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Abstract

The Perseus arm has a gap in Galactic longitudes (/) between 50° and 80° (hereafter the
Perseus arm gap) where the arm has little star formation activity. To better understand
the gap, we conducted astrometric observations with VERA (VLBI Exploration of Radio
Astrometry) and analyzed archival Hi data. We report on parallax and proper motion
results from four star-forming regions, of which G050.28—00.39 and G070.33+01.59
are likely associated with the gap. The measured parallaxes are 0.140 + 0.018 (mas),
0.726 + 0.038 (mas), 0.074 + 0.037 (mas), and 0.118 + 0.035 (mas) for G050.28—-00.39,
G053.14+00.07, G070.33+01.59, and G079.08+01.33, respectively. Since the fractional
parallax error of G070.33+01.59 is large (0.5), we estimated a 3D kinematic distance of
the source of 7.7 &+ 1.0 kpc using both the LSR velocity (V sg) and the measured proper
motion. Perseus-arm sources G049.41+00.32 and G050.28—00.39 lag relative to a Galactic
rotation by 77 & 17kms~" and 31 £+ 10km s, respectively. The noncircular motion of
G049.41+00.32 cannot be explained by the gravitational potential of the Perseus arm. We
discovered rectangular holes with integrated brightness temperatures of <30 Karcdeg in
I vs. Vi sgr of the Hi data. One of the holes is centered near (/, Visg) = (47°, —15kms~"),
and G049.41+00.32 is associated with the rim of the hole. However, G050.28—-00.39 is
not associated with the hole. We found extended H 1 emission on one side of the Galactic
plane when integrating the H1 data over the velocity range covering the hole (i.e., Vi sgr =
[—25, —5]kms~'). G049.414+00.32 and G050.28—00.39 are moving toward the emission.
The Galactic H1 disk at the same velocity range showed an arc structure, indicating that
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the disk was pushed from the lower side of the disk. All the observational results might
be explained by a cloud collision with the Galactic disk.

Key words: Galaxy: disk— Galaxy: kinematics and dynamics — instrumentation: interferometers — masers —

parallaxes

1 Introduction

The Perseus arm is one of the two (e.g., Drimmel 2000;
Churchwell et al. 2009) or four (e.g., Georgelin & Georgelin
1976; Russeil 2003) dominant spiral arms of the Milky
Way, based on radio, infrared, and optical observations.
The Red MSX Source survey (Urquhart et al. 2014) showed
that the arm had a large number of massive young stellar
objects (MYSOs) at Galactic longitudes (/) between approx-
imately 80° and 150°, whereas a lower density of MYSOs
was found at Galactic longitudes between approximately
50° and 80° (figure 14 of Zhang et al. 2013). A similar trend
was found in the 1.1 mm dust continuum data tracing dense
molecular cores (figure 6 of Shirley et al. 2013) and the dis-
tribution of the Galactic H1 regions (Koo et al. 2017). The
star formation activity of the Perseus arm at the gap region
(i.e., [ =[50°, 80°]; hereafter the Perseus arm gap) is lower,
and this situation will continue in the future (i.e., lack of
raw material for present and future star formation in the
Perseus arm gap).

In addition, 41 very long baseline interferometry (VLBI)
astrometric results tracing high-mass star-forming regions
(HMSFRs) have been reported for the Perseus arm, of
which only two are associated with the Perseus arm gap
(see figure 2 of Zhang et al. 2019). For the Perseus arm
at Galactic longitudes of less than 50°, there are 11 VLBI
astrometric results, among which the most luminous (107
solar luminosity (Lg) at a distance of 11.11 kpc; Sievers
etal. 1991; Zhang et al. 2013) Galactic star-forming region
WA49N is included. Astrometric results for the Perseus arm
gap should be increased for a better understanding of
the arm.

The Perseus arm is also known to be surrounded
by intermediate-velocity clouds (IVCs, with |Vig| =
50-100kms~!) and high-velocity clouds (HVCs, with
|Visg] > 100kms™!), although distance determinations
for IVCs/HVCs have been limited (e.g., Hulsbosch 1975).
Wakker et al. (2008) conducted (optical) absorption line
observations toward Galactic halo stars to constrain the
distances of three HVCs and one IVC. They revealed that
the IVC centered near (I, b) = (145°, —42°) is located 0.7—
1.8 kpc below the Perseus arm. The IVC was regarded
as the return flow of the Galactic fountain. Addition-
ally, the Smith cloud (SC; Smith 1963; Lockman et al.

2008), a gaseous HVC, is located 2.9 kpc below the Perseus
arm at (I, b, Visg) = (38267, —3°41,99 km s~'). The coor-
dinates represent the tip of the cloud. The cloud is thought
to have passed through the outer Galactic disk approxi-
mately 70 Myr ago, and is approaching the disk with a
vertical velocity of 73 £ 26 kms™! (Lockman et al. 2008).
Although the metal-enriched nature of the SC favors a
Galactic origin (Fox et al. 2016), its large mass (>10° M)
and prograde kinematics with V, = 270 + 21kms™! at
the tip remain to be explained (where V, is the azimuthal
velocity in Galactocentric cylindrical coordinates).

As mentioned above, the SC is thought to have survived
the first disk transit even though a cloud is destroyed during
a transit (Bland-Hawthorn 2009). To explain the discrep-
ancy, Galyardt and Shelton (2016) and Tepper-Garcia and
Bland-Hawthorn (2018) proposed that the SC is confined
by a dark matter (DM) subhalo. Their simulation results
showed that material removal due to ram pressure stripping
is weakened thanks to the DM subhalo. A cloud’s collision
with the disk punched a hole in the disk in the simulation of
Galyardt and Shelton (2016), whereas a cloud did not
“punch” an apparent hole in the disk nor did it create
a bubble in the simulation of Tepper-Garcia and Bland-
Hawthorn (2018). The difference might be due to assumed
physical parameters in the simulations (e.g., the gas column
density of the cloud relative to that of the disk at the impact
point).

In this paper, we report on 22 GHz astrometric results
for four sources expected to be associated with the Perseus
arm gap. In section 2, we explain VLBI data obtained by
VERA (VLBI Exploration of Radio Astrometry) observa-
tions. We present VLBI astrometric results in section 3. The
structure and kinematics of the Perseus arm gap are dis-
cussed in section 4. In section 5, we summarize the paper.

Throughout the paper, we assume an AS model from
Reid et al. (2019): Galactic constants of (Ry = 8.15 kpc,
®) = 236kms™'); the “universal” form for the rotation
curve (Persic et al. 1996); solar motion of (Ug, Vo, Wg)
— (10.6, 10.7, 7.6) kms .

2 Observations

Candidates of the Perseus-arm source hosting 22 GHz water
masers were selected based on maser (Valdettaro et al.
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Table 1. Observational information.*

RA Dec Av ABig/Nig Observation date in UT
Source (b m sy (G (kHz) (MHz) (20yy/mm/dd)
G050.28—00.39 19:25:17.9310 +15:12:24.720 31.25 16/1 A. 16/11/25; B. 17/01/31; C. 17/04/02; D. 17/05/29
J1924+1540 19:24:39.4559 +15:40:43.942 500 16/15% E. 17/09/12; F. 17/11/20; G. 18/01/27; H. 18/03/02
(SA = 0°5; PA =—18°)} 1. 18/04/07; J. 18/05/19
J1930+1532 19:30:52.7670 +15:32:34.427 500 16/151
(SA = 1°4; PA =76°)*
G053.144-00.07 19:29:17.4764 +17:56:18.264 15.625 16/1 A. 18/11/07; B. 19/01/12; C. 19/03/16; D. 19/05/27
J1927+1847 19:27:32.3124 +18:47:07.902 250 16/151 E. 19/08/31; F. 19/11/16; G. 20/01/16; H. 20/03/05
(SA = 0°9; PA =—26°)} L. 20/05/18; . 20/06/18
J1928+1842 19:28:54.9610 +18:42:31.241 250 16/151
(SA = 0°8; PA =—7°)¢
G070.334-01.59 20:01:54.0627 +33:34:14.485 15.625 16/1 A. 18/11/01; B. 19/01/06; C. 19/03/18; D. 19/05/30
J1957+3338 19:57:40.5499 +33:38:27.943 1000 512/1 E. 19/09/02; F. 19/11/25; G. 20/01/18; H. 20/02/21
(SA = 0°9; PA =—85°)} L. 20/04/29; J. 20/06/03
J2010+3322 20:10:49.7231 +33:22:13.812 1000 512/1
(SA = 1°9; PA =96°)*
G079.084-01.33 20:27:20.2734 +40:42:34.648 31.25 16 A. 15/12/25; B. 16/02/25; C. 16/04/22; D. 16/10/09
J2033+4000 20:33:03.6706 +40:00:24.414 500 16/151 E. 16/11/27; F. 17/01/07; G. 17/03/10; H. 17/05/06

(SA = 1°3; PA =122°)¢

1. 17/09/09

*Column 1: 22 GHz H, O maser source (as denoted by “G”) and background QSOs (as denoted by “J”); columns 2-3: equatorial coordinates in (J2000.0);
column 4: frequency spacing; column 5: bandwidth and number of IF; column 6: observation date in UT. Coordinate values of maser sources described here

were derived by the phase-referencing relative to individual background (continuum) sources. These values are used as individual origins of maser distribution

maps in figure 7.
fFifteen IFs span 464 MHz with a space of 16 MHz among individual IFs.

tSeparation angle (SA) and position angle (PA) measured from north through east for the background QSO with respect to the target (maser) source.

2001; Sunada et al. 2007; Svoboda et al. 2016) and molec-
ular line catalogs (Yang et al. 2002; Shirley et al. 2013) as
well as the position velocity diagram of CO (that is, the
I-v plot; Dame et al. 2001). VLBI astrometric observations
at 22 GHz were performed for the candidates with VERA.
Techniques for VERA astrometry are summarized in pre-
vious VERA astrometry papers (e.g., Sakai et al. 2012). The
observational information is summarized in table 1 where
coordinate values of the maser sources are not identical to
those used for the observations. This is because we could
accurately determine the masers’ positions by the phase-
referencing relative to background (continuum) sources. We
used the VERA dual-beam system (Kawaguchi et al. 2000)
to observe the target and the phase reference simultane-
ously, which enabled us to compensate for the atmospheric
phase fluctuation for high-precision astrometry. To cali-
brate the clock parameters, a bright continuum source was
observed for 5 min every 80 min in the observations.

After filtering was performed with the VERA digital
filter (Iguchi et al. 20035), left-handed circular polariza-
tion data, except for G070.33+01.59 data, were recorded
at 1024 Mbps with 2-bit quantization. The data of
G070.33+41.59 and adjacent phase reference were recorded
at 2 Gbps. The details of the VERA back-end system are
shown in figure 2 of Oyama et al. (2016). All data sets were

correlated with the Mizusawa software correlator.! The fre-
quency spacing and bandwidth of the maser and continuum
data are listed in table 1.

3 Data reduction

Data reduction was performed with the Astronomical
Image Processing System developed by NRAO (AIPS; van
Moorsel et al. 1996). We employed the general proce-
dure utilized in previous VERA astrometry papers (e.g.,
figure 11 of Kurayama et al. 2011; figure 5 of Imai et al.
2012; Nagayama et al. 2020a, 2020b). By considering
the flux density and compactness of the maser and con-
tinuum sources (i.e., background QSOs), we chose a bright
and compact source as a phase reference, and the adja-
cent source (maser or QSO) was imaged through phase-
referencing.

The relative position obtained through the phase-
referencing was recorded as a function of time during the
observations. The resultant position offsets of the maser
source were modeled using (1) the annual parallax, (2)
linear proper motion components in the east (RAcos§) and
north (8) directions, and (3) reference positions of RAcos$
(ao) and 8 (8) [see, e.g., equation (1) of Moellenbrock et al.

1 (https://www.miz.nao.ac.jp/veraserver/system/fxcorr-e.html).
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Fig. 1. Results of parallax and proper-motion fitting. Plotted are position offsets of maser spots with respect to background QSOs toward the east and
north as a function of time. For clarity, the data toward the north direction is plotted offset from the data toward the east direction. Different colors
and symbols separate individual background QSOs and maser features, respectively (see table 5). (Top row) The best-fitting models in the east and
north directions are shown as continuous and dashed curves, respectively. (Bottom row) Same as top row, but with proper motions removed (i.e.,

parallax results). (Color online)

(2009)]. The model parameters were determined according
to the weighted least-squares, in which a systematic error
was added in quadrature to the formal (thermal) error so
that the reduced chi-square value nearly reached unity. This
is because systematic errors caused by tropospheric zenith
delay residuals are dominant in 22 GHz VLBI astrometry
(see, e.g., Reid & Honma 2014).

4 Results

4.1 Parallax, proper motion, and 3D kinematic
distance

We measured trigonometric parallaxes and proper motions
for four sources as shown in figure 1, table 2, and table 5
in the appendix. We averaged the proper motion values in
each source to assign a single proper motion (table 6 in the
appendix). We adopted these values for the central stars that
excite the masers. For this uncertainty, we added 5 kms™!
in quadrature to the fitted error estimates for each motion

component. An uncertainty of 5kms™' is consistent with

the velocity dispersion of a typical molecular cloud (e.g.,
Clemens 1985). If only single proper motion was available,
then an uncertainty of £10kms~! was added (that is for
G070.33401.59). Thus, proper motion errors in table 2
are root-sum-square values of each formal error and 5 or
10kms~!. LSR velocities of the central stars were estimated
by referring to molecular line observations (e.g., CO).

Based on LSR velocities (Visr) and proper motions in
the direction of Galactic longitude (u;), we estimated 3D
kinematic distances for individual sources as supplementary
information (table 3 and figure 2). This is because we could
not obtain a reliable parallax result for G070.33+01.59.
We referred to Yamauchi et al. (2016) for the estimation
of the 3D kinematic distances. We estimated kinematic dis-
tances through Visr and p; for each source by assuming
circular motion with a Universal rotation curve (i.e., A5
model of Reid et al. 2019). The so-called near/far ambiguity
was solved by comparing both the kinematic distances (i.e.,
dy g and d,). Then, we determined the weighted mean of
the both kinematic distances for each source (yellow regions
in figure 2) if available.
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Table 2. Parallax and proper motion results.*

Parallax () Distance L@ COSS s VisrR
Target (mas) (kpc) (masyr—1) (masyr—1) (kms~1) References’
G050.28—00.39 0.140 + 0.018 71704 329 +0.56 ~5.524+0.37 17+ 3 (a)
G053.144-00.07 0.726 £ 0.038 1.4 +0.1 —1.27 £ 1.08 -7.15 £1.07 22 +4 (a)
G070.33401.59 0.074 & 0.037¢ - —2.82 £0.29 —4.68 +£0.28 —-23+5 (b)
G079.08401.33 0.118 £ 0.035 8.5ﬁ:g —2.49 £0.14 —3.36 +£0.24 —18 £ 5% —64 £ 18 (c), (d)

*Column 1: 22 GHz H, O maser source; columns 2-3: parallax and corresponding distance; columns 4-5; proper motion components in east and north directions,
respectively; column 6: LSR velocity; column 7: reference for the LSR velocity estimated from a molecular line observation.

fReferences: (a) Shirley et al. (2013); (b) Anglada et al. (1996); (c) Yang et al. (2002); (d) Miville-Deschénes et al. (2017).

iSince the fractional parallax error is 50%, distance estimation by simply inverting the parallax results in a significant bias (see Bailer-Jones 2015).

SDifferent LSR velocities Vigg = —18 + Skms™! and —64 4+ 1kms~! have been assigned for the source. Only 12CO (] = 1-0) results are available for the

source. An optically thick '2CO spectrum can often result in complex structures with multiple velocity components (Urquhart et al. 2007).

Table 3. Comparison between parallax-based and kinematic distances.*

Parallax Distance Kinematic distance!
Target bid dy dvi d,, dsp Reference?
(mas) (kpe) (kpe) (kpe) (kpe)
G050.28-00.39 0.140 + 0.018 71504 9.3%0% 8.9739 9.3+0.9 (1)
G053.14+00.07 0.726 £ 0.038 14+0.1 1.670¢ - - (1)
G060.57-00.18 0.121 £ 0.015 8.3%05 9.5+ 1.0 - - 2)
G070.18+01.74 0.136 £ 0.014 741038 76710 6.67%9 74409 (3)
G070.33+01.59 0.074 £ 0.037 - 7.5713 8.4t 7.7 £1.0 (1)
G079.08+01.33% 0.118 + 0.035 8.5%3¢ 9.171% 11.1%}4 9.9+£0.9 (1)

*Column 1: Maser source; columns 2-3: parallax and corresponding distance; columns 4-5: kinematic distances through LSR velocity and proper motion in
the direction of Galactic longitude (), respectively, where we assume the circular motion with a Universal rotation curve (i.e., A5 model of Reid et al. 2019);
column 6: weighted mean of the both kinematic distances (columns 4-5); column 7: reference for the parallax result.

fWe allowed deviation from circular motion for >13kms~! in Vg and y (at a source distance) (see red and black dotted lines in figure 2).

TReferences: (1) This paper; (2) Reid et al. (2019); (3) Zhang et al. (2019).

§We apply Visr = —64 £ 1kms™! rather than Viggp = —18 + Skms™! for G079.08+01.33 (see the text for details).

The kinematic distance estimation through either Vigr 4.2 Individual sources

or th ?an be 'problematlc in specific regions (e.g., dyg, at Observational results of individual sources are shown here.
Galactic longitudes 0° and 180°, and the solar circle; d,,, at
the Sun—Galactic center line). Thus, reliable distance estima-

tion can be achieved using both (see, e.g., Sofue 2011). To 421 G050.28—00.39 (IRAS 19230+1506)

estimate the uncertainty of the 3D kinematic distance con- G050.28-00.39 is a site of current massive star forma-

servatively, we allowed deviation from the circular motion ;o (Johnston et al. 2009), and is also defined as an

ultracompact (UC) H1 region (Watson et al. 2003). By
analyzing H,CO absorption toward the UC Hu region

for each motion component. The error range of Visg was
determined as the root-sum-square of the formal error and

13kms™" (red dotted lines in figure 2). The uncertainty of . 0 emission, Watson et al. (2003) assigned a

. . . . . . e
13kms™" is consistent with the mean noncircular motion far kinematic distance of 10.0 + 0.8 kpc for the source.

of the outer Perseus arm (Sakai et al. 2019). The error o, parallax result corresponding to a distance of 7.1}
(kpc) reveals that G050.28—00.39 is not within £30 of a

global Perseus-arm model (see the red circle in figure 3),

range of u; was also determined with the same procedure
(black dotted lines in figure 2). To validate the obtained
3D kinematic distances, we expanded the determinations
to G060.57—00.18 and G070.18401.74 which have par-

although this source is classified as a Perseus-arm source
in the I~v plot of CO. The deviation from the global model

allax results and are associated with the Perseus arm gap.
In table 3, differences between parallax-based and 3D kine-
matic distances, i.e., |d. — dspl/,/0f + 0, , range between
0o (for G070.184-01.74) and 1.50 (for G050.28—00.39).

indicates a spur of the Perseus arm, and this hypothesis
should be validated by increasing astrometric results of
the Perseus arm at Galactic longitude [ ~ 50° in the
future.
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Fig. 2. Kinematic distance models through LSR velocity V| gg (red curve; Y1 axis) and proper motion in the direction of Galactic longitude 1, (black
curve; Y2 axis). The horizontal axis is the heliocentric distance. Here, we assume the Galactic constants of (Ry = 8.15kpc, ©¢ = 236kms~') and the
circular motion with a universal rotation curve (A5 model of Reid et al. 2019). Horizontal red and black lines are observational results of V| g and 1,
respectively. Dotted red lines represent an error range where +13kms~" is added in quadrature to a formal error of V| sg, while dotted black lines
are the same as the red ones but for 1| (see the text for details). Yellow shaded regions indicate a range for a weighted mean of both the kinematic
distances (see table 3). Regarding G079.08+1.33, V| sg = —64 + 1km s~ is adopted rather than V| gg = —18 = 5 km s~ (see the text for details). (Color

online)

4.2.2 G053.14400.07 (IRAS 19270+1750)

While 1.1mm continuum emission was detected in
G053.144-00.07, continuum emissions at cm wavelengths
have not been detected (Alexander & Kobulnicky 2012).
This is interpreted as a lack of H1 region. Our parallax
result corresponding to a distance of 1.4 4 0.1 (kpc) locates
G053.144-0.07 in the interarm region between the Local
and Sagittarius arms (see figure 3). This prefers a near kine-
matic distance for the source (e.g., dnear = 1.7 kpc adopted
by Kim et al. 2018).

4.2.3 G070.33+401.59 (K3-50)

Several H1I regions were identified by continuum obser-
vations at cm wavelengths (Samal et al. 2010). Although
we succeeded in measuring the proper motion of
G070.33401.59, we could not obtain a reliable parallax
(table 2). By using the proper motion and LSR velocity,
we estimated the 3D kinematic distance of the source to
be 7.7 £ 1.0 (kpc). The result locates the source in the
Perseus arm gap (figure 3). Zhang et al. (2019) measured

parallax and proper motion for G070.18+01.74 associated
with the Perseus arm gap. The parallax-based distance of
G070.18+01.74 (d = 7.4%05 kpc) is consistent with a 3D
kinematic distance of G070.334+01.59. In addition, both
sources show the same LSR velocity and similar proper
motions (i.e., the difference of the proper motions is within
1.50). Thus, G070.33+01.59 is likely associated with the
Perseus arm gap.

4.2.4 G079.08+401.33 (IRAS 20255+4032)

This source was identified as a compact H1I region (Roy
et al. 2011). Although a kinematic distance of 5 kpc was
assigned for the source (e.g., Yang et al. 2002), our result
(i.e., 8.5 kpc) locates the source in the Outer arm rather
than the Perseus arm (figure 3). This discrepancy originates
from the fact that different LSR velocities of Vigg = —18 &
Skms™!and Visg = —64 & 1 kms~! have been applied for
the source (e.g., Yang et al. 2002; Miville-Deschénes et al.
2017). Only 2CO (J = 1-0) results are available for the
estimate of the source’s LSR velocity. Ideally, the estimate
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Y (kpc)

X (kpc)

Fig. 3. Face-on view of the Milky Way on which new astrometric
results shown by colored circles with error bars are superimposed (red
= (G050.28—-00.39; orange = G053.14+0.07; yellow = G070.33+01.59;
green = G079.08+01.33). Note that the 3D kinematic distance is applied
for G070.33+01.59 (see table 3). Previous VLBI astrometric results for
the Perseus arm are plotted as open circles (Reid et al. 2019; VERA
Collaboration 2020). The origin is the Galactic center, and the Sun is at
(X, Y) = (0, 8.15) kpc, assumed. Black curves display log-periodic spiral-
arm models of Reid et al. (2019) for the Outer, Perseus, Local and Sagit-
tarius arms, respectively, from top to bottom. The gray shaded region
indicates +30 of the arm width increasing with Galactocentric distance
(see figure 4 of Reid et al. 2019). (Color online)

with 2CO would be identical to that with dense gas tracers
(e.g., 3CO, CS, NH3, and HCO*). However, '>?CO often
has multiple components along the line of sight, and this
makes the velocity estimate challenging (Anderson et al.
2014).

We apply Visg = —64 &+ 1kms™' rather than Vi
= —18 + 5Skms™!' for G079.08401.33 as explained
below. In table 6 in the appendix, mean LSR veloci-
ties determined by maser observations of G050.28—00.39,
G053.144-00.07, G070.334+01.59, and G079.08+01.33
are consistent with those determined by molecular line
observations within ~5 kms™! if we assume Visg = —64 +
1kms™' for G079.084+01.33. Also, nearby Outer-arm
sources G073.65+00.19 and G075.29+01.32 (listed in
Reid et al. 2019) show LSR velocities of —76 & 10kms™!
and —58 £ Skms!, respectively. Thus, Vigg = —64

+ 1kms™! is preferable to Vigg = —18 & Skms™! for
G079.08+01.33.

5 Discussion

By combining our results with previous VLBI astrometric
results (table 4), we discuss the noncircular motion of the
Perseus arm. We found that the noncircular motion is max-
imized near an end point of the Perseus arm gap as men-
tioned below. Three possible origins of the noncircular
motion will be discussed. We argue that “cloud collision
with the Galactic disk” is likely to explain VLBI and H1
analysis results as shown below, although further valida-

tions are necessary.

5.1 Noncircular motion of the Perseus arm gap

The noncircular motion of the Perseus arm is discussed
based on sources that have motion uncertainties of less than
20kms! (table 4 and figure 4). Here, the uncertainty of
motion components (Vg, Vy4, V,) in Galactocentric cylin-
drical coordinates is estimated by considering errors of par-
allax, proper motion, and LSR velocity, as summarized in
the appendix of Sakai et al. (2020).

The azimuthal velocities (V) of G049.41400.32 and
G050.28—00.39, 160 & 17kms~! and 206 + 10kms~!,
are smaller than the median value of the Perseus arm
(V, = 227kms™!). If we subtract the universal rota-
tion curve of Reid et al. (2019) from individual sources,
the residual azimuthal velocities of G049.414+00.32 and
G050.28—00.39, —77 + 17kms~" and —31 + 10kms™*,
are still smaller than the median value of the Perseus arm
(—6kms™!).

Zhang et al. (2019) listed two values of LSR velocity
for G049.41+00.32 (Vg = —12 &+ Skms ! and =21 +
1kms™'), and we applied the latter value for the above
discussion because the former and latter values come from
CH;3OH maser and HCO™ observations, respectively. The
box and whisker plot for V,, (figure 4, bottom left) shows
that G049.41+4-00.32 is clearly an outlier.

The vertical velocities (V,) of G049.41+00.32 and
G050.28—00.39, 31 £+ 14kms™' and 17 £ 18kms™!
(figure 4, right), may indicate systematic vertical motion
perpendicular to the disk at an end point of the Perseus arm
gap. Note that the vertical velocity is positive toward the
north Galactic pole. Both sources are located near (I, R) =
(~50°, 6.6 kpc). The maximum and systematic noncircular
motion is seen around an end point of the Perseus arm
gap.

Note that we cannot discuss radial velocities of
G049.41400.32 and G050.28—00.39 due to large uncer-
tainties (Vg = 13 £ 47kms™" and —7 + 30kms™').
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Table 4. VLBI astrometric results for the Perseus arm.*

VR Vs Ve VISR d R b4
Target (kms™1) (kms—1) (kms™1) (kms™1) (kpc) (kpc) (pc) Ref.f
G031.24-00.11 17+42 231 +60 S5+12 24+10 132739 7.5%3¢ -26+5 1
G032.79+00.19  —14+£79 172£52 1+11 16+£10 97133 5.3134 32+10 1
G037.50400.53 642 200+ 38 4£10 11+3 11.0%23 67118 101 + 18 2
G037.82400.41 10 £ 54 212 £ 51 2+38 18 +1 112737 6.913% 80 + 18 2
G040.42400.70 24£40 254+ 50 14+6 10+£5 128478 8.53% 156 £ 26 1
G040.62-00.13 19+63 261£75 -3+9 313 12,5754 8.2138 —29+7 1
G042.03+00.19 8+£39 289+£57 -24%38 12£5 14.1430 9.7t%3 46 £ 8 1
G043.16+00.01 S£20  226£19 11£11 10+£5 11173 7.6701 1.9£02 1
G048.60+00.02 9+£13  233£10 6+6 18+5  10.0+0.5 7.740.3 3.5+02 1
G049.26+00.31  —15+£34 211 £20 -7+7 0£S$ 8.8713 71708 47 +£7 1
G049.41+00.32 13+47 160 + 17 31+14  -21%1 7.6%33 6.670% 42+£10 1,a
G050.28—00.39 -7+£30 20610 17 £ 18 17 £3 71408 6.6%073 -49+6 3,b
G060.57-00.18  —18 +28 250 % 17 746 4xs 832 8.3%0 ~26+3 1
G070.18+01.74  —14+£19 235+ 12 —4+6 —23 %5 74108 8.9%03 223 £23 4
G094.60—01.79 -5+£7  219&£S 15 £ 4 —43+3 4.0£0.3 9.4%04 —125 £ 10 1
G095.29-00.93 6+3  226+7 1+£7 —-38+5 46+0.3 9.740.2 75+ 1
G098.03401.44 -2+19 187 +£10 27416 —61+5 2.7%54 8.9%5% 68 £ 30 1
G100.37-03.57  —13+£11  232+10 3+£10 -37+£10  3.5+02 9.4+0.1 —216 £ 12 1
G108.20400.58 1M+£12  219+12 10+£10 -49+£10 44707 10.4104 44 £ 7 1
G108.42+00.89  —12+7 21046 0+6  —5145 2.5+04 9.2157 3845 1
G108.47-02.81 -20+£7  22+6 -9+7 -S54+ 3.240.1 9.740.1 159 %S 1
G108.59+00.49  —46+7  230+6 05 —-52+5 2.5+0.2 9.2+0.1 21£2 1
G110.19+02.47 —5£10  199+£9 14+£12 -63%S$ 3.2%07 9.7+0% 137 £ 31 1
GI11.23-01.23  —-334£19 238417  -24+10 —53+£10 3372 9.9+0% —72419 1
G111.25-00.76 —1+£5  232+4 -3+6 40 +3 3.6+0.2 10.0£0.1 —48 +3 1
G111.54+00.77  —18+5 211 £S5 -10+5 —-57+5 2.6+0.1 9.4+0.1 3542 1
G115.05-00.04 ~ —16+10 241 +9 -5+11  -36+£5 2.870% 9.74+0.2 ~2.0+0.2 1
G122.01-07.08 ~ —30+S5  228+5 3+ S EN 22+0.1 9.4+0.1 —268 + 12 1
G123.06-06.30 ~7+£3  239+3 -8+3 -29+3 24401 9.6+0.1 —261+ 14 1
G123.06-06.30 —6+7  242+7 -17+£10 -30+5 2.8%03 10.0+0.2 —310 + 26 1
G133.94+01.06  —21+£3 22243 1+£3 —47+3 1.954+0.04  9.61+0.04 36+ 1 1
G134.62-02.19 -3+£5 220+ -6+6 -394+5 24401 10.0£0.1 -93+4 1
G136.84+01.16 —6+5  215&S 446 —42+5 2.3792 9.970% 45 +13 1
G170.65-00.24  —11+5 221 +38 -7£10 -19£5§ 1.9703 10.0%93 -8+1 1
G173.48+02.44 -9+5  228%5 245 ~13+5 1.68+0.04  9.82+0.04 71+2 1
G174.20-00.07 2410 244 £7 9+6 -24+10  21+0.1 10.3£0.1 26401 1
G183.72-03.66 1+£5 23610 4+£10 3+5 1.59+£0.03  9.73+£0.03  —102+2 1
G188.79+01.03 —14+5  213+8 ~11+6 -5%£5 2.0793 10.1793 36+8 1
G188.94+00.88 0+£5  228+5 -4+6 R 210+0.03  10.23+0.03 323+04 1
G192.16-03.81 -3+£5  229+6 4+6 5£5 1.540.1 9.6+0.1 —-101+6 1
G192.60-00.04 0+5 2405 5+5 745 1.740.1 9.8+0.1 —12+0.1 1
G229.57-00.15 -8+12 218+£14 -10+15 53+£10 46703 11.740.2 12+1 1
G236.81+01.98 15+£9  226+9 -2+6 53+£10 31793 10.240.2 105 + 8 1
G240.31+00.07 8§+8 2319 6+ 12 68+5 5.3+0.4 11.8£0.3 6.5+ 0.5 1

*Column 1: Maser source; columns 2—4: radial, azimuthal, and vertical velocities, respectively, in Galactocentric cylindrical coordinates. Azimuthal and vertical
velocities are positive in the directions of the Galactic rotation and north Galactic pole, respectively. Column 5: LSR velocity; column 6: heliocentric distance;
columns 7-8: Galactocentric radius and Galactic height, respectively; column 9: reference, where numbers and letters indicate the results of astrometry and a

molecular line observation, respectively, if both are listed.
1G049.41+00.32 and G050.28—00.39 are emphasized by bold font.
fReferences: (1) Reid et al. (2019); (2)VERA Collaboration (2020); (3) This paper; (4) Zhang et al. (2019); (a) Svoboda et al. (2016); (b) Shirley et al. (2013).
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Fig. 4. (Top panels) Histograms of V;, (left) and V; (right) for the Perseus arm (referring to table 4). Only sources which have motion uncertainties
less than 20kms~" are plotted. Cyan and red emphasize G049.41+00.32 and G050.28—00.39, respectively. (Bottom panels) Box plots of Vj (left) and
V, (right) are shown for the Perseus arm. The length of each whisker is 1.5 x IQR (interquartile range). The black vertical line in each plot shows the

median value. (Color online)

5.2 Possible origins of the noncircular motion

Here, possible origins of the systematic noncircular
motion of the Perseus arm gap (i.e., G049.41+00.32 and
G050.28—00.39) are discussed.

5.2.1 Spiral arm and/or Galactic bar

The spiral arm and the Galactic bar are unlikely to be
a physical origin of the noncircular motion. The noncir-
cular motion of G049.414-00.32 (>70kms™') is much
greater than expected by the gravitational potential of
the spiral arm (see, e.g., figure 3 of Sakai et al. 2019).
Note that the determination of the noncircular motion of
G049.414-00.32 is less affected by the internal motion of
the maser source associated with G049.41+00.32. This
is because Zhang et al. (2019) estimated the systemic
proper motion of the source based on observations of
6.7 GHz CH3OH masers having internal motions of about
Skms™! (e.g., Moscadelli et al. 2010). G049.41400.32
and G050.28—00.39 are both located at a Galactocentric
radius of 6.6 kpc, and this area might be less affected by
the Galactic bar. Indeed, we examined 40 VLBI astrometric
results (Reid et al. 2019; Immer et al. 2019) for the Scutum-—
Centaurus arm which is affected by the Galactic bar. The 40
sources are located at Galactocentric radii between 3.6 and
5.8 kpc, and the slowest azimuthal velocity is confirmed for
G023.25-00.24 (V; = 182 + 17kms™!) at R = 3.6 kpc.
The azimuthal velocity of G023.25—00.24 is consistent
with that of G049.414-00.32 (V, = 160 & 17 km s~!) within

errors. However, G023.25—00.24 does not show vertical
velocity perpendicular to the disk (V, = —3 & 7kms™'),
which is inconsistent with that of G049.41+00.32 (V, =
31 £ 14kms™1).

5.2.2 Multiple supernova explosions

It is difficult to explain the noncircular motion of the Perseus
arm gap by star formation enhancement triggering super-
nova explosions, although we cannot conclusively reject
the possibility. Star formation activity of the Perseus arm
gap is weaker than the arm at [ > 90°. No Hu region
is identified around G049.41+00.32. If G049.41400.32
and G050.28—00.39 were affected by the same supernova
explosions, we would find a hole in the Galactic longi-
tude vs. LSR velocity of H1 data as is seen for a Galactic
superbubble (see, e.g., figure 3 of Sato et al. 2008). To val-
idate this hypothesis, we integrated the Leiden Argentina
Bonn (LAB) Hr survey data (Kalberla et al. 2005) over
+025 of Galactic latitude. The integration range covers
G049.41+00.32 and G050.28—00.39.

Figure 5 shows that there are elliptical or rectangular H1
holes with integrated brightness temperatures of less than
30 (Karcdeg). One of them is centered near (I, Visr) = (47°,
—15kms™!) and G049.41+400.32 is associated with the rim
of the hole. This result is consistent with typical character-
istics of Galactic superbubbles. However, G050.28—-00.39
is not associated with the rim of the H1 hole. If the H1 hole
were created by multiple supernova explosions, we can esti-
mate the expansion velocity of the HI hole along the line
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Fig. 5. Galactic longitude vs. LSR velocity of Hi, obtained by integrating the LAB data (Kalberla et al. 2005) over +0°5 of Galactic latitude. The
integration range covers G049.41+00.32 and G050.28—00.39. The color shows the integrated brightness temperature of the H1 emission. Circles are
Perseus-arm sources among which new astrometric results are shown by colored circles (i.e., red = G050.28—00.39; yellow = G070.33+01.59). We
can see H1 holes with brightness temperatures of less than 30 Karcdeg. (Color online)

of sight. The range of LSR velocity of the H1 hole is about
[-25kms™!, —5kms™'], and thus the expansion velocity
is 10kms™'. The estimated expansion velocity is much
smaller than the noncircular motion of G049.41+00.32
(i.e., >70kms™'; see figure 4). To accept or reject the possi-
bility conclusively, the star formation history of the Perseus
arm gap should be studied in the future as was conducted
for the stellar disk of the solar neighborhood in Gallart et al.
(2019).

5.2.3 Cloud collision with the Galactic disk

A cloud collision with the Galactic disk could explain the
noncircular motion of the Perseus arm gap. The large Galac-
tocentric distance of G049.41+00.32 and G050.28—00.39
(i.e., R = 6.6 kpc) as well as the systematic vertical motion
perpendicular to the disk could be naturally explained by
the cloud collision. To confirm quantitatively whether slow
azimuthal velocities of the sources can be explained by the
cloud collision, a simulation study should be conducted in
the future.

The I~v plot of H1 (figure 5) shows elliptical or rect-
angular holes where the LSR velocity (Visr) of the holes
is gradually decreased with an increasing Galactic longi-
tude (/). Thus, we integrated the H1 data over two velocity
ranges, Visr = [—25, —5]kms~! and [-45, —25]kms~!.
The resultant maps are shown in Galactic coordinates
(figure 6).

We can see extended HI1 emission on one side of
the Galactic plane (i.e., above the plane) at the former
velocity range Visg = [—25, —5]kms~!. G049.41+00.32
is included in the velocity range. G049.41+00.32 and

G050.28—00.39 are moving toward the extended H1 emis-
sion, indicating that the sources are physically related to
the H1 emission although the distance of the H1 emission
is unknown. The Galactic H1 disk shows an arc shape near
Galactic longitude [ = 46° in figure 6 (bottom left), which
suggests that the disk was pushed from the lower side of
the disk. To estimate the total mass of the extended H1 gas,
we integrated figure 6 (bottom left) over ranges of Galactic
longitude I = [25°, 85°] and latitude b = [40°, 60°]. The
integrated H1 mass is scaled as

A d \
Min[10° M,] =7.8 (m) (1)

above the disk, where M, is the solar mass, d is heliocentric
distance, and 7.6 kpc is the distance of G049.41+00.32. In
equation (1), we assume that (1) H1gas within the restricted
range is located at the same distance and (2) H1 emis-
sion is optically thin with a conversion factor X of 1.82
x 10" [Hem 2 K~'km~'s] (Dame et al. 2001). The mean
column density is 7.0 x 10" cm~? in equation (1) while the
maximum value detected at ([, b) = (2970, 5325), is 2.4 x
10*°cm—2.

Equation (1) indicates that a cloud comparable to the
Smith cloud with a H1 mass of >10° M, collided with
the disk if our assumption of the cloud collision is cor-
rect. Indeed, the maximum column density of the Smith
cloud, ~5 x 10 cm~2 (Lockman et al. 2008), is compa-
rable to that of the extended Hr1 gas. Tepper-Garcia and
Bland-Hawthorn (2018) proposed that the Smith cloud
is confined by a DM subhalo with a mass of >10% M.
Based on a cosmological simulation by Gao et al. (2004),
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Fig. 6. (Top panels) Velocity-integrated H1 maps are shown in Galactic coordinates. Color and contours represent the integrated brightness temperature
in the unit of Kkms~'. The contour levels are 5%, 10%, 20%, 40%, and 80% of a peak brightness temperature (T, = 1563 and 1693 Kkm s~ for left-
and right-hand panels, respectively). The velocity integration ranges are Vi gg = [-25kms~", —-5kms~"] (left) and [-45km s~", —25kms~"] (right).
Motion vectors corrected for the universal rotation curve of Reid et al. (2019), are plotted for G049.41+00.32 (dashed arrow) and G050.28—00.39
(solid arrow), respectively (i.e., noncircular motion vectors). The end points of individual arrows are consistent with the sources’ positions. (Bottom

panels) Enlarged display for the top panels. (Color online)

we can see a “Smith-sized halo” every 0.1-1 Gyr inside
the optical disk of the Galaxy. The discovery rate is
inconsistent with our assumption of the cloud collision
with the disk if the cloud is comparable to the Smith
cloud.

We cannot see a similar extended emission at the latter

1

velocity range Visg = [—45, —25]kms™! (see figure 6,
upper right-hand panel). Instead, H1 emission in the disk is

weakened at the Galactic longitude range [ ~ [55°, 65°]. It

might be explained by assuming that a H1 hole created by
the cloud collision was sheared by the differential Galactic
rotation.

We have discussed three possible origins, among which
“the cloud collision with the Galactic disk” best matches
the observational results. However, further investigations
are necessary in the future. For example, distance estima-
tion of the extended H1 emission via an absorption line
observation would be valuable. We should also examine
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the star formation history of the Perseus arm gap based on
stellar data, as mentioned previously.

6 Summary

The main results in this paper are summarized as follows.

(1) We reported VERA astrometric results (figure 1
and table 2) for G050.28—00.39, G053.14+00.07,
G070.33401.59, and G079.08+01.33. Since trigono-
metric parallax was not accurately measured for
G070.334+01.59, we estimated the source’s dis-
tance using LSR velocity and the measured proper
motion (figure 2 and table 3). G050.28—00.39 and
G070.33+01.59 are likely associated with the Perseus
arm gap (figure 3). G053.14+00.07 is a nearby star-
forming region while G079.08+01.33 is associated
with the Outer arm. Still, the number of VLBI astro-
metric results for the Perseus arm gap is smaller com-
pared to the other part of the arm. VLBI astrometric
results support the previous discussion that there is a
lack of raw material for present and future star forma-
tion in the Perseus arm gap.

(2) The noncircular motion of the Perseus arm is max-
imized near Galactic longitude I ~ 50° where
G049.41400.32 and G050.28—00.39 lag relative to
the Galactic rotation by 77 £ 17kms™! and 31 +
10km ™1, respectively (figure 4; table 4). The sources’
location is near an end point of the Perseus arm gap.
The noncircular motion of G049.41+00.32 cannot be
explained by the gravitational potential of the spiral
arm, and G049.41+00.32 and G050.28—00.39 are
moving toward the north Galactic pole with V, = 31
+ 14kms~! and 17 & 17kms™!, respectively. Because
the Galactocentric radii of G049.41400.32 and
G050.28—00.39 are R = 6.6, kpc and 6.6")3 kpc,

Table 5. Trigonometric parallaxes for individual sources.*

respectively, the sources might be less affected by the
Galactic bar.

(3) To understand the origin of the noncircular motion
of G049.414+00.32 and G050.28—00.39, we ana-
lyzed the LAB H1 data (figures 5 and 6). We found
elliptical and/or rectangular holes in the /v plot of
H1 (figure 5). G049.41+00.32 is associated with
the rim of a hole whereas G050.28—00.39 is not
associated with the hole. We integrated the H1 data
over velocities covering the holes. We did not find
any Galactic superbubbles in Galactic coordinates
(figure 6). Instead, extended H1 emission was seen on
one side of the Galactic plane at the velocity range
Visk = [— 25kms™', =S kms™!'], and the Galactic H1
disk showed an arc feature at the same velocity range.
G049.41400.32 and G050.28—00.39 are moving
toward the extended H1 emission. These observational
results could be explained by “a cloud collision with
the Galactic disk”, although further investigations are
needed (e.g., distance estimation of the extended H1
emission via an absorption line observation).
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Appendix 1 Supplemental materials

Here, we show supplemental materials to further document
parallaxes (table 5), proper motions (table 6), and detailed
maser maps (figure 7).

Feature VISR Detection Parallax Errors
(kms™1) in epoch? (mas) RA Dec

Source (mas) (mas)
G050.28—-00.39 1 11.0-12.3 x BCDEFGHI x 0.141+£0.036 0.067 0.140
(J1924+1540) 2 12.3-14.8 x x x DEFGHIJ 0.163+£0.020 0.038 0.047
G050.28—-00.39 1 11.0-12.3 x BCD x FGHIJ 0.093+£0.027 0.048 0.058
(J1930+1532) 2 12.3-14.8 x x x DEFGHIJ 0.144 +£0.022 0.040 0.062
Combined fit 0.1404+0.012

Final result 0.140 £+ 0.018

G053.144-00.07 1 15.7-18.4 AB x DEFGHI]J 0.733+£0.063 0.130 0.128
(J1927+1847)

G053.14400.07 1 15.7-18.4 ABCDEFGHI]J 0.72240.050 0.109 0.138
(J1928+1842)

Combined fit 0.726 + 0.038

Final result 0.726 + 0.038
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Table 5. Continued

Feature VISR Detection Parallax Errors
(kms=1) in epoch? (mas) RA Dec

Source (mas) (mas)
G070.334+01.59 1 —18.8-17.8 A x CDEFGHI x 0.096 +0.047 0.141 0.089
(J1957+3338)
G070.334+01.59 1 —18.8-18.0 A x CDEFGH x x 0.03940.062 0.122 0.175
(J2010+3322)
Combined fit 0.074 + 0.037
Final result 0.074 + 0.037
G079.08401.33 1 —61.7-60.8 ABCDEFG x x 0.081+0.048 0.094 0.104
(J2033+4000) 2 —64.6-63.0 ABCDEFGHI 0.1104+0.026 0.057 0.107

3 —65.9-65.5 ABCD x FGHI 0.17240.042 0.098 0.096
Combined fit 0.118 £0.020
Final result 0.118 £+ 0.035

*Column 1: 22 GHz H, O maser source (as denoted by “G”) and background QSOs (as denoted by “J”); column 2: feature ID; column 3: range of Vi sr; column
4: detection flag (x = non detection); column 5: parallax result; columns 6-7: astrometric errors in RA and Dec, respectively.

fPositional errors were adjusted so that the reduced chi-square values become unity. Since the atmospheric delay residual is common among different maser
features, the error of the final parallax is multiplied by the number of maser features.

Please refer to table 1 for the corresponding epoch date.

Table 6. Systemic proper motions of star-forming regions.*

Proper motion! Position offset’ Ref.
VLsrR L COSS s Aa AS epoch
Source Feature (kms™1) (mas yrfl) (mas yr’l) (mas) (mas)
G050.28—-00.39 1 11.0-12.3 —3.23+0.04 —-5.50+0.05 -59 106 G
2 & 2b 12.3-14.8 & 10.2-11.0 —2.39+£0.04 —6.13+£0.05 3 1 G
3 10.6-11.4 —4.26+0.23 —4.94+£0.20 —40 32 G
Unweighted mean 11.8 —3.2940.548 —5.5240.348
G053.144-00.07 1 15.7-18.4 -5.09+£0.10 -9.43+£0.11 —10 -3 D
2 18.6 ~ 20.9 —3.64+0.35 —9.82+0.22 —4 -7 D
3 252 ~126.2 0.45+0.85 —4.95+1.08 77 71 C
4 9.4-10.4 0.86 £0.02 —6.49+£0.05 826 598 D
N 17.4-18.2 -0.59+£0.76 —7.01+£0.86 3 =5 F
6 18.4-19.0 —0.84+0.46 —7.73+£0.52 -2 -10 F
7 18.4-19.3 -1.84+0.33 -8.13+£0.01 -1 -5 E
8 24.7-25.8 0.53+0.70 —3.64+0.81 78 75 G
Unweighted mean 19.1 —-1.27+40.75%  —7.15+0.75%
G070.33401.59 1& 1b —-19.0-17.6 —2.82+£0.08 —4.68+£0.06 -5 -8 I
G079.084-01.33 1 —61.7-60.8 —2.33+0.09 —-3.39+0.10 2 -5 C
2 —64.6-63.0 —2.52+0.04 —2.83+0.07 1 -2 C
3 —65.9-65.5 —2.47+0.06 —3.42+0.06 0 -1 C
4 —62.5-62.1 —2.65+0.23 —3.80+£0.46 -20 —24 C
Unweighted mean —63.3 —2.4940.07} —3.364+0.20%

*Column 1: source name; column 2: feature ID same as table 5; column 3: range of Vigg; columns 4-5: proper motion values in RA and Dec, respectively;
columns 6-7: position offsets in RA and Dec, respectively, relative to individual source coordinates listed in table 1; column 8: reference epoch for the position
offset (see the corresponding epoch in table 1).

fProper motion components are determined by adapting a final distance (see table 2) or 3D kinematic distance (that is for G070.33+01.59).

£A mean position of different maser spots which are close to each other and show similar LSR velocities is displayed for each maser feature. This is because the
maser spots are correlated.

8 An error is the standard error.
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(a) G050.28-00.39 (Epoch G)

40 kms™ 1
3 010 ¢ * M
4]
g 400 AU
5 |
& o 12
@ :
s 0.00 | ; i
z par .
0.10 0.00 20.10
(¢) G070.33+01.59 (Epoch I)

0.02 ‘ w - -15
g 100 AU
B
& 0.00 3 4E4-18
Q
et
= eo
2 1
2

-0.02 : ; 21

0.02 0.00 -0.02

East offset (arcsec)

(b) G053.14+00.07 (Epochs C-G)

080 "~ g 26
"® il =~
| ) =
0.40 20 km s 18 o4,
—_ 1 =1
3
500 AU N i =
0.00 lv&;
1 " 1 1 i " 1 i 8
0.80 0.40 0.00
(d) G079.08+01.33 (Epoch C)
0.05 : ; : -61.0
20km s’
200 AU | T
[75]
3 =
0.00 ; “F4-63.5 =
12 &
3 e
-0.05 -66.0

0.05 0.00 -0.05

East offset (arcsec)

Fig. 7. Distribution maps of maser features are shown with internal motion vectors for (a) G050.28—00.39, (b) G053.14+00.07, (c) G070.33+01.59, and
(d) G079.08+01.33. The origin of each map (coordinates) is described in table 1. The parenthesis at the top of each map indicates reference epoch(s)
(see table 6). Maser features used for the parallax fit are labeled with feature numbers defined in table 5. The horizontal red arrow in each map
shows a spatial scale converted at a source distance (see tables 2 and 3). A horizontal black arrow displays a scale of absolute velocity. The color bar

indicates LSR velocity. (Color online)

References

Alexander, M. J., & Kobulnicky, H. A. 2012, Ap], 755, L30

Anderson, L. D., Bania, T. M., Balser, D. S., Cunningham, V.,
Wenger, T. V., Johnstone, B. M., & Armentrout, W. P. 2014,
ApJS, 212, 1

Anglada, G., Estalella, R., Pastor, J., Rodriguez, L. F., & Haschick,
A. D. 1996, ApJ, 463, 205

Bailer-Jones, C. A. L. 2015, PASP, 127, 994

Bland-Hawthorn, J. 2009, in IAU Symp. 254, The Galaxy Disk in
Cosmological Context, ed. J. Andersen et al. (Cambridge: Cam-
bridge University Press), 241

Churchwell, E., et al. 2009, PASP, 121, 213

Clemens, D. P. 1985, ApJ, 295, 422

Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, Ap], 547, 792

Drimmel, R. 2000, A&A, 358, L13

Fox, A. J., et al. 2016, ApJ, 816, L11

Gallart, C., Bernard, E. J., Brook, C. B., Ruiz-Lara, T., Cassisi, S.,
Hill, V., & Monelli, M. 2019, Nature Astron., 3, 932

Galyardst, J., & Shelton, R. L. 2016, ApJ, 816, L18

Gao, L., White, S. D. M., Jenkins, A., Stoehr, F., & Springel, V.
2004, MNRAS, 355, 819

Georgelin, Y. M., & Georgelin, Y. P. 1976, A&A, 49, 57

Hulsbosch, A. N. M. 1975, A&A, 40, 1

Iguchi, S., Kurayama, T., Kawaguchi, N., & Kawakami, K. 2005,
PASJ, 57, 259

Imai, H., Sakai, N., Nakanishi, H., Sakanoue, H., Honma, M., &
Miyaji, T. 2012, PAS], 64, 142

Immer, K., Li, J., Quiroga-Nuifiez, L. H., Reid, M. J., Zhang, B.,
Moscadelli, L., & Rygl, K. L. J. 2019, A&A, 632, A123

Johnston, K. G., Shepherd, D. S., Aguirre, J. E., Dunham, M. K.,
Rosolowsky, E., & Wood, K. 2009, Ap], 707, 283

Kalberla, P. M. W., Burton, W. B., Hartmann, D., Arnal, E. M.,
Bajaja, E., Morras, R., & Poppel, W. G. L. 2005, A&A, 440,
775

Kawaguchi, N., Sasao, T., & Manabe, S. 2000, in Proc. SPIE, 4015,
Radio Telescopes, ed. H. R. Butcher (Bellingham, WA: SPIE),
544

Kim, H.-J., Koo, B.-C., Pyo, T.-S., & Davis, C. J. 2018, ApJ, 863, 74

220Z YaJe\ 0 uo Jasn ABojouyos | g 90usIog 0 1suU| 1eN ues|n Aq ¥0£06+9/602/1/./21onle/lsed/woo dno-oiwapeoe)/:sdiy Wwol) papeojumoc]



Publications of the Astronomical Society of Japan (2022), Vol. 74, No. 1 223

Koo, B.-C., Park, G., Kim, W.-T., Lee, M. G., Balser, D. S., &
Wenger, T. V. 2017, PASP, 129, 094102

Kurayama, T., Nakagawa, A., Sawada-Satoh, S., Sato, K.
Honma, M., Sunada, K., Hirota, T., & Imai, H. 2011, PAS]J, 63,
513

Lockman, F. J., Benjamin, R. A., Heroux, A. J., & Langston, G. L.
2008, ApJ, 679, L.21

Miville-Deschénes, M.-A., Murray, N., & Lee, E. J. 2017, ApJ, 834,
57

Moellenbrock, G. A., Claussen, M. J., & Goss, W. M. 2009, ApJ,
694,192

Moscadelli, L., Xu, Y., & Chen, X. 2010, Ap]J, 716, 1356

Nagayama, T., et al. 2020a, PAS], 72, 52

Nagayama, T., Hirota, T., Honma, M., Kurayama, T., Adachi, Y.,
Tamura, Y., & Kanya, Y. 2020b, PAS], 72, 51

Oyama, T., et al. 2016, PAS], 68, 105

Persic, M., Salucci, P., & Stel, F. 1996, MNRAS, 281, 27

Reid, M. J., et al. 2019, Ap], 885, 131

Reid, M. J., & Honma, M. 2014, ARA&A, 52, 339

Roy, A., et al. 2011, Ap], 727, 114

Russeil, D. 2003, A&A, 397, 133

Sakai, N, et al. 2020, PAS], 72, 53

Sakai, N., Honma, M., Nakanishi, H., Sakanoue, H., Kurayama, T.,
Shibata, K. M., & Shizugami, M. 2012, PAS], 64, 108

Sakai, N., Reid, M. J., Menten, K. M., Brunthaler, A., & Dame,
T. M. 2019, Ap], 876, 30

Samal, M. R, et al. 2010, Ap]J, 714, 1015

Sato, M., et al. 2008, PAS]J, 60, 975

Shirley, Y. L., et al. 2013, Ap]JS, 209, 2

Sievers, A. W., Mezger, P. G., Bordeon, M. A., Kreysa, E., Haslam,
C. G.T., & Lemke, R. 1991, A&A, 251, 231

Smith, G. P. 1963, Bull. Astron. Inst. Netherlands, 17, 203

Sofue, Y. 2011, PAS], 63, 813

Sunada, K., Nakazato, T., Ikeda, N., Hongo, S., Kitamura, Y., &
Yang, J. 2007, PAS], 59, 1185

Svoboda, B. E., et al. 2016, Ap], 822, 59

Tepper-Garcia, T., & Bland-Hawthorn, J. 2018, MNRAS, 473, 5514

Urquhart, J. S., et al. 2007, A&A, 474, 891

Urquhart, J. S., Figura, C. C., Moore, T. J. T., Hoare, M. G.,
Lumsden, S. L., Mottram, J. C., Thompson, M. A., &
Oudmaijer, R. D. 2014, MNRAS, 437, 1791

Valdettaro, R., et al. 2001, A&A, 368, 845

van Moorsel, G., Kemball, A., & Greisen, E. 1996, in ASP Conf.
Ser., 101, Astronomical Data Analysis Software and Systems V,
ed. G. H. Jacoby & J. Barnes (San Francisco: ASP), 37

VERA Collaboration 2020, PAS], 72, 50

Wakker, B. P., York, D. G., Wilhelm, R., Barentine, J. C.,
Richter, P., Beers, T. C., Ivezi¢, Z., & Howk, J. C. 2008, Ap],
672,298

Watson, C., Araya, E., Sewilo, M., Churchwell, E., Hofner, P., &
Kurtz, S. 2003, Ap], 587, 714

Yamauchi, A., Yamashita, K., Honma, M., Sunada, K., Nakagawa,
A., & Ueno, Y. 2016, PAS], 68, 60

Yang, J., Jiang, Z., Wang, M., Ju, B., & Wang, H. 2002, Ap]S, 141,
157

Zhang, B., et al. 2019, AJ, 157, 200

Zhang, B., Reid, M. ]., Menten, K. M., Zheng, X. W,
Brunthaler, A., Dame, T. M., & Xu, Y. 2013, Ap], 775, 79

220Z YaJe\ 0 uo Jasn ABojouyos | g 90usIog 0 1suU| 1eN ues|n Aq ¥0£06+9/602/1/./21onle/lsed/woo dno-oiwapeoe)/:sdiy Wwol) papeojumoc]



