+1723, and
AFGL 2789, are (l , b) = (188:ı95, 0:ı89), (52:ı10, 1:ı04), and
(94:ı60, �1:ı80); source distances of 1.76, 3.98, and 3.07 kpc
are used, respectively. Then, to convert the observed proper
motion in equatorial coordinates into the proper motion of
stars in the galactic plane, the galactic plane’s position angle
in equatorial coordinates was estimated. Table 7 gives the
proper motions in the galactic plane of IRAS 06058+2138,
IRAS 19213+1723, and AFGL 2789. Columns 2, 3, and 4 in
table 7 list the properties derived from the observed data for
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Table 7. The proper motion projected to the directions of l , b, and radial direction of each star.�

Source vl;H2O vb;H2O vr;CO
� Θ0

� Θ R
(kpc)

IRAS 06058+2138 21.4˙ 3.6 �7.9˙0.3 3 180 162.9˙3.6 9.7
200 183.0˙3.6
220 203.2˙3.6
250 233.8˙3.6

IRAS 19213+1723 �122.3˙14.8 �13.8˙4.1 41.7 180 189.6˙2.1 6.4
200 206.7˙2.1
220 224.4˙2.1
250 250.5˙2.1

AFGL 2789 �58.7˙ 8.0 �26.7˙6.2 �44 180 161.9˙3.4 8.8
200 180.7˙3.4
220 199.5˙3.4
250 227.7˙3.4

� With respect to the LSR and determined Θ for each Θ0, cf. figure 8.
� Radial velocity of observed results is used as the systemic velocity of CO emission line.
� The assumed galactic rotation velocity. The value of velocity are in km s�1.

Fig. 8. Rotational motion of the Sun and a star in those orbital of
the galactic plane.

the H2O maser. H2O masers are often associated with high-
velocity outflows from young stellar objects, and thus measure-
ments of individual space motions need to be corrected.
However, averaging the motions of multiple features can help
determine the proper motions of stars, as shown in Honma
et al. (2007), Sato et al. (2007), and Hachisuka et al. (2009).
Therefore we assumed that the averaged proper motion of H2O
masers is similar to the proper motion of the star. In addition,
since the peculiar motion of the star, itself, is involved in the

proper motion, it is difficult to subtract any peculiar motion of
the star from the vl and vb components of the proper motion.
They can involve an error term in a fitting of the galactic rota-
tion curve; however, one can constrain the galactic rotation
curve on a large scale of more than 10 kpc. Therefore, one
can calculate the galactic rotational velocity of star Θ for an
assumed Θ0 by using the above equation and the proper motion
of the star. Column 6 in table 7 shows an estimated Θ. Here,
the galactic constant, R0, is assumed to be 8.0(˙0.5) kpc (Reid
1993), and Θ0 is assumed to be 180, 200, and 220 km s�1

(Honma & Sofue 1997a, 1997b; Olling & Merrifield 1998;
Miyamoto & Zhu 1998; Reid & Brunthaler 2004). The rota-
tion velocities of three sources determined in this study are
shown in figure 9 with a previous result of S 269 (Honma et al.
2007). In figure 9, it is assumed that the disk scale length is
h = 3 kpc, R0 = 8 kpc, and the galactic rotation velocity is
200 km s�1. The dashed line represents a flat rotation curve of
Θ = 200 km s�1; the shadowed area represents a possible range
of outer rotation curves considered in previous studies (Honma
& Sofue 1997a), and the dotted curve represents the rotation
curve for an exponential disk without any dark matter. In
general, it is useful to combine new results with previous ones
in a study of larger scale, such a period–luminosity relation of
Mira variable stars (Kurayama et al. 2005) or the galactic rota-
tion curve from H I and CO observations (Sofue et al. 2009).
Therefore, we combined our three sources with previous result
to constrain the galactic rotation curve. If our results are
combined with that for S 269 (Honma et al. 2007), we can see
a flat rotation curve, as shown in figure 9, which is consistent
with that expected from a disk with dark matter. Thus, this
provides strong evidence on the existence of dark matter in the
Galaxy’s outer region.

On the other hand, a previous result from a H I observa-
tion (Honma & Sofue 1997a) shows the uncertainty in rota-
tion curves that have a larger dependence on Θ0. The rotation
velocity of three sources determined in this study is shown
in figure 10 with a previous result of a H I observation and
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Fig. 9. Rotation curve of the Galaxy obtained in previous studies
with the results of IRAS 06058+2138, IRAS 19213+1723, and
AFGL 2789. The values of R0 = 8 kpc and Θ0 = 200 km s�1 are
assumed. The dashed line represents the flat rotation curve, the shad-
owed area represents the possible range of outer rotation curves consid-
ered in previous studies (Honma & Sofue 1997). The dotted curve
represents the rotation curve without dark matter.

Fig. 10. Overall rotation curves of the Galaxy from H I emission obser-
vation for Θ0 = 180 km s�1 (open triangles), Θ0 = 200 km s�1 (open
circles), and Θ0 = 220 km s�1 (filled circles) (Honma & Sofue 1997).
The quadrangles and solid lines represent the results of our H2O maser
observation and Honma et al. (2007) for Θ0 = 180 km s�1 (green),
Θ0 = 200 km s�1 (red), Θ0 = 220 km s�1 (blue), and Θ0 = 250 km s�1

(yellow).

S 269 (Honma & Sofue 1997a, 1997b; Honma et al. 2007).
In the case of Θ0 = 220 km s�1 in figure 10, the outer rota-
tion curve determined from the H I radial velocities has a rising
tendency. In the case of Θ0 = 180 km s�1, however, the outer
rotation curve has a tendency of slightly falling. The differ-
ence between the cases of Θ0 = 220 km s�1 and 180 km s�1

at 1.5 R0 is more than 50 km s�1, and this difference increases
with R. This uncertainty, difference between rotation curves
is caused by only a 1-dimensional observation with line-of-
sight velocity component toward the source and by distance
measurements with the kinematic distance, and has a larger
dependence on Θ0. However, three sources mentioned in this
paper and S 269 in Honma et al. (2007) were observed with

the phase referencing VLBI observation of VERA, and their
distances were determined with a high accuracy of less than
10% error. In addition, 3-dimensional velocity components
of IRAS 06058+2138, IRAS 19213+1723, AFGL 2789, and
S 269 were determined by accurate distances, proper motions,
and line-of-sight velocities. To find the Θ0 dependence of
the overall rotation curves of the Galaxy, our results from
phase referencing VLBI observations are shown in figure 10,
and overall rotation curves from our data are plotted with
the method of least squares. The plotted rotation curve
can be represented as a relation between, � � Θ=Θ0 and
r � R=R0, then, the inclinations of the curves, Δ�=Δr are
�0.04 ˙ 0.11, �0.02 ˙ 0.09, and �0.01 ˙ 0.08 for each Θ0

of 180 km s�1, 200 km s�1, and 220 km s�1, respectively. As
shown in figure 10, the rotation curve has small dependence
on Θ0 in our results which are much less than the uncer-
tainties. Therefore, we can understand why the Θ0 depen-
dence of the overall rotation curves of the Galaxy is not
seen in our results from the phase referencing VLBI obser-
vation with VERA. For all cases of Θ0, the rotation veloci-
ties of IRAS 06058+2138, IRAS 19213+1723, AFGL 2789,
and S 269 show the same tendency of a flat rotation curve.
From recent studies about Θ0 and R0, however, more higher
values are suggested. The parallaxes and proper motions of
Reid et al. (2009b) give Θ0 = 254 ˙ 16 km s�1. The proper
motion of the super-massive black hole, Sgr A*, directly gives
Θ0=R0 = 29.45˙0.15 km s�1 kpc�1 (Reid & Brunthaler 2004).
The orbit of star “S 2” about Sgr A* gives R0 = 8.4˙0.4 kpc
(Ghez et al. 2008; Gillessen et al. 2009). Thus, these measure-
ments give Θ0 = 247 ˙ 12 km s�1. We also estimated Θ
using Θ0 = 250 km s�1 at R0 = 8.5 kpc and plotted it with
a yellow line, as shown in table 7 and figure 10, respectively.
Although larger Θ0 values were used, we can see that our result
was not changed.

4.2. Dip Profile in the Galactic Rotation Curve

In the previous section and figure 9, we show that the overall
rotation curve of the Galaxy is flat. However, if one pays atten-
tion to the detailed profile of the rotation curve, some devia-
tions from the flat rotation curve can be seen. Previous obser-
vations of H I and CO molecular emission showed a dip profile
from � 8.5 to 11 kpc, although they show a flat rotation curve
as a whole range of outer regions, R 	 R0 (Fich et al. 1989;
Honma & Sofue 1997a; Demers & Battinelli 2007; Sofue et al.
2009). Our 3-dimensional study with phase-referencing VLBI
observations also provides evidence of a dip profile, as shown
in figures 9 and 10. The dip profile has a maximum differ-
ence with respect to the flat rotation curve at the distance from
the galactic center, R � 9 kpc, the value of which is about
30 km s�1. Thus, the dip profile found for IRAS 06058+2138
and AFGL 2789 can be considered to be a real phenomenon in
the galactic rotation curve. The dip profile of the rotation curve
may be caused by the existence of an additional structure other
than the bulge, disk, and halo. Sofue et al. (2009) proposed
that the dip can be reproduced by a massive ring having an
amplitude as large as 0.3- to 0.4-times the disk density with the
density peak at a radius of 11 kpc.

We also suggest another possibility to explain the dip profile.
First of all, the peculiar motions of each source can be
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Table 8. The pecular motions toward the U , V , and W directions.

Source U V W

(km s�1) (km s�1) (km s�1)

IRAS 06058+2138 15.5˙ 0.5 �17.0˙3.6 �0.4˙0.3
IRAS 19213+1723 33.6˙14.7 6.7˙2.1 �6.1˙4.1
AFGL 2789 9.7˙ 7.3 �19.3˙3.4 �18.8˙6.2

Fig. 11. Simple view of the galactic plane with the positions of
IRAS 06058+2138, IRAS 19213+1723, AFGL 2789, and previous
results of Xu et al. (2006) and Brunthaler et al. (2009). The arrows
represent their peculiar motion, U and V , after substracting galactic
rotation. The values of R0 = 8 kpc and Θ0 = 200 km s�1 are assumed.

determined by assuming the flat rotation curve in figure 9.
By using the properties for the LSR motion, R0 = 8 kpc
and Θ0 = 200 km s�1, and the Hipparcos values for the
solar peculiar motion (Binney & Merrifield 1998b), we obtain
the peculiar motion of each source, as listed in table 8.
IRAS 06058+2138 and AFGL 2789 move slower than the
galactic rotation with differences of 17.0 ˙ 3.6 km s�1 and
19.3 ˙3.4 km s�1. However, IRAS 19213+1723 moves faster
than the galactic rotation with a difference of 6.7˙2.1 km s�1.
The peculiar motions toward the galactic center show the
same direction toward the galactic center about all sources
with speeds of 15.5 ˙ 0.5 km s�1, 33.6 ˙ 14.7 km s�1, and
9.7 ˙ 7.3 km s�1 for IRAS 06058+2138, IRAS 19213+1723,
and AFGL 2789, respectively. Figure 11 shows peculiar
motions of the U and V directions after subtracting the galactic
rotation. In addition, IRAS 19213+1723 and AFGL 2789
move toward the direction opposite northern galactic pole, with
speeds of 6.1 ˙ 4.1 km s�1 and 18.8 ˙ 6.2 km s�1. However,
IRAS 06058+2138 shows a slightly peculiar motion in the
W direction.

On the other hand, it is well known that the local veloci-
ties of stars in galactic disks are non-isotropic. The velocity

Fig. 12. Simple view of the galactic plane with the positions of
IRAS 06058+2138, IRAS 19213+1723, AFGL 2789, and previous
results of Xu et al. (2006) and Brunthaler et al. (2009). The arrows
represent their peculiar motion after substracting The galactic rota-
tion. Red and green colors are the values of Θ0 = 220 km s�1 and
250 km s�1 at R0 = 8.5 kpc, respectively.

distribution of stars is usually described by the Schwarzschild
distribution function, which is an usual Gaussian distribution
(Binney & Merrifield 1998c). However, as shown in figure 11,
IRAS 06058+2138, and AFGL 2789 are located in the Perseus
arm, and show the dip profile to be moving to opposite the
galactic rotation direction. In addition, W 3 OH in the Perseus
arm is moving opposite the galactic rotation direction (Xu
et al. 2006). They have systematic movements opposite the
galactic rotation direction, so it is difficult to explain them
as random motions. Therefore, we suggest that the peculiar
motions in the galactic rotation direction of IRAS 06058+2138
and AFGL 2789 trace the peculiar motion of the Perseus arm
itself, which can be seen as a dip profile in the galactic rota-
tion curve. However, the results given in this paper are
based on a small number of sources in a small portion of
the Perseus spiral arm which have sources with unusually
large non-circular motion. Therefore, more observations to the
azimuthal symmetric directions are necessary for confirming
the existance of a dip.

4.3. Motions toward the Galactic Center

As mentioned above, the peculiar motions toward the
galactic center for our three sources show the same direction
toward the galactic center. In addition, W 3 OH, G23.01�0.41,
G23.44�0.18, and G23.657�0.127 also show peculiar motions
toward the galactic center (Xu et al. 2006; Brunthaler et al.
2009; Reid et al. 2009b). Because they are distributed close
to our three sources we selected them to study local peculiar
motion in the galactic plane. W 3 OH is located in the Perseus
arm; the others are located in the inner Galaxy, as shown in
figures 11 and 12. Figure 11 is plotted with Θ0 = 200 km s�1

at R0 = 8 kpc, and figure 12 is plotted with Θ0 = 220 km s�1
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and 250 km s�1 at R0 = 8.5 kpc, respectively. Note that three
sources in the Perseus arm and four sources in the inner Galaxy
are moving systematically toward the galactic center, so it is
difficult to explain only their random motions described by the
Schwarzschild distribution function. In previous studies, stars
and gas located in the Perseus arm were observed to move
with line-of-sight velocities of about �45 km s�1, relative to
the LSR, and these velocities give a larger distance than the real
distance to the Perseus arm, as well as a larger influence on the
peculiar motions toward the galactic center (Xu et al. 2006).
Therefore, as shown in figures 11 and 12, the large pecu-
liar motion toward the galactic center of IRAS 06058+2138,
AFGL 2789 in this paper, and W 3 OH in Xu et al. (2006) may
trace the peculiar motion of the Perseus arm.

On the other hand, the peculiar motions of IRAS
19213+1723, G23.01�0.41, G23.44�0.18, and G23.657
�0.127 are different from those of three sources in the Perseus
arm. In the inner part of the Galaxy, a stellar over-density was
found that can be explained with a central bar, and stars close
to the central bar are affected by the gravitational potential of
the central bar (Benjamin et al. 2005). As shown in figures 11
and 12, four sources in the inner part of the Galaxy are close to
the central bar, and hence we suggest that the peculiar motion
of IRAS 19213+1723 in this paper as well as G23.01�0.41,
G23.44�0.18, and G23.657�0.127 in the previous study are
induced by the gravitational potential of the central bar.

There is another possibility to explain the systematic move-
ments shown in figures 11 and 12. All of the plotted sources
are moving systematically toward the galactic center, although
they show non-systematic movements for the direction of the
galactic rotation. Since these motions are relative to the LSR
system, or our observing coordinate system, these values can

be changed if the currently defined LSR has some systematic
error (e.g., due to error on the determination of Sun’s peculiar
motion with respect to the LSR). Therefore, one can think that
the LSR system is moving in the opposite of galactic center
direction, which results in the systematic movements of all
sources toward the galactic center.

5. Summary

We have used phase referencing VLBI observations with
VERA to measure the absolute positions of the maser features
in IRAS 06058+2138, IRAS 19213+1723, and AFGL 2789.
We obtained annual parallaxes of 0.569 ˙ 0.034 mas for
IRAS 06058+2138, 0.251˙0.036 mas for IRAS 19213+1723,
and 0.326 ˙ 0.031 mas for AFGL 2789, corresponding
to distances of 1.76 ˙ 0.11 kpc, 3.98 ˙ 0.57 kpc, and
3.07˙0.30 kpc, respectively.

We constrained the galactic rotation curve from the abso-
lute proper motions of the maser features. By combining
with the result of S 269, we could see a flat rotation curve
which is consistent with that expected from a disk with dark
matter. In a 3-dimensional study of the galactic rotation, the
Θ0 dependence of the overall rotation curves is not seen for all
cases of Θ0.

A dip at 9 kpc is seen in the detailed profile of the rotation
curve from our observations as well as previous observations, it
can be explaned with a massive ring of amplitude as large as 0.3
to 0.4 times the disk density or the local peculiar motion of the
Perseus arm. The motions toward the galactic center are seen in
our results and previous observations. These can be explained
with peculiar motions of the local area in which sources are
involved, or the systematic error of currently defined LSR.
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