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Abstract

We present the internal proper motions of 6.7 GHz methanol masers in a massive star-forming region, Onsala 1
(ON 1), measured using the Japanese very long baseline interferometry network (JVN) at three epochs spanning
778 days. The methanol masers were clearly distinct from water masers. The methanol masers surrounded an ultra-
compact (UC) H1I region, and their distribution was similar to that of hydroxyl masers. The internal motions of
the methanol masers were clearly detected; they show outward motions in roughly the north—south direction with
a relative velocity of ~5kms™'. Their motion is similar to that of hydroxyl masers, which showed expansion at
~5kms~!, and these two types of masers seem to trace the expanding UC H 11 region. Another possibility is that the
methanol masers are associated with a molecular outflow observed by H'3CO™ and SiO lines, because the direction
and velocity of the methanol masers were similar to those of the molecular lines. Regarding the relative phases of
water and methanol masers in the evolutionary stage of massive young stellar objects, we found that the former was
earlier than the latter in ON 1 by comparing the sites associated with the masers. The water masers were associated
with dust emission at submillimeter wavelengths, whereas the methanol masers were associated with an UC H1I

region at centimeter wavelengths, which appears at a later evolutionary phase than the dust core.
Key words: ISM: H1I regions — ISM: individual (Onsala 1) — masers: methanol

1. Introduction

Methanol masers at 6.7 GHz have been detected only in
massive star-forming regions (Minier et al. 2003; Xu et al.
2008). They are thought to trace the period just before, or early
in the ultra-compact (UC) H1I region phase (e.g., Walsh et al.
1998). Therefore, they can be a useful tool for investigating
star formation around massive young stellar objects (YSOs). It
has been suggested that the 6.7 GHz methanol masers appear
at an earlier evolutionary phase in massive star formation than
22.2 GHz water masers (Ellingsen et al. 2007 and references
therein). Beuther et al. (2002) superposed the distributions
of the 6.7 GHz methanol masers on those of the 22.2 GHz
water masers, the millimeter dust continuum, the centimeter
continuum, and mid-infrared sources in massive star-forming
regions with absolute positional accuracies of ~1”. The results
supported the suggestion that the methanol masers appear at an
earlier stage than the water masers. On the other hand, Reid
(2007) suggested that the water masers trace an earlier stage
than the methanol masers.

Various morphologies of the 6.7 GHz methanol masers have

been observed. The linear spatial structure and linear velocity
gradient of the maser spot distribution have often been inter-
preted as being an edge-on Keplerian rotating disk (e.g., Minier
et al. 2000). However, these characteristics are not observed
for 60% of methanol maser sources. Phillips et al. (1998)
and Walsh et al. (1998) suggested a shock-wave model with
low velocities for those sources. Other evidence of associ-
ation with shock regions was reported by De Buizer (2003),
Dodson et al. (2004), and Surcis et al. (2009). The masers
also exhibit the following morphology and kinematics: ring-
like structures (Bartkiewicz et al. 2005, 2009; Sugiyama et al.
2008a; Torstensson et al. 2008, 2010), infall (Goddi et al. 2007,
Vlemmings et al. 2010), and rotating toroids (Moscadelli et al.
2007).

Measuring the internal proper motions of methanol masers
is essential for studying not only the associated sites, but also
the evolution of massive YSOs. We have conducted very
long baseline interferometry (VLBI) monitoring of 6.7 GHz
methanol masers in amassive star-forming region Onsala 1
(ON 1, section 2) by using the Japanese VLBI network (JVN:
Fujisawa 2008), and measured their internal proper motions.
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We describe these observations and the data reduction in detail
in section 3. In section 4, we present their spatial distribution
and internal proper motions measured at three epochs span-
ning 778 days. Finally, we discuss the sites associated with the
masers in ON 1 in section 5 on the basis of the superposition
of other probes and measurements of the proper motions.

2. ON1

The massive star-forming region ON 1 is located at
a distance of 2.577037kpc (1” corresponds to 2570 AU) based
on trigonometric parallax measurement of 6.7 GHz methanol
masers (Rygl et al. 2010). Although a distance of 1.8 kpc has
been used for ON 1 by several authors (e.g., MacLeod et al.
1998; Kumar et al. 2004; Nagayama et al. 2008), we adopt
the distance of 2.57 kpc in this paper. A massive star-forming
clump (~ 300-500 M, scaled to a distance of 2.57kpc) ~
0.5pc in size was detected from single-dish observations for
the continuum at 0.35mm and CS J = 5-4 line emissions in
the region (Mueller et al. 2002; Shirley et al. 2003). Multiple
YSOs are associated with this clump. The radio continuum
emission at 8.4 GHz showed an UC H1I region (Argon et al.
2000). Submillimeter array (SMA) observations detected five
continuum emission sources at 345 GHz (defined as SMA 1-5)
within a field of ~5” (Su et al. 2009). Su et al. mentioned
that the SMA 1 and 3 are hard to distinguish from the UC HIt
region observed by the 8.4 GHz radio continuum emission.
Therefore, at least four YSOs exist within an area of only 5”
(corresponding to ~ 13000 AU), those are the SMA?2, 4, 5,
and the UC H1I region. The water masers at 22.2 GHz in this
area consist of two clusters (Downes et al. 1979), WMC 1
and 2 (defined in Nagayama et al. 2008). Nagayama et al.
showed that the water masers in WMC 1 can be associated with
a bipolar outflow on the basis of an east—west elongated struc-
ture and their internal proper motions. A corresponding large-
scale outflow was observed by the CO J = 2-1 line (Kumar
et al. 2004) and H, emission at 2.12 um (Kumar et al. 2003).
Some bipolar outflows exist; one of them, traced by HBCO+
J = 1-0 and SiO J = 2-1 line emission, shows outflows
in the northeast—southwest direction at a position angle (PA)
of ~44° (Kumar et al. 2004). The ground-state hydroxyl
masers at 1.665 and 1.667 GHz in this area are associated with
the UC HII region (Nammahachak et al. 2006). A moni-
toring observation showed the expansion of hydroxyl masers
at ~5kms~!, and the masers were thought to trace the expan-
sion of the UC H 11 region (Fish & Reid 2007).

The 6.7 GHz methanol masers in ON 1 have two widely
separated spectral features at velocities of ~ 15kms™!
(Misr ~ 0, 15kms~": Menten 1991; Szymczak et al. 2000). The
systemic velocity of this region based on the CS J = 21 line is
11.6+3.1kms™! (Bronfman et al. 1996). A different systemic
velocity of 5.1 +£2.5kms™! has been observed using the H76q
recombination line (Zheng et al. 1985). In either case, the
systemic velocity is observed between the two methanol maser
features. Since the kinematics of ON 1 were observed using
various line emissions, including those of water and hydroxyl
masers, this source is suitable for investigating the associated
sites and evolutionary phases of the methanol masers.

Interferometric observations of the methanol masers in this
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region have been performed using the multi-element radio-
linked interferometer network (MERLIN) by Green et al.
(2007). They succeeded in mapping only red-shifted features
(Misr = 14.46 to 15.57kms™!) because the bandwidth did not
cover both features. VLBI observations for the ON 1 methanol
masers, which covered both features, were conducted using the
JVN (Sugiyama et al. 2008b) and the European VLBI network
(EVN: Rygl et al. 2010). The image quality of this previous
JVN observation did not allow for a detailed investigation of
the structure because of poor uv-coverage and sensitivity.

3. Observations and Data Reduction

New JVN observations of ON 1 were conducted at three
epochs: 2006 September 10, from 07:00 to 17:30 UT using
four telescopes of the JVN; 2008 May 10 from 15:00 to 22:00
UT using five telescopes; and 2008 October 26, from 06:00
to 13:00 UT using six telescopes. The telescopes used in
each observation are described in table 1 along with other
observational parameters. The projected baselines ranged
from 6 MA (Yamaguchi-Iriki) to 50 MA (Mizusawa-Ishigaki),
corresponding to fringe spacings of 34.4mas and 4.1 mas at
6.7 GHz, respectively.

A continuum source, J20034-3034 (1°71 from ON 1), whose
coordinates were determined with an accuracy of 0.55 mas in
the second VLBA calibrator survey (VCS2) catalog (Fomalont
et al. 2003), was used as a phase reference calibrator to obtain
the absolute coordinates of the methanol masers. We alter-
nately observed the ON 1 methanol masers and the continuum
source with a cycle of 5min (2 min on ON 1 and 1.8 min on
the continuum source). ON 1 was sometimes observed contin-
uously for more than 30 min to improve the uv-coverage in
the first and second epochs. The total on-source times at each
epoch were 3.4, 1.5, and 0.5hr for ON 1 and 0.4, 0.7, and
0.3 hr for J2003+3034, respectively. Several radio continuum
calibrators were also observed every hour for clock param-
eter correction (J2010+-3322, J2023+3153, J2002-+4725) and
bandpass correction (3C 454.3, NRAO 530, DA 193).

In the first epoch, left-circular polarization was received at
the Yamaguchi and Usuda stations, while linear polarization
was received at the Mizusawa and Ishigaki stations. In the
two epochs in 2008, left-circular polarization was received at
the Yamaguchi, Usuda, Mizusawa, and Ishigaki stations, while
at the Iriki and Ogasawara stations linear polarization was
received. The data were recorded on magnetic tapes by using
a VSOP terminal at a data rate of 128 Mbps with 2-bit quanti-
zation and two channels; they were correlated at the Mitaka FX
correlator (Shibata et al. 1998). Of the recorded 32 MHz band-
width, 2 MHz (6668—-6670MHz) was divided into 512 chan-
nels for obtaining high-velocity resolution in the maser reduc-
tions, yielding a velocity resolution of 0.18 kms™! in 2006.
The same velocity resolution was achieved in 2008, but the
bandwidth and the number of channels were 4 MHz (6668—
6672 MHz) and 1024, respectively. Single-dish observations
were performed using the Yamaguchi 32 m telescope almost
simultaneously with each VLBI observation. The spectral reso-
lution of the single dish was four-times higher than that of the
VLBI. The spectra obtained by the single-dish observations
showed no variation during the three epochs.
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Table 1. Parameters for ON 1 observations using the JVN.*

Epoch Date TelescopesJr ton lo Synthesized beam  Ngpot
Qmaj X Gmin PA
(y/m/d) (hr) (Jybeam™') (mas xmas) (°)
1 2006/09/10 Y, U, M, 1 34 0.08 6.3 x3.2 —-59 36
2 2008/05/10 Y,M,R, O, 1 1.5 0.20 4.6 x 3.1 -31 19
3 2008/10/26  Y,U,M,R, 0,1 0.5 0.32 5.0x3.2 —54 23

* Column 1: epoch number; Column 2: observational year, month, and day; Column 3: telescopes used; Column 4: total
on-source time; Column 5: rms of image noise in a line-free channel; Column 6-7: FWHM:s of major and minor axes,
and position angle of synthesized beam made in natural weight; Column 8: number of detected spots.

t Telescope code — Y: Yamaguchi, U: Usuda, M: VERA-Mizusawa, R: VERA-Iriki, O: VERA-Ogasawara,

I: VERA-Ishigaki.

The VLBI data were reduced using the astronomical image
processing system (AIPS: Greisen 2003). Correlator digitiza-
tion errors were corrected using the task ACCOR. Delay and
rate offsets were corrected by the task FRING by using the
continuum calibrators. Bandpass calibration was performed
by the task BPASS. Doppler corrections were performed by
running the tasks SETJY and CVEL. Amplitude—gain cali-
bration parameters were derived from the total power spectra
of maser lines in W 75 North (W 75 N), a strong (~ 270-
470Jy), nearby (~ 11°5) methanol maser source by using the
template method in the task ACFIT. The primary amplitude
unit was converted into janskys (Jy) on the basis of the single-
dish spectrum observed using the Yamaguchi telescope by the
same method. The conversion accuracy depends on the accu-
racy of the single-dish observations, ~ 10%. Fringe fitting
was conducted using a strong velocity channel at a local stan-
dard of rest (LSR) velocity of 0.00kms™! in the task FRING.
Special amplitude calibrations, as described in Sugiyama et al.
(2008b), were applied to different polarization correlations
(circular/linear, linear/linear). The phase and amplitude solu-
tions of self-calibration were calculated in the task CALIB
by using the image of the velocity channel at 0.00kms™!
formed by the task IMAGR. The solutions were applied to all
other channels that contained maser emissions. We formed
CLEAN images of each channel that included maser emis-
sions by using the reference maser spot at an LSR velocity
of 0.00kms~! in the task IMAGR with natural weighting.
The full width at half maximum (FWHM) and the PA of the
synthesized beams are given in table 1. The peak positions and
peak intensities of maser spots were derived by fitting an ellip-
tical Gaussian brightness distribution to each spot appearing
in each image by using the task JMFIT. We identified maser
spots on the basis of the signal-to-noise ratio (SNR) as well as
the range of the velocity channels. All of the identified spots
were more than five-times stronger than the rms noise level
in the images for each spectral channel, and all appeared in
multiple velocity channels.

4. Results
4.1. Spatial Distributions

We detected 36, 19, and 23 maser spots at epochs 1, 2, and
3, respectively, while the number of independent spots was
41. The peak intensities of the spots ranged from ~ 0.3 to

30.9Jy beam~!, and the rms values of the image noise (10)
in a line-free channel were 80, 200, and 320 mly beam™!,
respectively. Given that 19 in 36 maser spots at the 1st epoch
had peak intensities larger than 1Jybeam™' (corresponds to
rms 5, 30 of image noise at 2nd, 3rd epochs, respectively),
the detection rates are almost the same above all epochs. The
parameters of each maser spot are summarized in table 2.
There are clearly flux variations for maser spots ID 5, 6, 15,
16, 18 according to the accuracies of the absolute flux, ~ 10%.
The relative positional accuracy of the methanol maser spots
ranged over 0.01-0.80mas, depending on the SNR and the
spatial structure of the spot. The errors of fitting by an ellip-
tical Gaussian were also included in the accuracy. The maser
emissions were detected even with longer baselines, and the
correlated flux accounted for over 90% of the single-dish flux.

The spatial distribution and the internal proper-motion
vectors of the 6.7 GHz methanol maser spots in ON 1 are
shown in figure 1 (for the proper motions, see subsec-
tion 4.2). The 36 spots detected at the first epoch within
an area of ~400mas x 1100mas (~ 1000 AU x 2800 AU)
are plotted as dots with colors corresponding to Vig,. The
origin of the map corresponds to the position of the refer-
ence spot with an LSR velocity of 0.00kms~!, whose abso-
lute coordinates, obtained using a phase-referencing tech-
nique, are «(J2000.0) = 20"10™090731 and §(J2000.0) =
+31°31’357934 with an accuracy of 1 mas. The reference spot
is also used as a reference for internal proper motion. We define
three clusters of maser spots: the north (cluster I), southwest
(II: 0”3 west, 09 south), and south (III: 01 east, 1”0 south)
clusters. Cluster I had a radial-velocity range of Vi5, = —0.52
to 1.59kms™!, whereas the other two clusters had ranges of
Vier = 14.24 to 15.12 and 14.24 to 14.77km s~ for clusters II
and III, respectively. Cluster I was blue-shifted and clusters II
and IIT were red-shifted relative to the systemic velocity. The
blue-shifted maser spots were separated spatially as well as
spectrally from the red-shifted ones.

The overall distribution of the ON 1 methanol masers coin-
cided with that in the image obtained by Rygl et al. (2010).
Clusters II and III correspond to C and D defined by Green
et al. (2007). They also detected maser spots A and B in
their MERLIN image, which were located at 074 west, 08
south and 072 west, 079 south, respectively, with respect
to our reference maser spot, but we did not detect them in
our VLBI image.
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Table 2. Parameters of the 6.7 GHz methanol maser spots showing internal proper motion in ON 1.*

1D LSR Relative offset Proper motion Peak intensity
velocity RA Oy Dec o5 o Oy Vi ns o vy Ist 2nd 3rd
(km s~ (mas) (masyr™")  (kms™!) (masyr!) (kms') (Jybeam™)
M 2 3) (C)) (5) (6) m @ ©) (10 an - 12 a3 a4 a1s
Cluster IT
1 14.77 —34221 0.33 —89743 0.24 — — — — — — 042 — —
2 1459  —-34197 0.27 —897.83 0.18 — — — — — — 1.67 — —
3 1494  —337.03 0.09 —879.56 0.08 0.31 0.11 376  —0.63 0.10 —7.68 357 469 288
4 1477  -33691 0.03 —880.29 0.03 -0.09 038 —1.05 -029 001 353 12.37 14.69 14.20
5 1459  —336.85 0.03 —880.68 0.02 —0.15 041 —1.84 —-0.23 0.08 276 15.77 17.20 26.31
6 1441 -336.78 0.05 —880.93 0.03 -0.17 022 -213 -024 0.02 —-298 7.79 823 18.51
7 1424  -336.63 0.22 —881.16 0.16 —-0.21 0.16 =255 —035 0.12 —4.30 1.37 159 5.14
8 15.12 —336.53 0.61 —879.99 0.41 — — — — — — 042 — —
Cluster I
9 —0.17 —3.52 0.34 —16.48 0.17 — — — — — — 092 — —
10 0.18 —3.48 0.36 —16.61 0.17 — — — — — — 076 — —
11 0.00 —3.29 0.30 —16.55 0.15 — — — — — — 1.08 — —
12 —0.70 —-0.72 0.31 0.19 0.38 — — — — — — — — 1.83
13 0.53 —0.61 0.26 0.60 0.18 — — — — — — 074 2.08 1.77
14 0.36 —0.40 0.06 0.39 0.05 — — — — — — 346 794 6.17
15 0.18 —-0.21 0.02 0.18 0.02 — — — — — — 9.19 18.83 17.85
161 0.00 0.00 0.02 0.00 0.01 0.00 — 0.00 0.00 — 0.00 13.17 25.81 30.93
17 —0.52 0.07 0.19 —0.14 0.15 0.12 0.10 1.50 —0.13 0.08 —1.62 .10  — 5.89
18 —0.17 0.22 0.02 —0.16 0.02 — — — — — — 10.82 20.85 18.01
19 —0.35 0.39 0.04 —0.25 0.03 0.02 0.00 024 —-0.04 0.02 -0.54 485 956 782
20 0.00 292 0.29 15.25 0.18 — — — — — — 080 — —
21 0.18 3.07 0.34 15.34 0.23 — — — — — — 057 — —
22 —0.17 339 031 15.05 0.16 — — — — — — 072 — —
23 1.06 5.88 0.63 40.63 0.46 0.55 0.33 6.77 0.64 0.25 7.81 042 — 0.94
24 0.88 6.54 0.43 40.73 0.32 — — — — — — — — 0.66
25 1.06 7.79 045 —55.65 0.25 — — — — — — 043 — —
26 1.23 7.92 0.30 4521 0.28 — — — — — — 072  1.10 1.08
27 1.41 8.23 0.23 46.16 0.22 —0.15 0.14 —1.83 0.18 0.13 2.17 077 127 1.28
28 0.88 8.23 0.47 —55.85 0.27 — — — — — — 039 — —
29 1.06 851 0.59 43.02 0.43 — — — — — — 049 — —
30 1.59 8.57 0.43 46.19 041 — — — — — — 038 — —
Cluster III
31 14.41 63.44 029 -—-101534 0.23 — — — — — — — 1.55  7.81
32 14.24 63.76 0.33 —1015.13 0.32 — — — — — — — 1.13  4.60
33 14.59 64.04 0.17 —1014.96 0.12 — — — — — — — 335 532
34 14.59 6734 029 -—1014.07 0.13 — — — — — — 235 319 —
35 14.41 67.56 0.27 —1013.99 0.12 045 0.17 552 —0.18 023 -2.15 262 321 621
36 14.24 69.02 0.35 —1013.80 0.22 —048 023 —-585 —038 0.14 —4.63 1.01  1.09 4.03
37 14.77 73.07 0.65 —1011.05 0.28 — — — — — — 120 — —
38 14.41 75.09 0.16 —1009.99 0.12 —-0.26 033 -3.19 —048 020 —5.90 218 — 3.93
39 14.59 76.10 0.57 —1009.41 0.26 — — — — — — 1.07 — —
40 14.24 78.06 0.41 —1008.45 0.19 — — — — — — 098 — —
41 14.41 79.29 0.41 -—1008.61 0.30 — — — — — — 062 — —

*

Column 1: spot identification number (in RA order); Column 2: LSR velocity; Columns 3—6: relative positional offsets with respect to the

reference maser spot and uncertainties in the first epoch; Columns 7-12: internal proper motions, fitting errors, and tangential velocities
for the right ascension and declination directions, respectively; Columns 13—15: peak intensities at each epoch.
 Reference spot for relative position and velocity. The absolute coordinates of the spot are given in the text.

4.2. Internal Proper Motions

Maser spots detected in different epochs were identified
as being the same if their LSR velocities coincided within
a velocity resolution of 0.18 kms~! and their positions were
within 2.7 mas at the first to third epochs (corresponding to
a transversal velocity of ~ 15.5kms™" at 2.57kpc, almost
equivalent to the range of the radial velocity). On the basis
of these criteria, 15 maser spots were identified at all three
epochs; three spots were identified at the first and third epochs,

and three spots were identified at the second and third epochs.
The motions of 13 maser spots out of 21 identified spots
were significantly larger than the relative positional uncer-
tainties during the observation period. Our detection of the
internal proper motions in ON 1 is one of the rare detections of
the internal proper motions of the 6.7 GHz methanol masers
(Sanna et al. 2008, 2010a, 2010b; Rygl et al. 2010). The
internal proper-motion vectors are shown in figure 1, and the
positional variations of each maser spot are shown in figure 2.
The internal proper motions were measured by applying linear
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Fig. 1. (a) Spatial distribution and internal proper motions of the 6.7 GHz methanol maser spots (filled circle and arrow) of ON 1. The color indicates

its radial velocity (see color index at the right). The labels I, II, and III indicate each maser cluster. The origin of this map corresponds to the absolute
coordinates «(J2000.0) = 20 10™0950731 and §(J2000.0) = +31°31'35934. Arrows show proper motion of spots, and their lengths are proportional
to the tangential velocities. The spatial and velocity scales are shown in the lower corner. The solid arrows show the motions detected at all three epochs,
while the dashed arrows show ones detected in only two (first and third) epochs. The spectrum of the ON 1 methanol maser by single-dish observation
using Yamaguchi 32 m telescope is also shown in the middle frame. The velocity resolution is 0.044 kms~!, which is four-times smaller than that of the
VLBI observations (0.18 kms™!). (b)—(d) Blow-up figures of clusters I, II, and III, respectively. Open circles show the methanol maser spots in a fixed
scale. Each ellipse at the bottom-left corner in each figure corresponds to a synthesized beam.

motion to the positional offsets on the timeline. The results
of the internal proper-motion measurements are also given
in table 2.

As can be seen in figure 1, the internal proper motions
reflected outward motions in roughly the north—south direc-
tion. The declination components of the proper motions, s,
ranged from —0.63 to +0.64 mas yr~', which corresponds to
tangential velocities, V,, ranging from —7.7 to +7.8kms~!.
The averaged north—south velocities were 0.8+1.6kms™! for
cluster T (V4) and —4.240.7kms™" for clusters II and TII
(Vir1m) (north is positive). The difference between these veloc-
ities, V1 — Virqr, is 5.0kms™!.

The outward motions in roughly the north—south direc-
tion clearly suggest that a rotating disk is unlikely to be the
site associated with the 6.7 GHz methanol masers in ON 1.
A simple explanation for the outward motion is that these
masers are associated with an expanding shell or a bipolar
outflow if we assume that the motion can be explain by
mono-phenomenon. The north—south velocity Vi — Vi1 of
5.0kms~! is comparable to the typical motion velocities of
OH masers associated with an expanding shell (Bloemhof et al.
1992; Fish & Reid 2007). On the other hand, the direction of
the outward motion is similar to that of the H*CO™ and SiO

outflows (Kumar et al. 2004), which was roughly distributed in
the north—south direction.

5. Discussion

5.1.  Spatial Relationship

In figure 3, we have superposed the 6.7 GHz methanol
masers in ON 1 (open squares) on the 22.2 GHz water masers
(open circles, Nagayama et al. 2008), hydroxyl masers at 1.665
and 1.667 GHz (crosses, Fish & Reid 2007), and continuum
emission at 8.4 GHz (white contours, Argon et al. 2000) and
at 345 GHz (stars, Su et al. 2009). The arrows indicate the
directions of the northeast—southwest bipolar outflow traced by
H'3CO™ and SiO lines (Kumar et al. 2004), and the dashed line
represents the axis of the east—west bipolar outflow observed in
the CO J = 2-1 line, and discussed by Nagayama et al. (2008).
The absolute positional accuracy of the methanol masers was
I'mas, and those of the water and hydroxyl masers were
~80mas and 200 mas, respectively. Those of the 8.4 GHz
and 345 GHz continuum emissions were ~ 0”3 and ~ 01,
respectively.

Note that each cluster of the methanol maser spots coincided
spatially with a cluster of hydroxyl masers (defined in figure 1
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Fig. 2. Positional variation in each direction (RA and Dec) of the
methanol maser spots of ON 1 during the observation period. Numbers
are the spot ID in table 2. The dash lines indicate a linear fit.

of Fish & Reid 2007): cluster I to the N cluster, cluster II to the
SW cluster, and cluster III to the SE cluster. These two types of
masers also have similar LSR velocity ranges: —0.52 to 15.12
and 2.48 to 16.73kms~! for methanol and hydroxyl masers,
respectively. The hydroxyl masers were thought to be associ-
ated with the expanding UC H1I region because their internal
proper motions showed an expansion with respect to the center
of the peak of the 8.4 GHz continuum emission. A coincidence
between the methanol and hydroxyl masers was suggested by
amaser-excitation model (Cragg et al. 2002). According to the
model, a physical condition that produces simultaneous popu-
lation inversions in both the 6.7 GHz methanol and 1.6 GHz
hydroxyl transitions by infrared radiation is achieved.
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Fig. 3. Observed methanol maser distribution (open squares) super-
posed on the 8.4 GHz radio continuum map (white contours) of the
UC H1i region (Argon et al. 2000). The star symbols correspond to the
positions of the brightness peak of the dust emissions at 345 GHz and
their number denote the SMA 1-4 (Su et al. 2009), while the SMA 5
locates out of this figure. The average sizes of the dust emissions are
~ 1 arcsec?. The water maser (Nagayama et al. 2008) and the hydroxyl
maser distributions (Fish & Reid 2007) are shown by open circles and
crosses, respectively. The WMC 1 and 2 were defined in Nagayama
etal. (2008). The arrows represent the directions of the NE-SW bipolar
outflows traced by the H>*COt J = 1-0 and SiO J = 2-1 lines
(Kumar et al. 2004). The colors of black and white correpond to the
red- and blue-shifted sides with respect to the systemic velocity. The
dashed line indicates the axis of the E-W bipolar outflow observed in
the CO J = 2-1 line (Kumar et al. 2004).

On the other hand, the water masers of WMC 1 were clearly
separated from the methanol and hydroxyl masers, with a posi-
tional offset of ~ 175, i.e., ~4000 AU at 2.57kpc. The LSR
velocities of the water masers also differed from those of the
methanol and hydroxyl masers, showing far higher velocities
and a wider range of Vig.(~ —60 to 60kms™'). Nagayama
et al. (2008) suggested that the two clusters of water masers
(WMC 1 and 2) would be associated with YSOs at around the
dust emission peaks at 345 GHz (SMA 4 and 2). Theoretical
models of water-maser excitation (Elitzur et al. 1992) predicted
that water masers were produced by collisional pumping within
shocked layers.

The distinctions between the methanol and hydroxyl masers
and the water masers in ON 1 in terms of their spatial distribu-
tions and radial/tangential velocities can also be understood in
terms of the types of associated sources. These results suggest
that methanol and hydroxyl masers are excited by different
sources at separate sites and by different pumping mechanisms
from those of the water masers.

The three clusters of the 6.7 GHz methanol maser in ON 1
are spatially isolated with a scale of ~2800 AU at maximum.
Are the clusters physically associated with and excited by
a common source? We think that the physical association
is true because of two reasons, as follows: firstly, three
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radio continuum sources, which consist of centimeter (UC H1I
region) and two submillimeter (dust: SMA 1 and 3) emis-
sions, are detected around the location of the methanol maser
clusters. As mentioned in section 2, Su et al. (2009) even-
tually concluded that the SMA 1 and 3 were just dust emis-
sions associated with the UC H1I region, that is that the SMA 1
and 3 do not include YSOs. Thus, there is only one massive
star around the location of the clusters. Secondary, some
methanol maser emissions have shown periodic variation of
flux density with synchronization above all spectral features
(e.g., Goedhart et al. 2003, 2009). Those maser spots were
distributed in a scale of ~ 6000 AU at maximum, which corre-
sponds to a size approximately two times larger than that in
the case of ON 1. The synchronized time variation of the
masers are explained as being because all of the maser spots
are pumped by infrared radiation from the dust that is heated by
a common exciting source with a rapid variability (Sugiyama
et al. 2008a). Thus, the methanol maser clusters in ON 1
isolated at ~2800 AU can be pumped with one exciting source.
We therefore expect that all three clusters of the 6.7 GHz
methanol masers can be excited by a common massive star that
forms the UC HTI region.

5.2.  Sites Associated with the Methanol Masers

Rotational disks and shock regions formed by the outflow
have been considered to be the main candidates for sites associ-
ated with methanol masers at 6.7 GHz in massive star-forming
regions. We discuss the following three possibilities for sites
associated with methanol masers in ON 1: (i) a disk, (ii) an
expanding shell, and (iii) a bipolar outflow.

First, are the methanol masers in ON 1 associated with
a disk? As mentioned in subsection 4.2, the outward motions
in the north—south direction detected in the internal proper
motions of the methanol masers clearly eliminates the disk
model. The separation of the red- and blue-shifted spectral
features of ~ 15kms™! of radial velocities is so wide that the
central mass estimated by simple Keplerian rotation, ~ 100 M,
(using half the velocity and the spatial extent of the distribution
of methanol masers to define the diameter of the disk), is not
consistent with the typical mass of a star located in an UC H1l
region, ~ 15 M, which is inferred from its spectral type of BO
(MacLeod et al. 1998). These properties do not agree with the
rotating-disk model, and thus this model is unlikely.

Second, are the methanol masers in ON 1 associated with
the expanding UC HTI region as well as with the hydroxyl
masers? As described in subsection 5.1, the methanol masers in
ON 1 coincide spatially with the hydroxyl masers. The radial-
velocity ranges and the internal proper motions of the methanol
masers were also quite similar to those of the hydroxyl masers,
at least where the two types coincided spatially. Rygl et al.
(2010) also detected the internal proper motions of the 6.7 GHz
methanol masers in ON 1 in the north—south direction with the
EVN, and suggested that the methanol masers would be located
in the molecular gas surrounding the expanding UC H1I region.

There are radial-velocity differences between the 6.7 GHz
methanol and the 1.665GHz hydroxyl masers in cluster I:
methanol Vi, from —0.7 to 1.6kms~!, while hydroxyl Vg,
from 2.5 to 6.1kms~!. In the 1.665GHz hydroxyl masers,
almost all spots correspond to left-circular polarization (LCP)
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emissions (9 in the 12 spots: Fish & Reid 2007). Thus,
the difference in the radial velocities could be due to the
Zeeman-splitting effects in the area around cluster I. Fish
(2007) measured the strengthes of the magnetic fields around
the cluster I by the 6.035 GHz hydroxyl maser, which range
from —8.7 to —12.1 mG. If we assume a magnetic field of
averaged —10 mG around cluster I, similar to that seen in the
case of the 6.035 GHz hydroxyl maser by Fish (2007), LCP
and RCP of the 1.665GHz maser features would be sepa-
rated by 5.9kms™! according to the Zeeman-splitting coef-
ficient, 0.59kms™'mG~! at 1.665GHz (Davies 1974). For
the 1.665 GHz hydroxyl maser LCP features at Vjg, from 3.1
to 6.1kms~! in the north cluster, these might have pairs
of RCP features at Vi from —2.8 to 0.2kms~'. On the
other hand, the 6.7 GHz methanol maser indicates a Zeeman-
splitting coefficient of 4.9 x 107> kms'mG~' (Vlemmings
et al. 2006; Vlemmings 2008), which leads to a separa-
tion of 4.9 x 10~*kms~! between the LCP and RCP features:
essentially no change in the radial velocity. Hence, the
suspected radial velocities of the 1.665GHz hydroxyl RCP
features would correspond to those of the 6.7 GHz methanol
masers, and the LCP spots of the 1.665 GHz hydroxyl maser
would have radial velocities higher than those of the 6.7 GHz
methanol maser. Those RCP components would have flux
densities weaker than the image sensitivities in Fish et al.
(2005) and Fish and Reid (2007).

Finally, we present another possibility for the associated
sites: the methanol masers in ON 1 might be associated with
the H*CO™ and SiO outflows. As mentioned in subsec-
tion 4.2, the internal proper motions of the methanol masers
showed a flow direction similar to that of the H*CO™ and SiO
outflows: the motions were roughly in the north—south direc-
tion, away from the reference maser spot. The radial veloc-
ities of the methanol masers were shifted with respect to the
systemic velocity in the same direction as the H'*CO* and
SiO outflows; the northeast and southwest components of both
types of masers and of the outflows were blue- and red-shifted,
respectively. The difference in the mean velocities of the north
and south components of the proper motion, V1 — Vi 111, Was
5.0kms~!, which was roughly equal to the velocity of the
H'3CO™ outflow, 4.5kms~!. These results suggest that the
6.7 GHz methanol masers in ON 1 could have the same kine-
matics as the H'3CO™ and SiO outflows. To confirm whether
the maser spots are moving toward the H'3CO* and SiO
outflows, the absolute proper motions of the methanol masers
in ON 1 must be measured.

We note that the spatial extent of the maser spot distribu-
tion was ~ 30-times smaller than that of the observed H'*CO™*
outflow, and the velocity gradients of the methanol masers
and the H'3CO™ line differ. The velocity gradient for the
methanol masers was 7.0 x 1073 kms~'AU~!, more than an
order of magnitude steeper than that for the H'*CO™ line,
2.1 x 10~*kms~'AU~!. This difference might arise from
the difference in the spatial resolutions (~ 1000 times) of the
observations.

5.3.  Evolutionary Phase

It has been discussed whether methanol or water masers
appear at an earlier evolutionary phase of massive star
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formation. We compare the types of continuum sources asso-
ciated with the water masers in WMC 1 and with the methanol
masers we observed. The water masers of WMC 2, which is
located at SMA 2, are excluded from this discussion, because
they may be associated with an intermediate-mass star-forming
core (Su et al. 2009).

As mentioned in subsection 5.1, the water masers of WMC 1
are associated with a peak of dust emission (submillimeter
continuum source), whereas the methanol masers were asso-
ciated with an UC H1I region (centimeter continuum source)
in ON 1. The mass of SMA 4, which could excite the water
masers in WMC 1, is 6.4 M (Su et al. 2009). They concluded
that SMA 4 was the brightest and the most massive source
among SMA 1[-5; it was thought to mark a star-forming site in
a very early evolutionary phase, because it was not associated
with any of the signatures of star formation. This source, there-
fore, is thought to form a massive star by accreting gases from
its associated large-scale clump (Mueller et al. 2002; Shirley
et al. 2003). On the other hand, the mass of the star in the
UC H1 region is ~ 15 M, which was inferred from its spec-
tral type of approximately BO (MacLeod et al. 1998). If the
dust emission source SMA 4 forms a massive star, as suggested
above, the dust emission source is obviously in a younger phase
than the UC H1I region, which is produced by a well-evolved
star embedded in the region. These properties of the associ-
ated sites suggest that the water maser appeared earlier than
the methanol maser in the evolutionary phase of ON 1.

This result is also supported by a comparison of the dynam-
ical ages associated with each type of maser, if we assume that
the methanol masers are associated with the H'*CO™ outflow.
Nagayama et al. (2008) suggested that the water masers of
WMC 1 were associated with the bipolar outflow in the east—
west direction observed by the CO J = 2-1 line and H,
emission at 2.12 um elongated by ~0.1 pc. They derived the
dynamical age of the CO outflow as ~ 10*yr by using the size,
ejection velocities, and the inclination angle of the outflow.
The dynamical age of the H'*CO™ outflow (with a size of
~0.38pc) is estimated to be 8 x 10*yr, assuming a velocity
of 4.5kms™.

This result is a case study for the massive star-forming region
ON 1. For investigating a general relation of evolutionary
phases between the methanol and water masers, we need to
increase the observational samples, such like the ON 1 case
study in the near future.
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6. Conclusion

We have presented the distribution and internal proper
motions of the 6.7 GHz methanol masers in ON | measured
with the JVN at three epochs spanning 778 days. The methanol
maser spots were clustered and distributed within an area of
~ 1000 AU x 2800 AU. The radial velocities of northern and
southern clusters were blue- and red-shifted, respectively. The
distribution coincided with that of the hydroxyl masers, which
surround an UC H1 region. The methanol masers showed
outward motions in roughly the north—south direction. The
relative outward velocity is ~5km s~! and the motion is also
similar to that of the hydroxyl masers. These two masers, there-
fore, probably trace the same kinematics, that is, the expanding
UC H1 region. On the other hand, the distribution and velocity
of the methanol masers are also similar to those of the H*CO™*
J = 1-0and SiO J = 2-1 outflows. The methanol masers in
ON 1 might be associated with these outflows.

In comparing the associated sites, we found that the water
masers appear in an earlier phase of YSO evolution than the
methanol masers in ON 1: the water masers were associated
with dust emission, whereas the methanol masers were associ-
ated with the UC H1I region, which is in a later evolutionary
phase than the dust core. This conclusion is supported by the
dynamical ages of the CO J = 2-1 and H'3CO* outflows
observed in ON 1.
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