Abstract
We aim to reveal three-dimensional (3D) structure and dynamics of the nearby
Perseus arm, since uncertainties in previous distance measurements have prevented
us to obtain an accurate picture of the Perseus arm in the Milky Way Galaxy.
Recently, VLBI astrometry observations regarded as the direct distance measurements have routinely achieved a typical parallax accuracy of ± 20 µas with the
best accuracy of 5 µas, corresponding to the achievable distance measurements
up to 20 kpc with ± 10 % accuracy. Thus, we have been conducting the VLBI
astrometry observations to measure trigonometric parallaxes and proper motions
of Galactic 22 GHz H2 O masers associated with and/or related to the Perseus arm.
Combining our VLBI astrometry results with previous ones drastically improves an
understanding of the 3D structure and dynamics of the Perseus arm with respect
to previous researches based on 1D observations (e.g., line-of-sight velocities).
This Ph.D. thesis consists of three VLBI astrometry results related to the
3D structure and dynamics of the Perseus arm (as summarized in chapters 2,
3, and 4). Introductions of current understandings and issues for the Galactic
disk are summarized in chapter 1. Also, we provide an introduction on VLBI
astrometry and VERA (VLBI Exploration of Radio Astrometry) with which we
have conducted VLBI astrometry in chapter 1.
In chapter 2, we show astrometry results of high-mass star-forming region IRAS
05168+3634 located at galactic longitude (l) of 170.66◦ , galactic latitude (b) of
−0.25◦ , and a systemic velocity (VLSR ) of −15.5 km s−1 . The location close to
galactic longitude (l) of 180◦ has been known as a problematic region where general
distance measurement such as the kinematic distance has a significantly large
uncertainty. In fact, we obtained a parallactic distance of 1.88+0.21
−0.17 kpc for the
source, which is significantly smaller than the previous distance estimate of 6 kpc,
which was based on the kinematic distance. Our distance measurement places the
source in the Perseus arm, rather the Outer arm. In addition, the accurate distance
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measurement revises physical parameters such as luminosity, mass, dynamical age,
and spectral type of the star-forming region. Also, we measured proper motions of
the source. Combining our astrometry results with the systemic velocity provides
the full-space (3D) motion and location of the Perseus arm with which the source
is associated. As a result, we obtained peculiar (non-circular) motions of (U , V ) =
(8 ± 2, −13 ± 6) km s−1 for the source, assuming a flat rotation curve model with
Θ(R) = Θ0 = 240 km s−1 . Note that the direction of the peculiar motion is toward
the Galactic center (U ) and Galactic rotation (V ), respectively. Our results reveal
the 3D structure and motion of the Perseus arm toward the direction of galactic
longitude (l) ∼ 170◦ for the first time.
In chapter 3, we present the first measurement of the absolute proper motions of
IRAS 00259+5625 (l = 123.07◦ , b = −6.31◦ , and VLSR = −38.3 km s−1 ). The source
has been known to interact with large-scale star-formation activities around the
Perseus arm, since the source is associated with the HI loop called the “NGC281
superbubble”, which extends from the Galactic plane toward negative galactic
latitude over ∼ 300 pc. The proper motion components measured with VERA are
(µα cosδ, µδ ) = (−2.48 ± 0.32, −2.85 ± 0.65) mas yr−1 , converted into (µl cosb,
µb ) = (−2.72 ± 0.32, −2.62 ± 0.65) mas yr−1 in the Galactic coordinates. The
measured proper motion perpendicular to the Galactic plane (µb ) shows vertical
motion away from the Galactic plane at a significance of about ∼4-σ. As for the
distance of the source, we obtained a marginal result of 2.4+1.0
−0.6 kpc with VERA
observations in which the source showed rapid luminosity variation. Using the
distance, the vertical motion can be converted into vb = −17.9 ± 12.2 km s−1 .
The tendency of the large vertical motion is consistent with the previous VLBI
results for NGC 281 associated with the same superbubble. Thus, our VLBI results
confirm the superbubble expansion whose origin is believed to be star-formation
activities (e.g., sequential supernova explosions) in the Perseus arm.
In chapter 4, to confirm the prediction of the density-wave theory in which
directions of the systematic peculiar motions (as shown in chapter 2) are changed
inversely in inner and outer co-rotation (CR) radii (e.g., Mel’nik et al. 1999), we
measured parallax and proper motions of massive star-forming region IRAS 074272400 (l = 240.32◦ , b = 0.07◦ , and VLSR = 68.0 km s−1 ) with VERA. The measured
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parallax is 0.193 ± 0.025 mas, corresponding to a distance of 5.18+0.77
−0.59 kpc. The
parallax result locates the source in the Perseus arm, which is the first result for
the Perseus arm beyond l ∼ 189◦ in VLBI astrometry. Combining our distance
measurement with previous astrometry results shows that the pitch angle (i) of
the Perseus arm is a constant between 94.60◦ ≤ l ≤ 240.32◦ , being i = 17.7◦ ±
1.8◦ , while the pitch angle is changed to i = 11.5◦ ± 1.3◦ in 43.17◦ ≤ l ≤ 240.32◦ .
This suggests that bifurcation or spur is occurred in 43.17

◦

≤ l ≤ 94.60◦ for the

Perseus arm, although more astrometry results should be required to confirm the
diﬀerence of the pitch angle. As for the peculiar motions, we obtained (U , V ) =
(−9 ± 8, −3 ± 6) km s−1 , which is marginally consistent with the prediction of
the density-wave theory with an 1-σ significance in U component.
As an overall discussion of this Ph.D. thesis, we compiled our astrometry results with previous ones to compare between the observations and an analytic gas
dynamics model provided by Pinol-Ferrer et al. (2012) and (2014). We used the
least-squares method to choose the best model in the comparison.
As a result, we derived our best model with the following parameters: m = 4
(number of arms), i = 11.5◦ (the pitch angle), Rref = 11.0 ± 0.1 kpc (reference
√
position of spiral potential toward the Sun from the Galactic center), Ψm = 16
± 1 km s−1 (amplitude of the potential), and Ωp = 17.0 ± 0.5 km s−1 kpc−1
(pattern speed of the potential). In the model, gas-dense region appears in front
of the reference position (at R < Rref ), which is consistent with the galactic shock
proposed by Fujimoto (1968) and Roberts (1969). Also, the modeled gas spiral
arm traces the VLBI sources in the Perseus arm well. In addition, the model with
m = 4 and Ωp = 17.0 ± 0.5 km s−1 kpc−1 locates the inner Lindblad resonance
(ILR) to be ∼ 9 kpc. We confirmed that peculiar motions obtained by VLBI
observations were actually maximized around R ∼ 9 kpc. The same tendency
was also reported by Quillen et al. (2005), who showed an ILR of 8.2+0.3
−0.4 kpc
with Ωp = 19.0 ± 0.9 km s−1 kpc−1 , which was based on stellar peculiar motions
around the solar neighborhood. We succeeded the direct comparison between the
3D observations and a model based on the density-wave theory for the first time,
and we revealed that the 3D structure and motion over kpc scales of the Perseus
arm can be explained by the model.
iii

For future prospects, we have to compare our results with other theoretical
works (e.g., the recurrent and transient spiral mainly proposed by N-body simulations) to choose the best model for understanding the 3D structure and dynamics
of the Milky Way Galaxy more accurately, since several models have predicted
diﬀerent natures and evolutions of the Milky Way Galaxy. In the next decade,
GAIA satellite will provide us stellar astrometry results with similar position accuracy of the VLBI astrometry. The stellar astrometry is essential to discriminate
the several models (e.g., the density-wave theory or the recurrent and transient
spiral), since the stellar component plays a main role in total mass of the Galactic
disk. A combination of gas and stellar astrometry results is promising to obtain
the most accurate nature of the Perseus arm as well as that of the Milky Way
Galaxy in the near future.
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Chapter 1
General Introduction
1.1
1.1.1

Disk Properties of The Milky Way Galaxy
Overall picture

Our Galaxy is especially called as the Milky Way Galaxy, the Galaxy, or our
Galaxy. In 1950s, large scale spiral structure in the Galaxy was firstly discovered
by 21-cm (HI:neutral hydrogen) radio observations, since radio observations can
see through overall the Galactic disk without dust extinction (e.g., Oort, Kerr &
Westerhout 1958). Note that existence of disk components (e.g., stars rotating with
respect to the Galactic center) was previously suggested by optical (spectroscopic)
observations for the Galaxy (e.g., Oort 1922). Figure 1.1 shows the HI distribution
in the Galaxy, which clearly displays dense spiral patterns.
Following this, Georgelin & Georgelin (1976) proposed a model of the Galaxy
as a four-arm spiral pattern based on optical (photometry and spectroscopy) and
radio observations toward bright ionized (HII) regions (fig. 1.2). According to
observations of external spiral galaxies, bright HII regions trace grand design of
spiral pattern, therefore their observations (Georgelin & Georgelin 1976) may tell
us the spiral pattern of the Galaxy. Note that they used the excitation parameter
U to reduce a selection eﬀect due to a distance from the Sun. U is proportional
to (Sν D2 ) with a dimension of pc cm−2 , where Sν is the radio continuum flux and
D is the distance.
1
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Figure 1.1: Distribution of neutral hydrogen in the Galactic System (Oort,
Kerr & Westerhout 1958). Note that Galactic longitudes labeled
in this figure are diﬀerent from those used in current coordinates
system. Arrows show famous feature called as the 3-kpc expanding
arm.

As a work succeeding to Georgelin & Georgelin (1976), Russeil (2003) also
proposed a four-arm model using optical and radio observations (fig. 1.3). They
covered fainter and farther HII regions than Georgelin & Georgelin (1976), and it
is complete for the excitation parameter U brighter than 60 pc cm−2 .
Dame & Thaddeus (2008) showed counterpart of the expanding 3-kpc arm
(e.g., figures 1.1 and 1.3), the far 3-kpc arm, with Galacic longitude versus velocity
(l −v) diagram of CO(J=1−0) as shown in fig. 1.4. The l −v diagram is a powerful
tool to discriminate structures in blended regions, while early 21 cm surveys were
too poor in angular resolution and sensitivity to distinguish the thin, faint lane of
the far 3-kpc arm.
Dame & Thaddeus (2011) used again the CO(J=1−0) l − v diagram with a
combination of HI (e.g., fig. 1.5) to trace an extension of the Scutum−Centaurus
arm in the 1st Galactic quadrant (e.g., 0◦ < l < 90 ◦ ). They succeeded to trace
the extension, referred to as the New arm, with both CO(J=1-0) and HI emissions
(see fig. 3 in Dame & Thaddeus 2011). The New arm is located beyond the Outer
arm in the 1st Galactic quadrant, and it appears to be symmetric counterpart of
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Sagittarius-Carina arm
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Figure 1.2: Four-armed spiral model of our Galaxy traced by bright HII regions (Georgelin & Georgelin 1976). Hatched areas correspond to
intensity maxima in radio continuum and in neutral hydrogen. The
excitation parameter U is proportional to (Sν D2 ), where Sν is the
radio continuum flux and D is the distance (see detail in Schraml
& Mezger 1969).

the nearby Perseus arm (e.g., the inset in fig. 1.5).
Around the Galactic center, two independent bar structures have been observed,
which are the Galactic bar (also called as the bulge) and the central “long” bar.
The Galactic bar, referred to as the COBE/DIRBE bar (Binney et al. 1997), is the
triaxial bulge with an aspect ratio of 10:4:3 (length:width:height) (Gerhard 2002).
Gerhard (2002) reported a half length of ∼3.1−3.5 kpc and a position angle of 20◦
relative to the Sun-Galactic center line for the COBE/DIRBE bar. The position
angle is increasing clockwise. The latter, the central long bar, was first claimed
by Hammersley et al. (2000), which conducted star counts with infrared observations. The central long bar is vertically thinner than the COBE/DIRBE bar, and
position angle of the central long bar is larger than that of the COBE/DIRBE bar.
The Spitzer GLIMPSE (Galactic Legacy Infrared Mid-Plane Survey Extraordinaire) surveys observed three regions, the Galactic disk (GLIMPSE I), around
the Galactic center including the nuclear bulge (GLIMPSE II), and the central
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Figure 1.3: Four-armed spiral model of our Galaxy traced by HII regions (Russeil 2003). The symbol size is proportional to the excitation parameter. Long dashed line shows smaller-scale structure called as the
local arm. Dashed-dot-dot line represents the bar orientation and
length referred from Englmaier & Gerhard (1999). Short dashed
line displays diﬀerence between a logarithmic spiral model and observed HII regions. Solid line may be connected to the 3-kpc arm.

long bar (GLIMPSE 3D) at 3.6, 4.5, 5.8, and 8.0 µm as shown in fig. 1.6. One of
the science targets in the GLIMPSE was the Galactic structure. The GLIMPSE
surveys have archived over 100 million stars of which about 90% were red giants,
and red-clump giants were appeared with a good fraction in the red giants. The
red-clump giants have a small range of intrinsic luminosities, meaning that they
can be good standard candles to trace the central long bar. Actually GLIMPSE
showed that the number of the stars were systematically higher by ∼25% in the
north (the 1st Galactic quadrant) than the south (the 4th Galactic quadrant) at
|l| < ∼30◦ . This is strong evidence that an asymmetric structure, a central bar,
exists in the central region. Benjamin et al. (2005) determined the radius and
position angle of the bar with respect to the Sun-Galactic center line using the
GLIMPSE data. The resultant radius and position angle were 4.4±0.5 kpc and
44◦ ±10◦ , respectively (e.g., fig. 1.8).
As for amplitudes of the spiral arms in the Galaxy, GLIMPSE detected starcount excesses at the tangent of the Scutum-Centaurus arm, while no excesses
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Figure 1.4: Galactic longitude−velocity diagram of CO(J=1−0) emission at
Galactic longitude b = 0◦ from Bitran et al. (1997): this survey
is sampled every 7.5’ at |b| ≤ 1◦ (every 15’ elsewhere) with an
8.8’ beam to a rms sensitivity of 0.14 K in 1.3 km s−1 channels.
The dashed lines are linear fits to the inclined, parallel lanes of
emission from the near and far 3 kpc arms: v = −53.1+4.16l and
v = +56.0+4.08l were determined for the near and far 3 kpc arms,
respectively. The insert is the schematic view of the arms over the
longitude ranges in which they can be followed clearly in CO.

were detected at the tangent of the Norma and Sagittarius arms (e.g., fig. 1.7). In
addition, Drimmel (2000) and Drimmel & Spergel (2001) showed that infrared excesses in stellar emissions were seen at the Scutum-Centaurus and Perseus arms.
Based on the GLIMPSE data with previous researches over a half century
(as described above), Churchwell et al. (2009) proposed a grand-design two-armed
barred spiral with several secondary arms for the Galaxy (fig. 1.8). In other words,
figure 1.8 summarizes our knowledge of structure of the Milky Way Galaxy using
currently available data. We itemize important points for figure 1.8:
1. Two bar structures are seen around the Galactic center.

6
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Figure 1.5: l − v diagram of CO(J=1−0) color and HI gray (Dame & Thaddeus 2011). Black curve traces the locus of a logarithmic spiral
model with a pitch angle of 14.2◦ . Note that the model was constrained to trace tangents of the Scutum−Centaurus arm. The
inset is the sketch to understand relation between the l − v diagram and the Galactic face-on view (⊙ is the Sun’s location).
The letters A−D in the both figures are consistent with each
other.

2. Distance to the Galactic center of R0 = 8.0 kpc was assumed (Reid 1993).
3. Two grand-design spiral arms are the Perseus and Scutum-Centaurus arms.
4. Other secondary arms are the Sagittarius, Outer, and Near/Far 3-kpc arms.
Based on the above picture, the structure of the Milky Way Galaxy is thought to be
relatively simple, since there are clear symmetry structures: e.g., the near/far 3-kpc
arms, the grand-design spiral arms (the Scutum−Centaurus and Perseus arms),
and existence of the bar structure. The grand-design spiral arms are thought to
extend symmetrically from opposite ends of the central long bar (e.g., figures 1.5
and 1.8).
However, the most problematic point in fig. 1.8 was noted by Churchwell et al.
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Figure 1.6: Area coverage of the GLIMPSE surveys with dotted and solid
lines superimposed on the COBE/DIRBE 4.9 µm image. Note
that the solid line areas were observed for tracing the Galactic
central bar.

(2009): “The spiral structure is still the most problematic and deserves much more
attention from the community.” This problem is due to a diﬃculty of measuring a
distance toward each spiral arm. We will further explain the diﬃculty in chapter
1.1.4. We also comment on the distance to the Galactic center, R0 . This value is
essential for understanding the precise structure of the Milky Way Galaxy, since it
scales overall size of the Milky Way Galaxy. There still ramains an uncertainty of
the distance (R0 ) due to the diﬃculty of the distance measurement. To overcome
the problems and obtain the most accurate picture of the Milky Way Galaxy, precise distance measurements toward Galactic components are required.
Recently, VLBI (Very Long Baseline Interferometry) technique has allowed
us to conduct direct distance measurements (referred to as astrometry) over kpc
scales from the Sun. Reid & Honma (2014) summarized current results of the VLBI
astrometry. Note that the VLBI astrometry has observed Galactic masers associated with star-forming regions in typically early evolution phases, and therefore it
can trace gas kinematics and structure of the Galactic disk. Fig. 1.9 shows ∼100
astrometry results (including unpublished results) superimposed on an artist’s illustration of face-on view of the Milky Way Galaxy (same as fig. 1.8). In the
next decade, astrometry results would increase up to ∼400−500 maser sources.
Combination of the astrometry results with the previous researches (such as fig.
1.8) can bring us the most accurate picture of the Milky Way Galaxy.

8
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Figure 1.7: Star count density as a function of the Galactic longitude
(Churchwell et al. 2009). Used bands were J, H, K, and 4.5
µm from below to top curves. Increasing number of the star
counts from J band to 4.5 µm clearly shows lower dust extinctions with longer wavelengths. Solid line fit to the 4.5-µm counts
was based on the exponential disk model. Excesses of the star
counts are seen at the tangent of the Scutum-Centaurus arm,
while no excesses are seen at the tangents of the Sagittarius and
Norma arms.
In this thesis, we will report three VLBI astrometry results, which are related to
one of the grand-design spiral arms, the Perseus arm. Detail of our contributions
will be explained in later.
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Sun

Figure 1.8: Artist’s illustration of grand-design two-armed barred spiral for
the Galaxy based on radio, infrared, and visible (optical) observations (Churchwell et al. 2009). This sketch was made by Robert
Hurt of the Spitzer Science Center in consultation with Robert
Benjamin at the University of Wisconsin-Whitewater. The main
arms are the Scutum-Centaurus and Perseus arms, and the secondary arms are the Sagittarius, the Outer, and the Near/Far
3-kpc expanding arms.
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Figure 1.9: Current VLBI (Very Long Baseline Interferometry) astrometry
results superimposed on an artist’s illustration of face-on view
of the Milky Way Galaxy (Reid & Honma 2014). Names with
diﬀerent colors are consistent with corresponding colored dots.
Sun’s location is (X, Y) = (0, 8.4) kpc, assumed.
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Circular motions in the disk

Following the first discovery of galactic rotation by Slipher (1914) using an
optical (spectroscopic) observation, there have been similar findings in disk (spiral) galaxies with optical/radio observations. Figure 1.10, called as the positionvelosity diagram, shows clear symmetry of velocity distribution of an edge-on
galaxy NGC 3079 (Irwin & Seaquist 1991; Sofue et al. 2001). This is clear evidence
of the galactic rotation, and therefore one can easily expect that the rotation can
be also observed in the Milky Way Galaxy, which is thought to be a barred-spiral
galaxy as described in previous section.
For the rotation of the Milky Way Galaxy, observational diﬃculties had prevented us to detect the rotation directly in contrast to the external disk galaxies,
although suggestions of the rotation had been observed (e.g., Adams & Kohlschutter 1914; Adams & Joy 1919; Strömberg 1922).
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Figure 1.10: The position-velocity diagram aligned with the major axis of
NGC 3079, the edge-on galaxy (Sofue et al. 2013). Horizontal
axis shows the distance (in kpc) from the center of NGC 3079,
and vertical one represents the line-of-sight velocity (in km s−1 )
at each distance. Dashed and solid contours show HI (Irwin &
Seaquist 1991) and CO(J=1-0) (Sofue et al. 2001) line emissions,
respectively.
Adams & Kohlschuatter (1914) revealed that most of the high-velocity stars,
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which exhibit high velocities with respect to the Sun, showed negative velocities.
It means that most of these stars are approaching toward the Sun. Strömberg
(1922) studied three-dimensional velocity vectors of ∼1,300 stars including the
high-velocity stars using radial velocities, proper motions, and (spectroscopic) parallaxes. He revealed that the high-velocity stars are systematically moving toward
opposite direction of the Sun’s motion.
To explain the above observations, Lindblad (1927) made a hypothesis in
which galactic components are divided into sub-systems, and each sub-system rotates with a diﬀerent angular speed around the rotation axis perpendicular to the
Galactic plane and is originated at the Galactic center. Using the hypothesis,
observed line-of-sight (Vr ) and tangential (Vt ) velocities can be described with a
simple geometry (e.g., fig. 1.11) as
(

)
Θ Θ0
Vr =
−
R0 sinl
R R0
(
)
Θ Θ0
Θ
Vt =
−
R0 cosl − D.
R R0
R

(1.1)
(1.2)

Here Θ the rotation velocity at the galacto-centric distance R, l galactic longitude,
D distance from the Sun, and R0 and Θ0 are the Galactic constants.
Oort (1927) derived Vr and Vt especially for solar-neighborhood objects (e.g.,
D ≪ R0 and D ≪ R) as below:
Vr ∼ DA sin2l

(1.3)

Vt ∼ D(A cos2l + B).

(1.4)

and

Here, A and B are the Oort constants defined as
]
]
[
]
[
R ∂K
R d Θ
1 Θ dΘ
Θ
−
(1 −
)
and
A≡ −
=
=
2 dR R R0
2 R dR R0
4R
K ∂R R0
[
]
[
]
( )
1 d
1 Θ dΘ
Θ
B≡ −
(RΘ)
=−
+
=A−
,
2R dR
2 R dR R0
R R0
R0
[

where K is the gravitational force. In the case of the Keplerian rotation (e.g., K
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∝ R−2 ), the Oort constants are
3
A=
4

( )
( )
Θ
1 Θ
and B = −
.
R R0
4 R R0

D

Sun
R0

Vr

θ0
l

θ0
Vt

θ (R )

R

GC

Figure 1.11: Geometry of the Sun in the Galactic plane (Sofue 2013).
Observed line-of-sight (Vr ) and tangential (Vt ) velocities
can be described using rotation velocity (Θ(R)), galactic
longitude (l), and the Galactic constants (Θ0 and R0 ) (see
text).
From equations (1.3) and (1.4), we can easily expect that the line-of-sight
and tangential velocities show sinusoidal curves as a function of galactic longitude
with a period of 180◦ . Oort (1927) confirmed for the first time the Galactic rotation
using line-of-sight velocity observations, showing the periodic variation (see table
1 in Oort 1927).
Following the Oort’s discovery, a plenty of observations have also confirmed the
Galactic rotation (e.g., fig. 1.12). Fig. 1.12 shows the proper motion in Galactic
longitude (µl cosb) as a function of Galactic longitude, which display the sinusoidal
curve predicted by Oort (1927) (e.g., eq. 1.4). Note that the proper motions were
determined by dividing the tangential velocities by the distances from the Sun
√
(e.g., µ = Vt /D = (µl cosb)2 + (µb )2 ).
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Figure 1.12: The proper motion in Galactic longitude (µl cosb) multiplied by
κ, constant value ∼ 4.74 in an unit of km s−1 kpc−1 (Feast &
Whitelock 1997). Note that peculiar motions of the Sun (e.g.,
the standard solar motion) were corrected and the figure was
plotted against Galactic longitude (l).
Also, as described in the previous section, radio astronomy has allowed us to
observe the entire Galactic disk. Using radio observations, we have seen symmetry
of velocity distribution in the Galactic disk just like in the external disk galaxies
(e.g., fig. 1.13). Figure 1.13 clearly shows that the Galactic disk is dominated by
the Galactic rotation.
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Figure 1.13: The position (Galactic longitude l)−velocity (Vlsr ) diagram along
the Galactic plane (Sofue 2013). (Top) Obtained by HI (21cm)
line observation (Nakanishi & Sofue 2003). (Bottom) Obtained
by CO(J=1-0) observation (Dame et al. 1987).
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1.1.3

Non-circular motions in the disk

The Galactic disk is rotationally supported as described in the previous section
(e.g., fig. 1.13), and the circular rotation is known to be an order of ∼ 200 km
s−1 . Burton (1973) argued that the velocity distribution of the Galactic disk is
symmetry relative to the Sun-Galactic center line (but with opposite sign), if the
disk is supported by only circular rotation. However, figure 1.14 shows an asymmetric velocity distribution of the Galactic disk obtained from HI observations,
which suggests that an additional component, i.e. non-circular motion, also exists
in the Galactic disk.

Inner Galaxy

Outer Galaxy

Figure 1.14: Cutoﬀ velocity distribution of the Galactic disk obtained from
HI observations (Burton 1973). Horizontal axes show Galactic
longitude, and vertical ones represent line-of-sight velocity.
As for asymmetric structures in disk galaxies, spiral arm and bar structures are
prominent components. For instance, Sofue et al. (2009) represented Galactic rotation velocities as a function of galacto-centric distance (as the Galactic rotation
curve) obtained from optical and radio observations. Large errors in outer Galaxy
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(R > R0 ) are due to errors of distance measurements as will be explained in the
later section 1.1.4. In fig. 1.15, there are two dip features at R = ∼ 3 kpc and ∼ 9
kpc. The 3-kpc dip may be related to the Galactic bar structure, and the 9-kpc dip
may be related to the Galactic spiral structure. Sofue et al. (2009) explained that
the 9-kpc dip can be explained, if a ring-like structure with a mass density ratio of
∼ 0.34 relative to the underlying disk density is put at a galacto-centric distance
of 11 kpc. In addition, they conclude that the massive ring may be related to the
nearby Perseus arm.

Figure 1.15: Rotation velocities as a function of galacto-centric distance (R)
(as the Galactic rotation curve) obtained from optical and radio observations (Sofue et al. 2009). The Galactic constants of
(R0 , Θ0 ) = (8.0 kpc, 200.0 km s−1 ) were assumed. For inner
Galacxy (R < R0 ) the tangent velocity method was used, while
for outer Galacxy (R > R0 ) mainly the photometric distance and
HI thickness method (Honma & Sofue 1997) were used.
For the dynamics of spiral arms, there have been numerous studies from both
theoretical and observational sides. Lin & Shu (1964) proposed the density wave
theory (hypothesis) to overcome the winding problem in which spiral structure
is destroyed due to the diﬀerential rotation (e.g.,

dΩ
dR

̸= 0) within several galactic

rotations (or several hundreds Myr). In the density-wave hypothesis, asymmetric
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(as spiral) potential is assigned in the disk, and it shows rigid rotation (e.g.,

dΩp
dR

= 0) with a pattern speed Ωp , compared to the diﬀerential rotation of gas and
star with an angular rotation speed Ω(R). This can explain the fact that observed
disk galaxies exhibit grand-design spiral arms as quasi-stationary structures in the
local universe. The density wave hypothesis can allow us not only to overcome the
winding problem, but also to examine a response of gas or stellar motion perturbed
by the spiral potential.
Figure 1.16 shows a schematic view of the gas response based on the linear

Figure 1.16: Schematic view of a gas motion perturbed by the spiral potential
based on the linear density-wave hypothesis (Burton 1973). Note
that Galactic rotation is clockwise.
density-wave hypothesis. One of the important aspects in fig. 1.16 is that noncircular motions (shown as arrows in fig. 1.16) vary periodically between adjacent
spiral arms. Following Lin & Shu (1964), Fujimoto (1968) and Roberts (1969) ex-
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tended the linear density-wave analysis into the non-linear analysis, in which they
found a stationary solution numerically for gas motion perturbed by the density
wave. Figures 1.17(a)-(e) show one of the solutions within the co-rotation (CR) radius (e.g., Ω > Ωp ), which indicate that shocks occur in front of the spiral potential
minimum. The shock is called as the Galactic shock, which enables us to explain
systematic non-circular motions with an amplitude of ∼ 20 km s−1 in disk galaxies.
Note that in outer co-rotation radius (Ω < Ωp ) the shock position is shifted into
outer side of the potential minimum, and directions of the non-circular motions
are opposite with respect to the case within the CR radius (e.g., Mel’nik et al.
1999). A combination of the density-wave hypothesis and the Galactic shock has
been used to explain observational results obtained in the Galaxy (e.g., Roberts
1972; Burton 1973; Mel’nik 1999; Russeil 2007; Sofue et al. 2009).
Roberts (1972) examined non-circular motions in the line-of-sight directions for
sources in the Perseus arm with a galactic longitude between 100◦ and 200◦ , which
was based on optical (photometry and spectroscopy) and radio observations. He
concluded that systematic non-circular motions with an amplitude of ∼ 20 km s−1
were found in the Perseus arm for the observed range of galactic longitude, and
those could be explained by a combination of the density-wave hypothesis and the
Galactic shock.
Russeil (2007) showed diﬀerences between the rotation curve model of Brand
& Blitz (1993) and her results determined from photometric and spectroscopic
observations for Galactic star-forming regions (see fig. 1.18). Interestingly, quasilinear variation of the diﬀerences (as the non-circular motions) along the galactocentric distance is appeared in fig. 1.18, which indicates that Galactic co-rotation
radius (where Ω = Ωp ) is located around the position where the non-circular motion
completely disappears. Based on the assumption, Russeil (2007) determined a CR
radius of 12.7 kpc based on a linear fitting as shown in fig. 1.18.
Contrary to the density-wave hypothesis, there is an another explanation for
the Galactic spiral structure and dynamics, which is recurrent and transient spiral
mainly proposed by N-body simulations with/without gas disk (e.g., Miller et al.
1970; Hohl 1971; Hockey & Brownrigg 1974; James & Sellwood 1978; Sellwood &
Carlberg 1984; Baba et al. 2010; Wada et al. 2011; Fujii et al. 2011; Grand et
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al. 2012; Baba et al. 2013). The main diﬀerence between the two explanations is
whether the spiral structure exhibits the diﬀerential rotation in the same manner
as gas and star. In the recurrent and transient spiral, gas flows into local potential
minima with irregular motions, and converges to form dense gas cloud near the
minimum of stellar spiral potential. Due to the diﬀerential rotation, the spiral
arm is destroyed (by bifurcation and/or merger with other arms) within a time
scale of ∼ 100 Myr (e.g., Wada et al. 2011). As a result, the dense gas cloud is
decomposed into inter-arm region with non-circular motions.
In the same way, Baba et al. (2009) argued that observed non-circular motions
with an amplitude of ∼ 20 km s−1 can be naturally explained by N-body and
hydrodynamical simulation, supporting the recurrent and transient spiral. Baba
et al. (2013) also showed that characteristic stellar motions around the spiral
arm are shown in evolutionary phases of the spiral arm, which are growing and
damping phases (fig. 1.19). Interestingly, direction of the non-circular motions
at inner side of the spiral arm in the damping phase is consistent with those
predicted by the Galactic shock within the CR (see figures 1.17 (c) & (d) and
1.19 (b) ). However, for the outer side of the spiral arm prediction of the densitywave theory within the CR is diﬀerent from that of the recurrent and transient
spiral in the damping phase. To verify the two explanations for the Galactic
spiral structure and dynamics, direct comparison between highly accurate threedimensional observations and the simulations are required.
Ever since the 1960s, the two scenarios, the Galactic shock based on the densitywave hypothesis and the recurrent and transient spiral, have been proposed and
suggested by observations and simulations. However, previous observations were
mainly based on the line-of-sight (1D) velocities, which were not enough to compare
those with simulation results accurately. In this thesis, we have measured threedimensional positions and motions toward Galactic star-forming regions based on
VLBI astrometry, which enable us to conduct direct and accurate comparison between the observations and the previous researches described above. As a summary
of this section, we itemize important points to verify the two scenarios with the
3D positions and motions observations as below:

1.1. DISK PROPERTIES OF THE MILKY WAY GALAXY

21

1. Non-circular motion is systematic (in the density-wave theory) or random
(e.g., random gas motions reported in Wada et al. 2011).
2. Direction of the non-circular motions is related to a position of the CR radius
(in the density-wave theory).
3. Direction of the non-circular motions is related to phases of spiral evolution
(e.g., stellar non-circular motions reported in Baba et al. 2013).
3D positions and motions observations in gas and stellar disks are required to
choose the best model, and a large number of those observations with wide coverage in a spiral arm are also essential.
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(a)
(b)

(c)

(d)

(e)

Figure 1.17: Non-linear density-wave analysis for gas motion (Roberts 1969).
Stationary solutions were presented at a galacto-centric distance of
10 kpc with a gas dispersion speed of 10 km s−1 in specified densitywave parameters, which are a pattern speed (Ωp ) of 12.5 km s−1
kpc−1 , a pitch angle (i) of ∼ 8◦ , and a spiral amplitude (F ) of
5% relative to an axisymmetric gravitational field. (a) Coordinates
system in which ξ is parallel to the spiral arm and η is perpendicular
to the spiral arm. i is the pitch angle of the spiral arm, and Galactic
1
)
rotation is counter-clockwise. (b) Relative gas density (σ’ = σ0σ+σ
0
variation along circular orbit at R = 10 kpc. Subscripts 0 and 1
represent axisymmetric and asymmetric components, respectively.
Gas flow is left to right. (c) Velocity variation in the direction of η
(e.g., W⊥ = w⊥0 + w⊥1 ). (d) Velocity variation in the direction of
ξ (e.g., W∥ = w∥0 + w∥1 ). (e) Spiral potential variation.
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Figure 1.18: Non-circular motions in the direction of Galactic rotation as
a function of galacto-centric distance (Russeil 2007). Circle
shows sources in the Perseus arm, and square represents
those in the Outer arm.

Growing phase

(a)

Damping phase

(b)

Figure 1.19: Non-circular motions in growing and damping phases of the
recurrent and transient spiral revealed by N-body simulation (Baba et al. 2013). ξ and η were coordinates assigned
in parallel and perpendicular to the spiral arm, respectively.
Galactic rotation is aligned with the direction of ϕ. (a)
Non-circular motions in the growing phase. (b) Same as
(a), but in the damping phase.
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1.1.4

Kinematic distance

In this section we introduce the most common method to measure a distance
in the Milky Way Galaxy, which is the kinematic distance (Dkin ). If we cannot
measure a distance from the Sun (D) directly, we have to make an assumption to
measure a distance. For instance, Merrifield (1992) and Honma & Sofue (1997)
assumed that HI-disk thickness of the Galactic disk is the same at any points along
a ring with a constant radius to measure a distance (D) using observed apparent
thickness. On the other hand, a distance from the Galactic center (R) can be
determined based on the assumption of circular motions using the line-of-sight or
tangential velocities as shown in equations 1.1 and 1.2. If R is determined with
the assumption, immediately the kinematic distance (Dkin ) can be described using
the law of cosines (e.g., fig. 1.20a) as below:

Dkin


√
R cosl ± R2 − R sin2 l
0
0
=
√
R cosl + R2 − R sin2 l
0

0

(inner Galaxy : R ≤ R0 )

(1.5)

(outer Galaxy : R > R0 ).

Clearly, there are two solutions in the case of the inner Galaxy in eq. 1.6.
This distance ambiguity is sometimes called as the near-far problem, and therefore
one has to use another information such as an absorption feature to discriminate
the solutions (e.g., Georgelin & Georgelin 1976). In the outer Galaxy, there is only
one solution for the kinematic distance. Another important point is the tangent
point where the observed line-of-sight velocity is maximized along the line-of-sight
toward the inner Galaxy (see fig. 1.20b). At the tangent point, a distance from
the G.C. (R) is written as
R = R0 sinl,

(1.6)

and therefore the distance to the source (D) is immediately determined as D =
R0 cosl (see eq. 1.5 or fig. 1.20b). The tangent velocity can be a good tool
for determining accurate distances to the Galactic objects located in the tangent
points, provided that the Galactic rotation is well-determined by circular rotation.
Note that the tangent velocity cannot be observed in the outer Galaxy.
As for the error of the kinematic distance, it depends on amount of non-circular
motion of the source as well as location of the source (e.g., Galactic longitude of the
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Figure 1.20: Geometry of the Sun in the Galactic plane (Sofue 2013). (a)
Kinematic distance (D = Dkin ) is determined using line-of-sight
velocity (Vr ) or tangential velocity (Vt ), rotation velocity (Θ(R)),
and the Galactic constants (Θ0 and R0 ) at any point. (b) Observation especially for the tangent point where R = R0 sinl (see
text).

source). Sofue (2011) derived an equation for the error of the kinematic distance
as below:
δDkin ∼

∂Dkin
R3
1
δVr
δVr = √ 2
.
2
2
∂Vr
R0 sin l(R2 − R0 sin l) Θ(R)

(1.7)

Note that Sofue (2011) assumed that the rotation curve (Θ(R)) is a slowly-varying
function of Dkin and R so that the rotation curve is recognized as a constant for
deriving eq. 1.7. Therefore, eq. 1.7 may not be valid around the G.C. (e.g., R <
∼ 0.5 kpc).
Figure 1.21 represents distribution of errors of the kinematic distance in the
Galactic plane derived from eq. 1.7 with an assumed radial velocity error of δVr
= 1 km s−1 . Based on eq 1.7 and fig. 1.21, the kinematic distance diverges at
Galactic longitude = 0◦ and 180◦ . Although the kinematic distance also diverges
at the tangent point (where R = R0 sinl) based on eq. 1.7, practically the kinematic distance at the tangent point can be determined well as explained in fig.
1.20b.
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Figure 1.21: Accuracy diagram of the kinematic distance in the Galactic plane
for δVr = 1 km s−1 (Sofue 2011). Error contours are δDkin = 0.01,
0.02, 0.04, 0.08, 0.16, 0.32, 0.64, ... kpc from white to black.
Therefore, around Galactic longitudes of 0◦ and 180◦ direct distance measurements such as parallax measurements are essential to determine distances (D)
precisely. In this thesis, we present results of VLBI astrometry observations for
three star-forming regions, of which one is located at a Galactic longitude of ∼
171◦ . In fact, we will show a significant diﬀerence between the kinematic and parallactic distances for the source in chapter 2. To understand the Galactic spiral
structure where peculiar motion (as non-circular motion) could be relatively large,
direct distance measurement such as astrometry is crucial.

1.2. VLBI ASTROMETRY

1.2

27

VLBI Astrometry

Here we give a brief summary of the principle and position accuracy of VLBI
(Very Long Baseline Interferometry) astrometry mainly based on Reid & Honma
(2014) and Kameno (2008).

1.2.1

The principle of VLBI

Important observables obtained by VLBI are shown in fig. 1.22 (Kameno
2008). Note that here we consider two-antenna interferometer shown in fig. 1.22
for simplicity, but the concept described here can be also applied to larger array
consisting of three or more antennas. Firstly, an emission from the radio source
is received at two discrete antennas (e.g., V1 (t) and V2 (t) in fig. 1.22) with a time
lag, τg (i.e., V1 (t − τg ) = V2 (t)). The subscripts 1 and 2 denote antenna 1 and 2,
respectively. The lag is called as “geometric delay”, and it is described using the
⃗ source direction vector ⃗s, and the speed of light c as
baseline vector D,
τg =

⃗
⃗s · D
.
c

(1.8)

Note that the source direction vector is a unit vector.
Secondly, each signal is recorded at each antenna site with a time tag generated
by a clock tied to a frequency standard (e.g., usually a hydrogen maser atomic
oscillator). Thirdly, a correction delay, τi , is inserted into antenna 1 (e.g., τ1 (t−τi ))
to correct the geometric delay relative to the expected source direction which is
referred to as the phase-tracking center. In the correlation process, product of
the both signals (V1 · V2 ) with the delay correction is calculated to determine a
cross-correlation function C(τ ), which is a function of delay τ as
1
C(τ ) = lim
T →∞ T

∫

t =

t =

T
2

− T2

V1 (t − τi )V2∗ (t − τ )dt,

(1.9)

where T is the integration time.
Fourthly, the cross-correlation function is converted into the cross-power spec-
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trum Ĉ(ν) through the Fourier transform over the lag τ as shown in fig. 1.22.
Clearly, the cross-power spectrum is a complex quantity, which is identical to the
visibility Vν (u, v) consisting of amplitude and phase information. Here u and v are
called as the spatial frequency, which are defined as u =

Dx
λ

and v =

Dy
.
λ

Here Dx

or Dy is the baseline vector in the east-west or north-south direction, respectively,
and λ is the observing wavelength.

Figure 1.22: Important observables obtained by VLBI (Kameno
2008).
Image was adapted from Kameno (2008) at
http://milkyway.sci.kagoshima-u.ac.jp/˜kameno/SS2008/.
Finally, the visibility with the (u, v)-domain can be converted into the intensity
distribution Iν (l, m) on the sky with the (l, m)-domain through the inverse Fourier
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transform. This relation is known as the Van Cittert-Zernike Theorem. l and m
denote angular oﬀsets relative to the phase-tracking center in the east-west and
north-south directions on the sky, respectively (see fig. 1.22).

1.2.2

Position Accuracy of Absolute Astrometry

As for the position accuracy (∆s) of VLBI astrometry, it can be roughly
estimated by using eq. 1.8 as
∆s ≈

c∆τg
,
D

(1.10)

where ∆τg is an uncertainty of the geometric delay measurement. Clearly, one can
easily expect that longer baseline provides better position accuracy, and therefore
VLBI technique has been used to conduct an accurate astrometry with baseline
lengths larger than 2,000 km (e.g., VERA; VLBA). Moreover, eq. 1.10 shows that
reducing the delay uncertainty allows us to obtain a better position accuracy. The
delay uncertainty can be decomposed into
∆τg = ∆τtropo + ∆τiono + ∆τstat + ∆τinst + ∆τstruc + ∆τtherm .

(1.11)

Here ∆τtropo and ∆τiono are errors of tropospheric and ionospheric delays, which are
related to atmospheric condition. ∆τstat is the station delay error (e.g., occurred
due to station position error). ∆τinst is the instrumental delay error (e.g., occurred
due to signal propagation in antenna and cables). ∆τstruc is caused by the source
structure, and ∆τtherm is the thermal delay error (e.g., random error depending on
SNR).
It has been known that ∆τtropo is the dominant term (typically ∼2 cm in delay
length converted by c∆τtropo ) in VLBI astrometry with observing frequencies larger
than 10 GHz (e.g., Reid & Honma 2014). Note that below 10 GHz frequencies
one also has to concern about ∆τiono , since the term is proportional to λ2 . If
one assumes c∆τg = 2 cm and D = 8,000 km in eq. 1.10, then the resultant
position accuracy is ∼0.5 mas. The assumed baseline length has been achieved
in current VLBI array (e.g., VLBA). In fact, the resultant position accuracy is
basically consistent with position accuracies of the ICRF (International Celestial
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Reference Frame) radio sources (mainly QSOs) determined by broad-band VLBI
observations.
Therefore, ∼0.5 mas is a typical position accuracy of absolute VLBI astrometry.
However, it is not enough to conduct kpc-scales astrometry, and for this reason
relative astrometry should be required.

1.2.3

Position Accuracy of Relative Astrometry

Relative astrometry referred to “phase-referencing” is the key to reduce the
atmospheric phase fluctuation, and the method can achieve better accuracy in
VLBI astrometry. In the relative astrometry, visibility phase of a reference (e.g.,
QSO) is subtracted from that of a target. The phase diﬀerence tells us an angular
position oﬀsets of the target source relative to the reference source. If one chooses
a distant QSO as a reference source (e.g., QSO with negligible parallax and proper
motion), then one can measure an absolute parallax and proper motion of the
target source just like the absolute astrometry in the relative astrometry.
For a position accuracy of the relative astrometry, we can evaluate this using
the delay diﬀerence,
∆(s1 − s2 ) ≈

c∆(τg,1 − τg,2 )
D

(1.12)

where
∆(τg,1 − τg,2 ) =∆(τtropo,1 − τtropo,2 ) + ∆(τiono,1 − τiono,2 ) + ∆(τstat,1 − τstat,2 )

(1.13)
∆(τinst,1 − τinst,2 ) + ∆(τstruc,1 − τstruc,2 ) + ∆(τtherm,1 − τtherm,2 ).

Here subscripts 1 and 2 define target and reference sources instead of antennas
1 and 2 used previously. τstruc is referred to the “baseline-based quantity”, while
the other terms except for the τtherm are referred to the “station-based quantity”.
τstruc is 0 if the source has point-like structure, and therefore point-like QSOs can
be good reference sources. Even though a source has diﬀuse structure like jet, the
term can be corrected in data analysis with the self-calibration method (e.g., Reid
& Honma 2014). The station-based quantity depends on each antenna, meaning
that the terms can be cancelled out eﬀectively using the relative astrometry with
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an adjacent reference source. Note that for VERA array an additional correction
for τinst has been conducted, since independent two receivers are installed in each
VERA antenna for the 2-beam observation (e.g., τinst,1 − τinst,2 ̸= 0 in the VERA
array). Detail of the 2-beam calibration is summarized in Honma et al. (2008a).
As described previously, the dominant error term is ∆τtropo for the absolute
astrometry with observing frequencies larger than 10 GHz. In the same way, the
dominant error term in the relative astrometry is c∆(τtropo,1 − τtropo,2 ), and it can
be described as
∆(τtropo,1 − τtropo,2 ) = cτ0 (secZ1 − secZ2 ) ≈ cτ0 secZ tanZ ∆Z,

(1.14)

where Z is a zenith angle with ∆Z = (Z1 − Z2 ), Z is an averaged zenith angle,
and τ0 is a tropospheric zenith delay residual (e.g., typically ∼2 cm in delay length
converted by cτ0 as described previously). As an order estimation, we may roughly
regard ∆Z as a separation angle (θsep ) between the source and reference sources,
and thus eq. 1.12 could be modified using eq. 1.14 as
c∆(τg,1 − τg,2 )
cτ0
≈
θsep at Z = 40◦ .
D
D

(1.15)

Clearly, the reduction factor, θsep , is multiplied in eq. 1.15 for the relative astrometry compared to eq. 1.10 for the absolute astrometry. This is the main diﬀerence
between the two methods. Again, if one assumes c∆τg = 2 cm and D = 8,000 km,
but with θsep = 1 deg in eq. 1.15, a position accuracy in the relative astrometry is
∼ 10 micro-arcsecond (µas) compared to ∼ 0.5 mas (∼ 500 µas) in the absolute
astrometry!
Strictly speaking, it is diﬃcult to estimate a position accuracy of VLBI astrometry with a precise analytical expression, and thus simulations have been conducted
for the estimation (e.g., Pradel, Charlot, & Lestrade 2006; Honma, Tamura, &
Reid 2008). Pradel, Charlot, & Lestrade (2006) showed that the tropospheric delay residual can be the dominant error source in VLBI astrometry. According to
Honma, Tamura, & Reid (2008b), position accuracies of the relative astrometry in
east-west and north-south directions are related to source’s parameters as declination (δ), zenith delay error, the separation angle, and position angle of the target
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source relative to the reference source (see figures 5-7 in Honma, Tamura, & Reid
2008b). We itemize important points to obtain a better position accuracy in the
VERA astrometry based on Honma, Tamura, & Reid (2008b),
1. High declination (e.g., δ > 15◦ ).
2. Small separation angle (e.g., less than 1◦ ).
As a summary of this section, the relative astrometry has a potential to
conduct kpc-scales astrometry for understanding Galactic spiral structure and it’s
three-dimensional motion. Toward the goal, we will report three results of VERA
astrometry related to the Perseus arm in this thesis.

1.2.4

Sensitivity

VLBI (relative) astrometry allows us to conduct Galactic scale astrometry with
a position accuracy of ∼10 µas level as described in previous section. However,
in VLBI, observed source size (Θ0 ) should be comparable to or smaller than an
angular resolution of VLBI,

λ
,
D

otherwise source flux is reduced significantly with

source size larger than the angular resolution of VLBI (e.g., Sasao & Fletcher
2005). This condition for VLBI is described as
Θ0 ≤

λ
,
D

(1.16)

where λ is the wavelength and D is the baseline length in VLBI observation. Using
Eq. (1.16), we can write the intensity Iν and flux density Fν of the source as below:
2kTB
2kTB
2kTB πΘ20
πkTB
Iν =
≤ 2 2 , and Fν =
≤
,
2
2
λ
Θ0 D
λ
4
2D2

(1.17)

where k = 1.381 × 10−23 J・K−1 is the Boltzmann constant and TB is the brightness
temperature of the source. If we set the minimum detectable flux density (Sνmin )
by VLBI, we can write the lower limit (TBmin ) to the brightness temperature for
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the detectable source using eq. 1.17 as
TBmin ≃

2D2
Fνmin .
πk

(1.18)

If we set D = 2,300 km and Sνmin = 0.16 Jy referred from the VERA Status
Report1 in Eq. (1.18), then TBmin ≃ 4×108 K. This means that VLBI astrometry
can observe only compact and non-thermal sources such as AGNs, masers, and
pulsars but thermal sources such as stars and molecular clouds.
In this thesis, we especially focus on the masers to conduct Galactic scale
astrometry because a large number of masers are distributed in the Galactic starforming regions, and also they are bright and compact enough for VLBI astrometry
as explained in next section.

1.2.5

Target: 22 GHz H2 O maser

Maser (Microwave Amplification by Stimulated Emission of Radiation) is analogous to laser (Light Amplification by Stimulated Emission of Radiation) occurred
at optical band, but maser is occurred at radio band. In thermal equilibrium,
number density distribution of particles obeys the Boltzmann distribution:
n2 /g2
hν
= exp(− ) < 1.
n1 /g1
kT

(1.19)

Here n1 and n2 are the number densities in the energy states 1 and 2, and g1 and
g2 are the statistical weights in the each energy state. Note that the energy state 2
is higher than the energy state 1. h and ν are the Planck constant and frequency,
while k and T are the Boltzmann constant and temperature of material composed
of the particles. In contrast to the Boltzmann distribution, maser occurs when
the population is inverted (e.g.,

n1
g1

<

n2
).
g2

In such a special condition (as the

inverted condition), the absorption coeﬃcient (αν ) can be negative as shown in
1

http://veraserver.mtk.nao.ac.jp/restricted/CFP2012/status12.pdf
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below equation (Rybicki & Lightman 1979):
αν =

hν
n2 /g2
n1 B12 (1 −
)ϕ(ν).
4π
n1 /g1

(1.20)

Here B12 is the Einstein B-coeﬃcient related with probability of energy transition
by absorption, and ϕ(ν) is the line profile function that describes absorption eﬀectiveness in each frequency.
Considering the radiative transfer equation with the negative absorption coefficient, we can expect an occurrence of significant amplification as shown below:
Iν (τν ) = Sν + e−τν (Iν (s0 ) − Sν ),
∫ s
jν
′
′
where Sν ≡
< 0 and τν =
αν (s )ds < 0.
αν
s0

(1.21)

Here Sν and τν are the source function and optical depth, while Iν (s0 ) and jν are
the incident radiation and emission coeﬃcient. The equation shows that the incident radiation is amplified exponentially with the negative absorption coeﬃcient.
If we assume τν = −100 in the inverted population, then the incident radiation is
amplified by a factor of 1043 , leading to significantly large brightness temperature.
Therefore, maser can be a good probe for the VLBI astrometry as explained in
previous section.
As for history of the astronomical masers, 18 cm OH maser, the first astronomical maser, was observed and discovered by Weaver et al. (1965, Nature) in
Galactic star-forming regions. After the discovery, H2 O masers at 22 GHz were
also observed by Cheung et al. (1969, Nature) in Galactic star-forming regions.
Other interstellar molecules have also displayed maser emissions in star-forming
regions and/or around late-type stars (e.g., SiO, CH, HCN, CH3 OH, H2 CO and
NH3 ). H2 O masers in star-forming regions are thought to be excited by outflows
emitted from embedded young stellar objects (YSOs) as suggested by Strelnitskij & Sunayev (1973), who showed the association between H2 O maser and high
velocity flows. We list properties of H2 O maser in table 1.1, and also represent
known energy transitions for H2 O masers including the 22 GHz emission in fig.
1.23 (Gray, 2012). Table 1.1 shows that H2 O maser is formed in a dense and high
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Table 1.1: H2 O Maser Line in Star-Foring Regions (Stahler & Palla 2005)∗
Molecule
H2 O

Transition
JK−1 K =616 → 523

Type
rotational

Frequency
(GHz)
22.2

Eupp /kB
(K)
640

n
(cm−3 )
107 −109

T
(K)
300-1000

∗

Eupp is the energy of the upper state above ground. n and T are density and temperature
over which emission occurs.

temperature region as a molecular core embedded in a star-forming region.
The size of H2 O maser is known to be a few AUs (astronomical units) as shown
in fig. 1.24 (Genzel et al. 1981). Almost all masers in fig. 1.24 show angular
sizes of ≤ 0.1−0.3 milli-arcsecond (mas), corresponding to linear diameters of ≤
0.8−2.3 × 1013 cm (≤ 0.5−1.5 AU) at the distance of W51M, which is 5.41 kpc
(Sato et al. 2010b).
Finally, we itemize important H2 O maser properties as below:
1. The emission is significantly bright (TB ∼ 1012 K from fig. 1.24) in contrast
to thermal emissions.
2. Maser has compact and point-like structures.
3. The emission shows linear polarization (e.g., Bologna et al. 1975).
4. Line width of the emission is narrow since velocity coherence is necessary for
the emission (e.g., Gray 2012).
Based on the above properties, H2 O maser can be a good probe to conduct VLBI
astrometry, and therefore we have observed H2 O masers associated with Galactic
star-forming regions in this thesis.
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Figure 1.23: A subset of the energy lebels of H2 O showing the known maser
transitions (Gray, 2012).
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Figure 1.24: Distribution of maser spot sizes in W51M (Genzel et al. 1981).
(Top) Flux density vs the spot size. Spots lower than 1 milliarcsecond (mas) are unresolved (vertical dotted line), and therefore only upper limits are shown for the spots (arrows). Solid
lines represent constant brightness temperatures (K). (Bottom)
Number count vs spot size. Spot sizes were determined by deconvolution in the direction of right ascension (R.A.). Note that
spots lower than 1 mas only show upper limits.
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1.2.6

VERA project

In this section, we introduce the VLBI array which we have used in this thesis,
namely VERA (VLBI Exploration of Radio Astrometry). VERA is the first VLBI
array dedicated to phase-referencing observation for the Galactic astrometry (e.g.,
Honma, Kawaguchi, & Sasao, 2000). The VERA array consists of identical four
20-m radio telescopes located across Japan (e.g., fig. 1.25). The longest baseline
length is 2,270 km between Mizusawa and Ishigaki-jima stations, while the shortest
baseline length is 1,019 km between Iriki and Ishigaki-jima stations. With the
longest baseline, an angular resolution is expected to be ∼1.2 milli arcsecond
(mas) at K-band (22 GHz). The array characteristics are summarized in table 1.2,
and for more detail one can refer the VERA status report.

Figure 1.25: VERA array configuration.
Image was adopted from
http://veraserver.mtk.nao.ac.jp/system/index-e.html.
VERA aims to measure a distances of sources within 10 kpc with an accuracy
of 10% (e.g., corresponding astrometric accuracy is 10 micro-arcsecond (µas)).
This is drastic development compared with the Hipparcos (satellite) mission (Perryman 1989) that measured distances of sources within 100 pc with an accuracy of
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Table 1.2: VERA status description.
country
Japan

diameter &
station number
20m × 4

maximum
baseline (km)
2,270

main operating frequency
(GHz)
6.7, 22, 43

beam size
(mas)
∼1.2 at 22 GHz

10% at optical band (e.g., corresponding astrometric accuracy is 1 mas). Therefore, VERA has a potential to expand the Astrometry with Hipparcos toward the
kpc-scales Astrometry for delineating the whole Galactic disk structure of ∼ 20
kpc. To achieve 10-µas-level accuracy, the most important issue is how to correct
the atmospheric phase fluctuation as described in previous sections. In the case
of VERA, the dual-beam system utilized, in which target and reference sources
are observed simultaneously with separation angles between 0.3◦ and 2.2◦ (e.g.,
Kobayashi et al. 2008). This is the first case applied for the phase-referencing,
and thus careful capability evaluations were conducted (e.g., Honma et al. 2003;
Honma et al. 2008a).
Figure 1.26(a) shows residual fringe phases of W49N and OH43.8-0.1 obtained
by the dual-beam observation with a separation angle of 0.65◦ . Clearly, the both
phases rapidly fluctuate due to the atmosphere, and also the both phases show
similar trend during the observation session. The latter means that the atmospheric phase fluctuation can be canceled out by subtracting the reference’s phase
(OH43.8-0.1) from the target’s phase (W49N).
Figure 1.26(b) represents the phase diﬀerence between the two sources (e.g.,
constant at ∼0◦ ) with an r.m.s of 8◦ . As a result, VERA can conduct precise
phase referencing for the Galactic astrometry using the dual-beam system, which
allows us to obtain a longer observing time for each source in the phase-referencing
observation, compared with the fast switching observation (e.g., more than twice
for target and reference sources, respectively).
As final remarks in this section, we introduce a variety of astronomical results
provided by VERA, although the main goal in VERA project is to understand
the 3D structure and dynamics of the Milky Way Galaxy. After careful VERA
capability experiments (e.g., Kawaguchi et al. 2000; Hirota et al. 2003; Honma et
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(a)

(b)

Figure 1.26: Phase correction capability in the VERA dual-beam system referred from Honma et al. (2003). (a):Residual fringe phases for
W49N (open circle) and OH43.8-0.1 (triangle). (b):The phase
diﬀerence between the two sources obtained from fig. 1.18(a).
al. 2003, 2008a, 2008b; Kobayashi et al. 2008), VERA has routinely conducted
Galactic astrometry and provided valuable astronomical results.
Honma et al. (2007) succeeded to conduct Galactic astrometry with VERA
beyond 5 kpc from the Sun, which revealed the flat rotation curve (e.g., constant
rotation velocities independent of a galacto-centric distance) at the Galactic outer
disk with a galacto-centric distance of ∼ 13 kpc as well as extra disk galaxies. This
is the direct and most accurate constraints of a large amount of the dark matter
in the Milky Way Galaxy.
Hirota et al. (2007) and Kim et al. (2008) measured distances of the Orion
Kleiman-Low (KL) Nebula within the Orion Nebula, perhaps the most widely
studied region of star formation, to be 437 ± 19 and 418 ± 6 pc independently
with VERA at diﬀerent observing frequencies of 22 and 43 GHz. The latter is the
most accurate constrain toward the distance of the Orion Nebula, and it allows us
to study the star formation in the region with the most accurate luminosity, mass,
age, and etc.
Nagai et al. (2010), (2012), and (2013) conducted AGN observations with
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VERA to understand a sub-parsec scale phenomena such as jet, which is a good
example of VERA’s science variations. Honma et al. (2012) compiled current
astrometry results of ∼ 50 sources obtained with VERA, VLBA, and EVN to determine physical parameters related to the Galactic structure (see detail in Honma
et al. 2012). They succeeded to determine the Galactic constants to be (R0 , Θ0 )
= (8.05 ± 0.45 kpc, 238 ± 14 km s−1 ), and these accuracy will be increased by
combining forthcoming astrometry results. It’s a promising to obtain an accurate
understanding of the Galactic structure and dynamics within the next decade.
However, a statistical research for each spiral arm have not yet been conducted
fully (e.g., toward the Perseus arm) due to a small number of sources in each
spiral arm (e.g., 8 sources (except for our result) were listed for the Perseus arm
in Honma et al. 2012).
To obtain a better understanding of structure and dynamics of the spiral arm
located in the outer Galaxy (R > R0 ), we have used VERA to observe star-forming
regions located in the Galactic disk (e.g., Galactic latitude |b| ≤ 10◦ ) with Galactic
longitude (l) between 90◦ and 270 ◦ . Note that we cannot basically observe beyond
l = 240◦ since VERA is located in the northern hemisphere. 22 GHz H2 O masers
associated with the star-forming regions were mainly selected from the Arcetri
H2 O maser catalog (e.g., Valdettaro et al. 2001) and other papers (e.g., Sunada et
al. 2007). The paired reference sources were also selected based on VERA fringe
check observations (e.g., Petrov et al. 20072 ) and the VLBI Calibrator Survey3 for
the relative astrometry. Fig. 1.27 shows our targets superimposed on CO(J=1−0)
map (Dame et al. 2001).

2
3

http://astrogeo.org/fss/fss det.html
http://astrogeo.org/calib/search.html
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Aims of This Thesis

According to a plenty of previous observations for the Milky Way Galaxy, we
have understood that the Galactic disk consists of two main arms (the Perseus
and the Scutum-Centaurus arms) traced by star and gas, the central bar, and
secondary arms (e.g., the Sagittarius and the Outer arms) traced by only gas.
However, absolute distance information toward the each component still has a
large uncertainty (especially for the spiral arms), since generally we only obtained
the line-of-sight information (e.g., line-of-sight velocity) for the Galactic disk components. In other words, we have estimated the distances toward the Galactic disk
objects using the 1D observations, which is based on several assumptions (e.g., assumption of perfect circular rotations of the Galactic disk objects for deriving the
kinematic distances).
Recently, VLBI astrometry has enabled us to routinely measure accurate threedimensional positions of the Galactic objects such as star-forming regions of early
evolution phase or late-type stars over kpc scales with an accuracy of ± 10 %.
For instance, Reid et al. (2009b) determined the fundamental Galactic parameters (e.g., the Galactic constants R0 and Θ0 ), three-dimensional structures of the
spiral arms, and a shape of the Galactic rotation curve based on VLBI astrometry
observations of 18 sources. They provided the most direct and accurate information about the 3D structure and dynamics of the Milky Way Galaxy.
However, Reid et al. (2009b) reported only five sources for the Perseus arm, the
nearest main arm, in Galactic longitude between ∼ 110◦ and ∼ 190◦ , among which
two sources were associated with the same Galactic superbubble which extends
from the mid-plane of the Galactic disk toward negative Galactic longitude over ∼
300 pc. To understand the large-scale structure and dynamics of the Perseus arm
more accurately, additional VLBI observations covering a larger range of Galactic
longitude are crucial. Therefore, we have been observing ∼ 20 sources for Galactic
22 GHz H2 O masers associated with star-forming regions with VERA since October 2009. Among them three sources covering Galactic longitude between ∼ 120◦
and ∼ 240◦ are reported in this Ph.D. thesis as our first results. All the three
sources are associated with the Perseus arm, of which one is associated with the
same Galactic superbubble. Based on our results combined with previous ones,
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we aim to understand the most accurate and the overall 3D structure
of the Perseus arm in this Ph.D. thesis.
For the dynamics of the Milky Way Galaxy, there have been various models
to explain observations (e.g., generally 1D observations). One of the most famous
models for spiral-arm dynamics in galactic disks is the density-wave theory proposed by Lin & Shu (1964). On the other hand, a competitive model such as the
recurrent and transient spiral has also been proposed since 1960s (e.g., Goldreich
& Lynden-Bell 1965; Julian & Toomre 1966). So far direct comparisons between
the models and observations have been limited due to limited information (e.g.,
only 1D observation) and an insuﬃcient angular resolution in previous galactic
researches.
To conduct the direct comparison based on accurate 3D positions and motions,
we use VLBI astrometry results of 11 sources for the Perseus arm. The Galactic
astrometry can achieve an absolute spatial resolution of ∼ 1/10 of the each distance measurement, which is enough to resolve the Perseus arm directly in the
2nd and 3rd Galactic quadrants. Also, the Galactic astrometry can provide 3D
velocity information within a typical accuracy of ± 10 km s−1 (depending on the
each astrometry accuracy and the distance to each source), which is also enough
to resolve circular (due to an axisymmetric potential) and non-circular (due to
asymmetric potentials such as the spiral arm) motions separately.
In this thesis, we aim to conduct the direct comparison between the ∼
10 astrometry results for the Perseus arm and the density-wave theory
for testing validity of the model. We emphasize that this kind of research
recently becomes possible for the first time, after the density-wave theory was
firstly proposed in 1964.

Chapter 2
VLBI Astrometry of IRAS
05168+3634 in the Perseus arm
Adapted from Sakai et al. 2012, PASJ, 64, 108

Abstract
We report on a measurement of the trigonometric parallax of IRAS 05168+3634
with VERA. The parallax is 0.532 ± 0.053 mas, corresponding to a distance of
1.88+0.21
−0.17 kpc. This result is significantly smaller than the previous distance estimate of 6 kpc, based on the kinematic distance. This drastic change in the source
distance revises not only the physical parameters of IRAS 05168+3634, but also
its location of the source, placing it in the Perseus arm, rather than the Outer
arm. We also measured the proper motions of the source. A combination of the
distance and the proper motions with the systemic velocity yields a rotation velocity (Θ) of 227±6 km s−1 at the source, assuming Θ0 = 240 km s−1 . Our result
combined with previous VLBI results for six sources in the Perseus arm indicates
that the sources rotate systematically slower than the Galactic rotation velocity
at the LSR. In fact, we show observed disk peculiar motions averaged over the
seven sources in the Perseus arm as (Umean , Vmean ) = (11 ± 3, −17 ± 3) km s−1 ,
indicating that these seven sources are systematically moving toward the Galactic
center, and lag behind the Galactic rotation.
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2.1

Introduction

Distance measurements are significantly diﬃcult in the Milky Way Galaxy,
since we are within the Milky Way Galaxy. To precisely measure the distance and
proper motions of Galactic objects based on astrometry, the HIPPARCOS satellite was launched in 1989 (Perryman, 1989). However, parallax measurements with
HIPPARCOS were limited to within 100 pc from the solar position, in contrast
to the Milky Way’s disk size of ∼ 20 kpc. Today, well-developed interferometer techniques in radio wave length can be used to conduct Galactic astrometry
over a kilo-parsec scale. In fact, VERA (VLBI Exploration of Radio Astrometry) and VLBA (Very Long Baseline Array) have succeeded in making distance
measurements over 5 kpc (e.g., Nagayama et al. 2011b, Sanna et al. 2012). To
understand precise picture of the Milky Way Galaxy, we have been using VERA
to observe H2 O maser emissions associated with Galactic star-forming regions. In
this chapter, we report on observation results for IRAS 05168+3634.
IRAS 05168+3634 is a high-mass star-forming region in the pre-UC H II phase
(Wang et al. 2009). According to Wang et al. (2009), the source has a 13 CO (J =
2−1) core, which is positioned ∼ 1.3’ toward the northeast of IRAS 05168+3634
and has an active outflow. An H2 O maser is detected in this region where the
CO outflow occurs (Palla et al. 1991). The maser position coincides with a bright
red source detected with the Spitzer IRAC at 4.5 µm (figure 2.1a). Figure 2.1b
represents the MSX A-band image (8.28µm, Price et al. 2001) on which CO (J
= 2−1) emissions (Zhang et al. 2005), a 6 cm continuum emission peak (Molinari
et al. 1998), and the IRAS source position are superposed . Although no radio
continuum (6cm) was detected in IRAS 05168+3634 by McCutcheon et al. (1991),
Molinari et al. (1998) have detected a 6cm continuum emission peak with 4.23
mJy at the triangle position in figure 2.1b (Zhang et al. 2005). In this region, there
are several sources with diﬀerent evolutionary phases of star-formation. Molinari
et al. (1998) interpreted the lack of radio emission in this star-forming region as
being due to accreting matter that chokes oﬀ the expansion of ionized gas.
As for the distance-estimate of IRAS 05168+3634, a kinematic distance of ∼
6 kpc was obtained (Molinari et al. 1996) based on the systemic LSR velocity
(VLSR ) of −15.5 ± 1.9 km s−1 , traced by CS (2−1) emission (Bronfman et al.
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1996). However, this source is located at a Galactic longitude (ℓ) of ∼ 171◦ , where
the kinematic distance has a large error (e.g., Sofue 2011). In fact, kinematic
distances along the Sun-Galactic Center (G.C.) line are not determined precisely,
since the VLSR is degenerated at around 0 km s−1 . To roughly estimate the error
of the kinematic distance at the source, we consider ∆VLSR = ±1.9 km s−1 with
the flat rotation model. The obtained error is significantly large, ∼ 1.2 kpc or ∼
22% at the source.
Figure 2.2 shows position-velocity diagram of CO(J=1-0) emission (Dame,
Hartmann, & Thaddeus 2001) on which a location of IRAS 05168+3624 and previous VLBI astrometry targets for the Perseus arm (Reid et al. 2009b) are superimposed. As described previously, we can see the degeneracy of structures around
l ∼ 180◦ in the figure, meaning that identification of a source in the Perseus arm
is significantly diﬃcult around l ∼ 180◦ if we use only a 2D position (e.g., Galactic
longitude l and latitude b) and LSR velocity (VLSR ) for the source. Also, a gap
between ∼ 135◦ ≤ l ≤ ∼ 190◦ is seen for the Perseus arm traced by the previous astrometry observations in fig. 2.2. To compensate the gap and understand
the 3D structure of the Perseus arm more accurately, IRAS 05168+3634 can be
a candidate located in the gap of the Perseus arm, although the distance error is
significantly large for the source. Thus, VLBI astrometry is needed to precisely
place the source in the Perseus arm or other arms. In this chapter we report on
astrometry observations of IRAS 05168+3634 with VERA.
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Figure 2.1: (a) Spitzer IRAC image at 4.5µm taken from NASA/IPAC Infrared
Science Archive with the circle corresponding to the observed maser
position at (αJ2000 , δJ2000 ) = (5h20m22.070s, 36d37’56”.63). (b) Circle representing the observed maser position is superposed on the CO
(J = 2-1) contours map (Zhang et al. 2005). The dashed contours
denote the red-shifted emission, and the solid contours represent the
blue-shifted emission. Masers are associated with CO (J = 2-1) outflow. The gray scale shows an MSX A-band image (8.28 µm) taken
from Price et al. (2001). The symbol of (∗) and the associated ellipse
mark the position and the position uncertainty of the IRAS source.
The triangle marks the position of the UC H II region taken from
Molinari et al. (1998). (c) Maser distribution map. The nominal
origin is set to the phase tracking center. The green vectors represent direct observed motions with respect to the position reference
source. (d)Same as (c), but with the internal motions. The black
vectors show the internal motions with the systematic motions subtracted (see text).
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Figure 2.2: Galactic longitude (l in deg) vs LSR velocity (VLSR in km s−1 ) diagram of CO(J=1-0) emission (Dame, Hartmann, & Thaddeus 2001)
on which VLBI astrometry results (e.g., colored circles) are superimposed. Black and blue circles show the Perseus arm and NGC 281
superbubble, respectively in Reid et al. (2009b). Red circle represents IRAS 05168+3634 in Sakai et al. (2012). Note that the CO
emission was integrated over a strip ∼ 4◦ wide in latitude centered
on the Galactic plane to include essentially all emission beyond the
Local arm (i.e., |VLSR | > 20 km s−1 , see detail in Dame, Hartmann,
& Thaddeus 2001).
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2.2
2.2.1

Observations and Data reduction
VLBI observations with VERA

Between 2009 October and 2011 May, we carried out 11-epoch observations of
the H2 O maser line at a rest frequency of 22.235080 GHz to measure both parallax
and proper motions of IRAS 05168+3634. Details of the dates for the 11 observations are listed in table 2.1. Note that system problems prevented Mizusawa
station from participating in the observation on DOY (day of year) 101 of 2011.
Except for the observation, the average synthesized-beam was 1.1 × 0.7 mas with a
position angle of 135◦ , as listed in table 2.1. In contrast, the synthesized beam was
1.4 × 0.8 mas with a position angle of 169◦ in the observation on DOY 101, 2011.
We also observed two pairs, both including a target source and a reference source
from DOY 80, 2010 for the phase referencing observation. One of these was the target source, IRAS 05168+3634, and a reference source, J0530+3723. The other was
the target source, IRAS 04579+4703, and a reference source, J0507+4645. Both a
maser source and a QSO were observed simultaneously using the dual-beam mode
(Kobayashi et al. 2008). Observational results for the latter source pair will be
reported in another paper. A fringe finder source, J0555+3948 or DA193, was also
observed and used for calibrating the clock parameters in correlation processing.
The on-source time for IRAS 05168+3634 was 3.1 hours in every observation from
DOY 80, 2010, compared with a total observation time of about eight hours. In
contrast, the on-source time was 5.6 hours between DOY 276 in 2009 and DOY
25 in 2010 for the former three observations.
During 11 observations, we detected maser emissions in all epochs for IRAS
05168+3634, and found that the maser flux varied significantly between ∼ 10 Jy
and ∼ 200 Jy in the observations (table 2.2). Table 2.2 also shows the variation
of the flux for J0530+3723, the tracking centers of the maser and the reference
sources, and the separation angle between the two sources. During these observations, left-hand circular polarization was recorded onto magnetic tapes at a rate
of 1024 Mbps with 2-bit quantization; after filtering was performed by the VERA
digital filter. The total band width of 256 MHz consisted of 16 of 16-MHz IF subbands. One of the 16-IFs was assigned for the maser source, and the other 15-IFs
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were assigned for the continuum sources as reference and fringe finder sources.
Magnetic tapes at four stations were delivered to NAOJ to conduct correlation
processing with the Mitaka FX correlator. The correlator accumulation period
was 1 s. The one IF was composed of 512 channels for the maser source, leading
to a frequency resolution of 31.25 kHz and a velocity resolution of 0.42 km s−1 . In
contrast, each 15-IFs was composed of 64 channels for the continuum sources.

†

∗

2009 Oct 03
2009 Oct 30
2010 Jan 25
2010 Mar 21
2010 May 22
2010 Aug 22
2010 Oct 24
2010 Dec 02
2011 Jan 28
2011 Apr 11
2011 May 06

Date

Two maser sources were alternately observed in the same epoch.
//
//
//
//
//
Mizusawa station did not participate due to system trouble.
Two maser sources were alternately observed in the same epoch.

Note

Table 2.2: Source Data
Decl.
S.A.∗ Flux Density
Note
(J2000.0)
(◦ )
(Jy)
36d37’56”.63
10.0−255.6
H2 O masers
†
37d23’32”.6197 2.128
0.10−0.18
Phase-reference calibrator

Beam
(mas)
1.15× 0.72@139.0◦
1.16× 0.72@135.0◦
1.04× 0.69@131.5◦
1.15× 0.70@133.5◦
1.21× 0.68@149.1◦
1.12× 0.72@132.7◦
1.09× 0.73@135.2◦
1.18× 0.69@131.2◦
1.10× 0.74@132.9◦
1.39× 0.76@168.6◦
1.14× 0.66@132.6◦

R.A.
(J2000.0)
05h20m22.07s
05h30m12.5493s†

Time Range
(UTC)
15:35-00:40
13:50-22:15
08:05-16:30
04:30-12:55
00:25-08:50
18:20-02:45
14:15-22:40
11:40-20:05
07:55-16:20
03:10-11:35
01:30-11:35

The separation angle between the maser and the reference sources.
The position is based on Fomalont et al. (2003).

IRAS 05168+3634
J0530+3723

Source Name

A
B
C
D
E
F
G
H
I
J
K

Epoch

Table 2.1: Observations
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Data Reduction

The Astronomical Image Processing System (AIPS, NRAO) was used for data
calibration, and general phase referencing analysis was applied to determine the
absolute maser positions (e.g., see the Appendix in Kurayama et al. 2011 for the
phase referencing analysis with VERA). Before a fringe search was done in AIPS to
determine the clock oﬀset and the clock rate oﬀset, we corrected the delay model
that was used in the correlation processing, since the delay model used in the
correlation was not accurate enough for precise astrometry. To correct for the delay model, we applied a precise geodetic model, the most-updated Earth-rotation
parameters provided by IERS, tropospheric delays measured with GPS receivers
at each VERA station (Honma et al. 2008a), and ionospheric delays based on
the Global Ionosphere Map (GIM), which was produced every two hours by the
University of Bern.
At the beginning of fringe searches with the corrected visibilities, fringes
were searched for the fringe finder J0555+3948 or DA193 to determine the clock
oﬀset. Next, fringes were searched for the position reference J0530+3723 by referring to the clock oﬀset determined with J0555+3948 or DA193. Then, the
position reference was imaged with self calibration, and the complex gain solved
for the position reference was transferred to the maser source IRAS 05168+3634 for
phase-referencing. When transferring the complex gain from J0530+3723 to IRAS
05168+3634, the instrumental phase diﬀerence between the dual-beam system with
VERA was corrected based on the phase diﬀerence between the dual-beam system
measured in real time during the observations (Honma et al. 2008b).
At the next step, the corrected visibilities for the maser source were Fouriertransformed to create dirty images of each maser channel. Finally, to obtain final
CLEANed maps, we used the “clean“ task in AIPS, and we identified masers at
each velocity channel from the final maps. We used the “jmfit“ task in AIPS to
determine the absolute maser position and the flux of the maser source by elliptical Gaussian fittings to the brightness peak of the map. We regarded a detected
maser, since it achieved a high SNR (signal to noise ratio) of five or more. To
identify the same maser spot in each epoch for astrometry, we used the following
selection criteria: (1) spots should be in the same velocity channel and (2) the
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diﬀerence in the positions of spots between epochs should not exceed the propermotion threshold, which was set to be 10 mas yr−1 . Among the maser spots
identified using these criteria, spots detected in three epochs or more were used
for proper-motion determinations, while spots detected in nine epochs or more
with two or more continuously channels were used for parallax determinations.
As a result of data analyses with the above criteria, we detected six maser
features with additional maser spots to determine the proper motions; two maser
features were detected to determine the parallax (see fig. 2.1c, fig. 2.1d, table 2.3,
and table 2.4). In a model-fitting process for parallax and proper-motion determinations, we used “VERA Parallax“, one of the tasks performed by the “VEDA
(VEra Data Analyzer)“, data analyzing software developed at NAOJ. For astrometry, we assumed that source motions can be described by combining the linear
proper motion and the sinusoidal parallax motion.

2.3
2.3.1

Results
Trigonometric parallax of IRAS 05168+3634

The 11-epoch VLBI observations performed over about a period of one and a half
years clearly showed an annual parallax and proper motions for IRAS 05168+3634
(see table 2.3 and fig. 2.3). In table 2.3, we give the parallax results for five spots
in the two features (1 and 2b) to be 0.548 ± 0.104, 0.533 ± 0.087, 0.561 ± 0.109,
0.538 ± 0.080, and 0.519 ± 0.066 mas, respectively. Note that astrometric errors
in each epoch are given so that the reduced χ2 becomes unity, since a systematic
error is generally larger than a thermal error estimate in the phase-referencing
VLBI (e.g., Sanna et al. 2012). In addition, we conducted a combined-fitting
assuming a common parallax with discrete proper motions for each spot. As a
result, the parallax was determined to be 0.537 ± 0.038 mas for the five spots,
corresponding to a distance of 1.86+0.14
−0.12 kpc. In the same way, the other parallax
was determined to be 0.526 ± 0.053 mas for the two features (feature-1 with VLSR
= −20.7 km s−1 and feature-2 with VLSR = −24.1 km s−1 ), corresponding to a
distance of 1.90+0.21
−0.17 kpc. Note that the selected two spots in the two features are
brighter than the other spots, and have less parallax errors compared with the
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other spots. We averaged the two combined fit results to obtain a final parallax
result, since the five spots may not be independent of each other.
As a consequence, we obtained a final parallax of 0.532 ± 0.053 mas, corresponding to a distance of 1.88+0.21
−0.17 kpc. Note that the parallax error was estimated by
combining in quadrature the scatter of the individual parallaxes around the mean
(±0.006 mas) and the error bar of individual parallax (±0.053 mas). In figures
2.3a and 2.3b, we show the combined fit results with the final parallax result, fixed
for the five spots in directions of right-ascension (R.A.) and declination (Dec.),
respectively. The error bars in figure 2.3 represent the astrometric error described
above. The astrometric errors set for the combined fitting are 0.17 mas for ∆α cos δ
and 0.31 mas for ∆δ. These errors mainly originated in the tropospheric zenith
delay residuals (e.g., Honma et al. 2007). Moreover, the separation angle between
the maser and the phase reference sources was relatively large (= 2.1◦ ) in our observations, which caused a large residual of tropospheric delay between the target
and the reference pair. The error of ∆δ is larger than that of ∆α cos δ, which is
consistent with previous VERA results. In addition, the parallax amplitude is reduced in the declination. Hence, the parallax signal is not clear in the declination
as in figure 2.3d.
The final parallax result of 1.88+0.21
−0.17 kpc is smaller than the previously estimated source distance of 6 kpc, based on the kinematic distance (Molinari et al.
1996). We discuss the consequence of this diﬀerence in distance in section 2.4.
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Figure 2.3: Maser positional evolutions and the combined-fit results (see text).
The error bars represent position errors resulting from the astrometric (systematic)
errors, which are given so that the reduced χ2 becomes unity. (a) Maser positional
evolutions in right ascension with circles. Dotted lines represent proper motions,
and dashed lines show fitted lines. (b) Same as (a), but in declination. (c) Parallax
motions in right ascension with the proper motions subtracted from (a). The solid
lines show a line fitted to the parallax motions with the circles. (d) Same as (c),
but in the declination.

Nepochs

Epochs

1

0.548(0.104)
0.533(0.087)
0.561(0.109)
0.538(0.080)
0.519(0.066)
0.537(0.038)
0.526(0.053)
0.532(0.053)

Parallax(Error)
(mas)

Proper Motions(Error)
µα cosδ
µδ
(mas yr−1 ) (mas yr−1 )
−1.65(0.14) −1.98(0.21)
−1.66(0.11) −1.94(0.19)
−1.62(0.14) −1.97(0.20)
−1.59(0.13) −4.67(0.17)
−1.57(0.11) −4.41(0.23)
0.18
0.17
0.19
0.17
0.15
0.17
0.16

R.A.

Errors
Dec. Both
(mas)
0.34
0.38
0.33
0.37
0.34
0.39
0.23
0.29
0.30
0.34
0.31
0.35
0.32
0.36

Combined fits were done to the data set of two (see text). Final value is determined by taking the mean of the two.
Error of the final parallax is estimated by combining in quadrature the scatter of the individual parallaxes around the
mean (±0.006 mas) and the error bar of individual parallax (±0.053 mas).

∗

VLSR
km s−1

−20.3
9
ABDEFHIJK
−20.7
10
ABCDEFHIJK
−21.1
9
ABDEFHIJK
2b
−23.6
9
ABCDEFGHI
−24.1
9
ACDEFGHIJ
Combined fit for five spots
Combined fit for two features
Final (mean of the two combined fittings)

Feature

Table 2.3: Parallax Fits∗
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Table 2.4: Determination of the systematic proper motions for IRAS 05168+3634
Feature

1&4
2a & 2b
3
5
Mean

VLSR
km s−1
−20.3 ∼ −21.1 & −13.6 ∼ −14.8
−24.5 & −23.6 ∼ −24.1
−21.1 ∼ −22.8
−13.6
−19.3

Proper Motions∗ (Error)
µα cosδ
µδ
(mas yr−1 )
(mas yr−1 )
−1.83(0.25) −2.31(0.49)
−1.28(0.43) −3.52(1.43)
1.30(0.24)
−3.31(0.18)
2.71(0.81)
−3.42(1.62)
†
0.23(1.07)
−3.14(0.28)†

Note

Systematic proper
motions

∗

We averaged the proper motion values of four representative features to determine the systematic
proper motions
(see text). Note that these four feature values were determined by adapting the parallax of 0.532
mas.
†
The errors of √
the systematic proper motions were determined by dividing the standard deviations
by a factor of 4.

2.3.2

Systematic proper motions of IRAS 05168+3634

As the next step, we determined systematic proper motions from the observational data. Note that a maser source has both internal and systematic proper
motions. Hence, to obtain the systematic motions, one should remove the internal
motions (e.g., Hachisuka et al. 2009). Figures 2.1c and 2.1d show the distribution
of maser spots that were detected for more than two epochs. The brightest maser
spot with VLSR = −20.7 km s−1 in feature-1 is located close to the nominal origin of
the map, which was set to the phase-tracking center. Green vectors in figure 2.1c
represent direct observed motions with respect to the position reference source.
These indicate that there is no clear sign of bi-polar outflow, although Sato et al.
(2010b) showed the bi-polar outflow with which H2 O masers were associated in
another massive star-forming region.
Thus, here we assume random internal motions to determine the systematic
proper motions. We identified six features to determine the systematic proper
motions through the described criteria (figure 2.1c, figure 2.1d, and table 2.4).
Features 1 and 4 are located in the same region with the same directed motion,
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meaning that these may be associated with the same gas. In the same way, features 2a and 2b may also be associated with the same gas. Thus, we reduced the
number of data from six to a representative four, including features 1 & 4, 2a &
2b, 3, and 5 in table 2.4. The proper motions of the four representative features
were derived by adapting a parallax of 0.532 mas.
As a result of data averaging, we determined the systematic proper motions of
(µα cosδ, µδ ) = (0.23 ± 1.07, −3.14 ± 0.28) mas yr−1 in the equatorial coordinates.
Note that the errors of the proper motions were determined by dividing the stan√
dard deviations of the proper motions by a factor of 4. Black vectors in figure
2.1d represent the internal motions with the systematic motions subtracted, which
in fact appears to be basically random. However, the error is relatively large for
the systematic proper motions, since only four features were used to determine the
systematic proper motions. To express the large error, we compared the diﬀerence
between the LSR velocity of −15.5 ± 1.9 km s−1 for IRAS 05168+3634 (Bronfman
et al. 1996) and the averaged VLSR of −19.3 km s−1 for the four representative
features. The diﬀerence of 3.8 km s−1 was converted to 0.43 mas yr−1 by adapting
a distance of 1.88 kpc for IRAS 05168+3634. This indicates that the determined
systematic proper motions for IRAS 05168+3634 include an error of at least 0.4
mas yr−1 .

2.4
2.4.1

Discussion
Location and Revised Physical Parameters for IRAS
05168+3634

Our parallax measurement revises the distance to IRAS 05168+3634 from 6
kpc to 1.88 kpc, which requires a significant reduction of the physical parameters
for the source. By adapting a distance of 1.88 kpc, the source is likely to be
located in the Perseus arm rather than in the Outer arm (fig. 2.4). Figure 2.4a
provides a schematic face-on view of the Galaxy (Georgelin & Georgelin 1976) on
which the location of IRAS 05168+3634 is superimposed. While the blue circle
is based on the kinematic distance of the source, the red circle is based on our

60

CHAPTER 2. VLBI ASTROMETRY OF IRAS 05168+3634 IN THE
PERSEUS ARM

parallax measurement. Clearly, our result is smaller than the kinematic distance.
Black circles show previous VLBI results listed in table 2.6. Note that R0 = 8.33
kpc was assumed from Gillessen et al. (2009). Figure 2.4b represents the source
positions on a Galacto-centric longitude versus a Galacto-centric radius plot. The
horizontal axis is the Galacto-centric longitude β, which is set to 0 toward the
Sun, and increases with the direction of Galactic rotation. The vertical axis is
the Galacto-centric radius in log scale. The solid, dashed, and dotted lines fitted
to the VLBI observation results represent the logarithmic spiral described by the
following equation below (Reid et al. 2009b):
ln(R/Rref ) = −(β − βref )tanψ.

(2.1)

Here, R is the Galacto-centric radius, β is the Galacto-centric longitude, Rref
is the reference radius for an arm, βref is the reference longitude for an arm, and
ψ is the pitch angle. Eight sources in the Perseus arm are listed in table 2.6, and
plotted in figure 2.4b. They are distributed between the Galactic longitude, ℓ =
94.6◦ , and 189.0◦ (between Galacto-centric longitude β = −1.8◦ and 19.6◦ ). Since
NGC 281 in the Perseus arm is aﬀected by the super bubble motion (Sato et al.
2008), this source was not used for a fitting with the equation. A pitch angle of
17.8◦ ± 1.7◦ for the Perseus arm was determined by a least-squares fitting, which
is consistent with the previous result 16.5◦ ± 3.1◦ in Reid et al. (2009b) within
the error. The fitted line is shown in figure 2.4b with the dashed line. In the
same way, we determine a pitch angle of 11.6◦ between the Galactic longitude, ℓ
= 75.3◦ , and 196.5◦ (between Galacto-centric longitude β = −6.4◦ and 56.3◦ ) for
the Outer arm, shown in figure 2.4b with the solid line. The pitch angle of the
Sagittarius-Carina arm was not determined well from the least-squares fitting.
Next, table 2.5 shows the reduction of the physical parameters, [virial mass,
LTE mass, ratio of the virial mass to LTE mass (α), bolometric luminosity, and
spectral type] due to the distance reduction for IRAS 05168+3634. The virial
mass, Mvir , was calculated based on the following equation described by MacLaren,
Richardson, and Wolfendale (1988):
Mvir =

k1 σ 2 R
,
G

(2.2)
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Figure 2.4: Position of IRAS 05168+3634 based on both the kinematic distance
and our parallax measurement. (a) Red circle showing our observation result, while
the blue one represents the kinematic distance. The black circles show previous
VLBI results for other sources in star-forming regions (see table 2.6). These results
are superposed on the Galactic face-on image (Georgelin & Georgelin 1976). R0 =
8.33 kpc is assumed (Gillessen et al. 2009). The solar position is (X, Y ) = (0, 0)
kpc. (b) It is the same as (a), but in polar coordinate. The horizontal axis is the
Galacto-centric longitude β, and the vertical one is the Galacto-centric distance in
log scale (see text). Solid and dashed lines show fitted lines for Outer and Perseus
arms through the equation of log-spiral [see equation (1)]. The dotted line also
represents the fitted line for the Sagittarius-Carina arm. The pitch angles of the
Outer and Perseus arms show 11.6◦ and 17.8◦ ± 1.7◦ , respectively. The pitch angle
of the Sagittarius-Carina arm was not determined precisely.
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Table 2.5: Revised physical parameters for IRAS 05168+3634
Physical parameter
Virial mass (M⊙ )
LTE mass (M⊙ )
α=Mvir / MLTE
Bolometric luminosity (L⊙ )
Spectral type
∗

Kinematic distance of 6.08 kpc
(Molinari et al. 1996)
2.4×103
>1.2×104
0.2
17,130
B0.5∗

Our parallax measurement
of 1.88 kpc
7.4×102
>1.1×103
0.7
1638
B3∗

Panagia, 1973.

where σ is the three-dimensional velocity dispersion averaged over the whole system, R is the cloud radius, and k1 is a constant whose exact value depends on the
form of the density distribution in the cloud.
In contrast, MLTE was also calculated based on both R and the peak

13

CO

column densities (MLTE ∝ R , Wang et al. 2009). The inequality sign (“>“) in
2

table 2.5 shows the lower limit of MLTE , since Wang et al. (2009) did not widely
observe the whole molecular cloud in which IRAS 05168+3634 is located. As a
result, α = Mvir / MLTE is proportional to R−1 . We summarize the ratio α in table
2.5. While the ratio is 0.2 when we adapt a kinematic distance of 6 kpc, it becomes
0.7 (∼6/1.88×0.2) when we adapt our result of 1.88 kpc. An α close to 1 has been
reported (e.g., Wang et al. 2009), indicating that most of the disk clouds appear
to be virialized. Therefore, the latter value of 0.7 obtained by adapting our result
indicates that the molecular cloud with which IRAS 05168+3634 is associated is
also likely to be virialized in the same way as other disk clouds.

2.4.2

Rotation Velocity of IRAS 05168+3634

Combining the distance and the systematic proper motions for IRAS 05168+3634
with the systemic velocity provides full space motion of the source, which allows
us to determine not only the rotation velocity of the source, but also its peculiar
motions. First, we converted (µα cosδ, µδ ) = (0.23 ± 1.07, −3.14 ± 0.28) mas yr−1
in the equatorial coordinate system into (µℓ cosb, µb ) = (2.71 ± 0.65, −1.61 ± 0.89)
mas yr−1 in the Galactic coordinate one. By adapting the distance of our measure-
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ment (d = 1.88+0.21
−0.17 kpc), we obtained (µℓ cosb, µb ) = (24.1 ± 5.8, −14.3 ± 8.0) km
s−1 . Second, we used VLSR = −15.5 ± 1.9 km s−1 of CS (2-1) emission (Bronfman
et al. 1996) as the radial velocity of the source, which was converted into Vhelio
= −7.8 ± 1.9 km s−1 in the heliocentric flame. The conversion calculation was
conducted based on the equations in the Appendix of Reid et al. (2009b). Third,
peculiar solar motions of (U⊙ , V⊙ , W⊙ ) = (11.1 ± 1, 12.24 ± 2, 7.25 ± 0.5) km s−1
were assumed from Schonrich, Binney, and Dehnen, (2010). The peculiar motions
represent a deviation of the Sun from the Galactic circular orbit. The directions of
the peculiar motions are towards the Galactic center (U⊙ ), the Galactic rotation
(V⊙ ), and the northern Galactic pole (W⊙ ). Fourth, the Galactic constants, R0 =
8.33 kpc and Θ0 = 240 km s−1 , were assumed from Reid and Brunthaler (2004) and
Gillessen et al. (2009). Reid and Brunthaler (2004) observed the proper motions of
Sgr A∗ , and Gillessen et al. (2009) determined the distance to the Galactic-center
based on stellar orbits around Sgr A∗ .
Finally, these converted and assumed values allowed us to determine a rotation
velocity (Θ) of 227 ± 6 km s−1 at the source. At the same time, we obtained
the peculiar motions of the source in the Galactic plane by simple geometry (e.g.,
Appendix in Reid et al. 2009b). Note that the error in the rotation velocity was
evaluated from errors of the parallax, the proper motions, and the systemic velocity. The rotation velocity, Θ(R), is marginally smaller than the rotation velocity at
the LSR, Θ0 . This result may indicate that the Galactic rotation at the Galactocentric distance of 10.2 kpc is slower than the rotation velocity at the LSR. Note
that the source is located at the Galacto-centric distance of 10.19+0.21
−0.17 kpc. The
previous six VLBI results in the Perseus arm are consistent with our result for the
slower rotation. The previous VLBI results together with our result are also consistent with the previous one-dimensional (radial velocity) observations, called the
9-kpc dip in Sofue, Honma, and Omodaka (2009). In the next section we further
discuss this slower rotation with the peculiar motions in the Perseus arm.
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2.4.3

Peculiar Motions: Comparison between the Perseus
Arm and Other Regions

As for the peculiar motions of IRAS 05168+3634, we derived the values of (U ,
V , W ) = (8.1±2.1, −12.5±6.2, −7.0±8.1) through the procedure described in the
previous section. The directions of the peculiar motions are towards the Galactic
center (U ), the Galactic rotation (V ), and the northern Galactic pole (W ) at the
source position. The errors of the peculiar motions were evaluated from errors of
the parallax, the proper motions, and the systemic velocity. The peculiar motions
tell us the deviation of the source from the circular Galactic orbit. Note that
here we assumed a flat rotation model of Θ(R) = Θ0 . To compare the peculiar
motions to previous VLBI results, we list the previous VLBI results in table 2.6.
The sources listed in table 2.6 were observed with VLBI in star-forming regions.
In figure 2.5a, we plot the disk peculiar motions on the U and V plane from
table 2.6 for the 33 sources. Each symbol shows Scutum-Crux (open square),
Sagittarius-Carina (filled square), Perseus (circle), Outer arms (open triangle),
and other regions (filled triangle). It is clear that almost all sources in the Perseus
arm are systematically located in the lower right region (U > 0 and V < 0) of the
U -V plane. We emphasize that the sources in the Perseus arm are systematically
moving toward the Galactic center (U > 0) and counter to the Galactic rotation
(V < 0). We obtained disk peculiar motions averaged over the seven sources in the
Perseus arm as (Umean , Vmean ) = (11 ± 3, −17 ± 3) km s−1 (NGC 281 excluded).
Both Umean and Vmean show peculiar motions of greater than 3-σ significance in the
Perseus arm. The peculiar motions there may trace the streaming motions where
the Galactic shock front occurs (e.g., Roberts 1969; figure 2.6).
As for other sources, some show significantly large peculiar motions (e.g., G
9.62+0.20, G23.01-0.41, and G23.66-0.13). All of them are located close to the
Galactic bar, which may be aﬀected by the gravitational potential of the central
bar. Roberts, Huntley, and van Albada (1979) showed that a bar-like potential
can induce strong noncircular motions in a gas flow of ∼ 50-150 km s−1 , which
is consistent with one of the sources (G 9.62+0.20). Of course, there are other
possibilities for large peculiar motions. For instance, G48.61+0.02 shows a peculiar
motion that is counter to the Galactic rotation, larger than 40 km s−1 . It is aﬀected
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Figure 2.5: (a)Each source of Scutum-Crux (open square), Sagittarius-Carina
(filled square), Perseus (circle), Outer arms (open triangle), and other regions
(filled triangle) plotted on the peculiar motions plane of U and V for the 33 sources
listed in table 2.6. (b)Peculiar motions of the U component shown as a function
of the Galacto-centric distance (R) for the sources. R0 = 8.33 kpc is assumed.
U is directed toward the Galactic center. (c)This is the same as (b), but for the
peculiar motions of the V component. V is directed toward the Galactic rotation.
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Figure 2.6: Peculiar motions in the Perseus arm. The arrows represent peculiar
motions for the sources located in the Perseus arm based on VLBI observations
(e.g., table 2.6). Note that a flat Galactic rotation curve —Θ(R) = Θ0 — was
assumed to derive the peculiar motions. Based on the figure, almost all sources
in the Perseus arm are moving systematically toward the Galactic Center and lag
behind the Galactic rotation.
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by local phenomena, multiple supernovae (Nagayama et al. 2011b). Another
interesting feature of the peculiar motions is the variation of the peculiar motions
as a function of the Galacto-centric distance (figures 2.5b and 2.5c). The V values
vary among the spiral arms in figure 2.5c. The Perseus and Norma arms have
minus V values with respect to around V = 0 km s−1 values or plus values in the
Outer and Carina-Sagittarius arms. In particular, this tendency of the Outer and
Perseus arms was also suggested by optical (spectroscopic) observations in Russeil,
Adami, and Georgelin (2007).
Russeil, Adami, and Georgelin (2007) argued that this diﬀerence between the
V components of the Outer and Perseus arms may be explained by streaming
motions due to the spiral density-wave. These streaming motions produce radial
(U component) and azimuthal (V component) residual velocities. According to
Mel’Nik, Dambis, and Rastorguev (1999), the diﬀerence in the peculiar motions of
the Outer and Perseus arms may be explained by the location of the co-rotation
(CR) radius by density-wave theory. Inside the co-rotation radius, radial and
azimuthal residual velocities are directed toward the Galactic center and counter to
the Galactic rotation, while outside the co-rotation, radial and azimuthal residual
velocities are directed away from the Galactic center and toward the Galactic
rotation; inside and outside the CR, the directions of peculiar motions are the
inverse of each other. Russeil, Adami, and Georgelin (2007) determined a corotation radius of 12.7 kpc by assuming the co-rotation as the position of V = 0
(see figure 7 in Russeil et al. 2007). This result can explain the variation in the V
values between the Outer and Perseus arms in the VLBI observations (fig. 2.5c).
On the other hand, the U values of both the Outer and Perseus arms have the
same sign (U > 0), which cannot be explained by the location of the co-rotation set
between the two arms (figure 2.5b). However, the number of Outer arm sources
is still small (G75.30+1.32, WB89-437, and S269). Thus, more observations of
the Outer arm are necessary to confirm whether our interpretation of the peculiar
motions with the density-wave theory is correct or not.
In contrast, Wada, Baba, and Saito (2011) showed that the spiral features of
the gas in the Galactic disk are formed by mechanisms that essentially diﬀer from
the Galactic shock in stellar density waves. They also showed that, unlike the
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stream motions in the Galactic shock, the interstellar matter flows into the local
potential minima with irregular motions. Therefore, random irregular motions can
be another candidate to explain the observed peculiar motions.

2.5

Conclusion

Our VLBI observations show results of the parallax and proper motions for
IRAS 05168+3634. The parallax is 0.532 ± 0.053 mas, which corresponds to a
+0.21
distance of 1.88−0.17
kpc, and the proper motions are (µα cosδ, µδ ) = (0.23 ± 1.07,

−3.14 ± 0.28) mas yr−1 . The distance is significantly smaller than the previously
estimated kinematic distance, being 6 kpc (Molinari et al. 1996). According to
the drastic change in the source distance, the source is placed in the Perseus arm
rather than in the Outer arm. The combination of distance, proper motions,
and systemic velocity provides a rotation velocity of 227±6 km s−1 at the source,
assuming Θ0 = 240 km s−1 . Our result indicates marginally slower rotation with ∼
2-σ significance for the Perseus arm, but consistent with the previous VLBI results
for six sources in the Perseus arm (NGC 281 excluded). We also show the disk
peculiar motions averaged over the seven sources in the Perseus arm as (Umean ,
Vmean ) = (11 ± 3, −17 ± 3) km s−1 . Note that here we assume the flat rotation
as Θ(R) = Θ0 .
This suggests that the seven sources in the Perseus arm are systematically
moving toward the Galactic center, and lag behind the Galactic rotation with more
than 3-σ significance. The peculiar motions may be caused in the inner edge of
the Perseus arm, where a shock front predicted by the density-wave theory occurs
(Mel’Nik et al. 1999). However, the density wave with CR = 12.7 kpc cannot fully
explain the disk peculiar motions between the Perseus and Outer arms obtained
by VLBI observations. That they both share the same sign of U values (U > 0)
cannot be explained by the density wave, while the sign variation of the V values
between the two arms is consistent with the prediction of the density wave.
However, more observations are necessary to confirm whether the density-wave
theory can explain the disk peculiar motions of both U and V simultaneously, or
not, over the entire Galactic disk. We have been observing H2 O maser sources
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located in the star-forming regions to determine any parallax and proper motions
with VERA. These observations will allow us to confirm the prediction of the
density-wave theory. If characteristic phenomena are seen in individual objects,
we will also report the results.

70

CHAPTER 2. VLBI ASTROMETRY OF IRAS 05168+3634 IN THE
PERSEUS ARM

Table 2.6: Peculiar motions between sources of the Perseus arm and that of other
places.∗
Source
G 9.62+0.20
G 12.89+0.49
G 14.33-0.64
G 15.03-0.68
G 23.01-0.41
G 23.44-0.18
G 23.66-0.13
G 35.20-0.74
G 35.20-1.74
G 48.61+0.02
W51 Main/South
IRAS 19213
G 59.78+0.06
ON1
G 75.30+1.32
ON2N
AFGL 2789
L 1206
Cep A
NGC 7538
L 1287
IRAS 00420
NGC 281
W3(OH)
WB 89-437
IRAS 05168
HP-Tau/G2
IRAS 06061
S 252
S 255
S 269
Orion
G232.6+1.0
Sun
∗

U
km s−1
−39+15
−23
20+8
−9
13+6
−8
2+4
−5
25+12
−15
2+30
−54
36+8
−11
−5+6
−7
−10+11
−15
−1+3
−4
−8+8
−9
17+7
−9
2+2
−2
1+4
−4
11+8
−8
−3+5
−5
5+6
−7
1+6
−7
4+6
−6
19+3
−3
11+4
−4
14+4
−4
9+6
−6
19+4
−4
15+8
−9
8+4
−4
−18+2
−2
12+2
−2
−2+3
−3
0+6
−6
5+5
−5
−7+5
−5
1+5
−5
U⊙ =11.1+1
−1

V
km s−1
−52+15
−21
4+16
−17
6+15
−17
7+2
−3
−23+10
−11
−22+12
−21
9+5
−6
−6+5
−6
−10+9
−11
−42+2
−2
−1+5
−5
−10+5
−3
1+4
−4
−5+3
−3
1+15
−14
−5+5
−4
−28+8
−7
−9+5
−4
−5+6
−6
−23+4
−4
−11+5
−5
−14+4
−4
3+6
−6
−11+4
−4
2+13
−12
−13+9
−11
−1+0.3
−0.4
−22+3
−3
−9+1
−1
3+14
−15
6+3
−3
−4+5
−5
−5+6
−5
V⊙ =12.24+2
−2

W
km s−1
−10+6
−7
−4+9
−10
−4+15
−18
−5+2
−2
−1+4
−5
2+4
−5
4+1
−1
−8+2
−3
−9+4
−5
6+2
−2
5+6
−6
−4+5
−7
−4+1
−1
8+4
−3
−18+8
−9
1+4
−4
−11+6
−8
0+7
−8
−5+3
−3
−10+2
−2
−3+3
−3
−3+1
−2
−9+3
−3
1+3
−3
1+13
−14
−7+10
−12
0+1
−1
−11+2
−3
−2+0.4
−0.5
3+10
−11
−4+2
−3
3+4
−4
1+3
−3
W⊙ =7.25+0.5
−0.5

Ref.†

Note

15
16
17
16
18
18
19
21
21
22
23
1
25
26
13
27
1
2
3
3
2
4
2
7
8
9
34
35
10
2
11
12
10
36

close to 3kpc arm
Carina-Sagittarius
Carina-Sagittarius
Carina-Sagittarius
Crux-Scutum arm
Norma arm
close to the bar
Carina-Sagittarius
Carina-Sagittarius
Carina-Sagittarius
Carina-Sagittarius
Carina-Sagittarius
Local arm
Local arm
Outer arm

arm
arm
arm

arm
arm
arm
arm
arm

Perseus arm
Star-froming Region
Local arm
Perseus arm
SFR
SFR in the Perseus arm
SFR in the Perseus arm
Perseus arm
Outer arm
Perseus arm
Perseus arm
Perseus arm
SFR
Outer arm
Local arm

Θ0 =240 km s−1 and R0 =8.33 kpc are assumed to determine the peculiar motions. The rotation
model is flat [Θ(R) = Θ0 ] assumed.
†
References : (1) Oh et al. 2010; (2) Rygl et al. 2010; Sato et al. 2008; (3) Moscadelli et al.
2009; (4) Moellenbrock et al. 2009; (5) Reid et al. 2009b; (6) Honma et al. 2011; (7) Xu et al.
2006; (8) Hachisuka et al. 2009; (9) this paper; (10) Reid et al. 2009a; (11) Honma et al. 2007;
(12) Hirota et al. 2007; Menten et al. 2007; (13) Sanna et al. 2012; (15)Sanna et al. 2009; (16)Xu
et al. 2011;
(17)Sato et al. 2010a; (18)Brunthaler et al. 2009; (19)Bartkiewicz et al. 2008; (20)Dzib et al.
2010; (21)Zhang et al. 2009; (22)Nagayama et al. 2011b; (23)Sato et al. 2010b; (25)Xu et al.
2009; (26)Nagayama et al. 2011a; (27)Ando et al. 2011; (34)Torres et al. 2009; (35)Niinuma et al.
2011; (36)Schonrich, Binney, & Dehnen 2010

Chapter 3
Absolute proper motion of
superbubble IRAS 00259+5625
Adapted from Sakai et al. 2014a, PASJ, Vol.66, No.1

Abstract
We present the first measurement of the absolute proper motions of IRAS
00259+5625 (CB3, LBN594) associated with the HI loop called the “NGC281
superbubble” that extends from the Galactic plane over ∼ 300 pc toward decreasing galactic latitude. The proper motion components measured with VERA are
(µα cosδ, µδ ) = (−2.48 ± 0.32, −2.85 ± 0.65) mas yr−1 , converted into (µl cosb,
µb ) = (−2.72 ± 0.32, −2.62 ± 0.65) mas yr−1 in the Galactic coordinates. The
measured proper motion perpendicular to the Galactic plane (µb ) shows vertical
motion away from the Galactic plane with a significance of about ∼4-σ. As for
the source distance, the distance measured with VERA is marginal, 2.4+1.0
−0.6 kpc.
Using the distance, an absolute vertical motion (vb ) of −17.9 ± 12.2 km s−1 is
determined with ∼1.5-σ significance. The tendency of the large vertical motion
is consistent with previous VLBI results for NGC 281 associated with the same
superbubble. Thus, our VLBI results indicate the superbubble expansion motion
whose origin is believed to be sequential supernova explosions.
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3.1

Introduction

Since their first discovery by Heiles (1979), shell or arc-like HI objects with
sizes ranging from a few pc to more than 1 kpc have been discovered in the Milky
Way Galaxy. Such objects have also been identified in many external spiral or
irregular galaxies including the LMC and SMC (e.g., Brinks & Bajaja 1986; Deul
& den Hartog 1990; Kim et al. 1998; Staveley-Smith et al. 1997; Bagetakos et
al. 2011). In particular, the large HI objects (up to a few kiloparsecs in scale)
are called superbubbles or supershells. Two main models are proposed for the
origin of the superbubbles/supershells: (1) stellar winds and sequential supernova
explosions in an OB association (e.g., Tenorio-Tagle & Bodenheimer 1988) and
(2) collision of a high-velocity cloud with the Galactic disk (e.g., Tenorio-Tagle
1991). Thus, superbubbles/supershells are believed to play a role in mass and
energy transportation from the disk to the halo and are called galactic “fountains”
(Shapiro & Field 1976) or “chimneys” (Norman & Ikeuchi, 1989).
In the Galaxy, a small number of chimneys and fragmenting superbubbles/supershells
(on several hundred to one thousand parsec scales) have been studied: e.g., the
Orion-Eridanus superbubble (Cowie, et al. 1979), the Cygnus superbubble (Cash,
et al. 1980), the Stockert chimney (Müller, et al. 1987), the Aquila supershell
(Maciejewski et al. 1996), the Scutum supershell (Callaway, et al. 2000), the
W4 chimney/superbubble (Normandeau et al. 1996), the Ophiuchus superbubble
(Pidopryhora et al. 2007), and the NGC281 superbubble (Megeath et al. 2002,
2003). However, these studies were mainly conducted using 2D positions on the
sky and 1D line-of-sight velocities of the objects, meaning that there are uncertainties in terms of the origin and precise physical parameters (e.g., size and expansion
velocity) of the superbubbles.
Recently, the first VLBI studies were conducted toward one of the superbubbles, the “NGC281 superbubble” located ∼ 300 pc oﬀ the midplane of the Perseus
arm, to determine 3D positions and motions of star-forming regions associated
with the superbubble (Sato et al. 2007, 2008; Moellenbrock et al. 2009). Sato et
al. (2007) showed the direct evidence of the superbubble expansion motion based
on absolute proper motions of NGC 281 measured with VERA (VLBI Exploration
of Radio Astrometry). The reported proper motions were (µl cosb, µb ) = (−2.88
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± 0.18, −2.66 ± 0.26) mas yr−1 in the Galactic coordinates, which clearly shows
the vertical motion with ∼ 10-σ significance. Following this, Moellenbrock et al.
(2009) used the VLBA (Very Long Baseline Array) to measure proper motions and
parallactic distance of IRAS 00420+5530, a star-forming region associated with the
NGC281 superbubble. Also, Sato et al. (2008) reported updated proper motions
and parallactic distance of NGC 281 with observations additional to those of Sato
et al. (2007), and they discussed 3D structure and kinematics of the NGC281
superbubble based on the VLBI results (see details in Sato et al. 2008). They
showed that the non-circular motions of NGC 281 were (U , V , W ) = (5.4 ± 3.7,
5.9 ± 4.5, −13.5 ± 2.4) km s−1 , which clearly displays the vertical non-circular
motion relative to the Galactic disk. Note that the non-circular motions are different from those reported in chapter 2 (e.g., the systematic non-circular motions)
seen over kpc scales of the Perseus arm. The former one may strongly depend on
the superbubble instead of the larger structure of the Perseus arm.
Figure 3.1 shows the position-velocity diagram of CO(J=1-0) emission, on
which previous VLBI astrometry results for the Perseus arm are superimposed
with IRAS 00259+5625 (Galactic longitude l = 119.79◦ , Galactic longitude b =
−6.03◦ , VLSR = −38.3 km s−1 ). To understand a diﬀerence between the systematic
non-circular motions and the localized non-circular motions (such as the superbubble motion) with more astrometry data, we conducted VERA observations toward
an H2 O maser emission of IRAS 00259+5625, an another star-forming region associated with the NGC281 superbubble.
IRAS 00259+5625 is reported as an intermediate-mass star-forming region
(Codella and Bachiller 1999) and sometimes referred to as LBN 594 and CB3
(Lynds 1965; Clemens and Barvainis 1988). The name of CB3 is based on the
catalog of the Bok globules in Clemens and Barvainis (1988). IRAS 00259+5625
has also been investigated with diﬀerent wavelengths at near-infrared (Yun and
Clemens 1995), millimeter (Launhardt and Henning 1997), and submillimeter
wavelengths (Launhardt et al. 1997), which showed that there were several sites
of star formation with continuum emissions of slightly diﬀerent positions in the
source. In addition, a molecular bipolar outflow elongated from north to south has
been detected in the source (Yun and Clemens 1994; Codella and Bachiller 1999).
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H2 O masers were also detected in the source with single-dish observations (Scappini et al. 1991) and VLA interferometric observation (de Gregorio-Monsalvo et
al. 2006). However, no proper motion measurements with multi-epoch interferometric observations have been reported for the source. Using H2 O masers in the
source, we have conducted a VLBI study to understand kinematics and dynamics
of the source related to the superbubble. In this chapter we report on astrometric
observations (especially for proper motions) of IRAS 00259+5625 with VERA.
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Figure 3.1: Galactic longitude (l in deg) vs LSR velocity (VLSR in km s−1 ) diagram of CO(J=1-0) emission (Dame, Hartmann, & Thaddeus 2001)
on which VLBI astrometry results (e.g., colored circles) are superimposed. Black and blue circles show the Perseus arm and NGC 281
superbubble, respectively in Reid et al. (2009b). Red circle shows
IRAS 00259+5625 in Sakai et al. (2014), while yellow one represents IRAS 05168+3634 in Sakai et al. (2012). Note that the CO
emission was integrated over a strip ∼ 4◦ wide in latitude centered
on the Galactic plane to include essentially all emission beyond the
Local arm (i.e., |VLSR | > 20 km s−1 , see detail in Dame, Hartmann,
& Thaddeus 2001).
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Observations and Data reduction
VLBI observations with VERA
Table 3.1: Observations

Epoch
A
B
C
D
E
F
G
H
I
J
K
L
M

Date
2008 Jan 04
2008 Feb 22
2008 Mar 23
2008 Apr 29
2008 Jul 06
2008 Aug 02
2008 Sep 08
2008 Nov 23
2008 Dec 26
2009 Feb 10
2009 Mar 08
2009 May 07
2009 Sep 05

Time Range
(UTC)
11:35-20:45
01:00-11:00
21:00-07:45
19:00-05:00
15:00-01:40
12:00-22:40
11:00-21:40
06:00-15:10
04:00-13:00
01:00-10:10
23:00-08:10
19:35-04:45
11:35-20:45

Beam
(mas)
1.19×0.83 @127.8◦
1.10×0.74 @129.5◦
1.26×0.97 @182.6◦
1.33×0.87 @150.9◦
1.16×0.76 @147.0◦
1.22×0.83 @156.6◦
1.34×0.70 @182.9◦
1.12×0.73 @141.7◦
1.17×0.84 @148.7◦
1.21×0.78 @139.0◦
1.22×0.73 @133.9◦
1.20×0.79 @152.5◦
1.40×0.68 @145.7◦

Detected maser feature
1, 2a-b, 6, 7a
1, 2a-b, 6, 7a
1, 2a-b
1, 2a-b
1, 2a
1, 2a
4a-b, 5
3, 4a-b, 5
3, 4a-c, 5, 7b
3, 4a, 4c, 7b
3, 4c

Between January 2008 and September 2009, we carried out 13 epoch observations of H2 O maser line at a rest frequency of 22.235080 GHz to measure parallax
and proper motions of IRAS 00259+5625. Details of dates for the 13 observations are listed in table 3.1. Typical synthesized beam was 1.2 × 0.8 mas with a
position angle of 149◦ . We also observed reference source J0042+5708 with the
target source for the phase-referencing observation. Both the target (maser) and
the reference (QSO) sources were observed simultaneously using the dual-beam
mode (Kobayashi et al. 2008). Fringe-finder sources J2238+1242 and CTA 102
were observed and used for calibration of clock parameters in correlation processing of all 13 observations. On-source time for IRAS 00259+5625 was ∼ 6.5 hours
in every observation, compared with a total observation time of ∼ 9.4 hours. In
table 3.2 we summarize the tracking centers of the maser and the reference sources
with the separation angle between the two sources.
In these observations, left-handed circular polarization was recorded onto mag-
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netic tapes at a rate of 1024 Mbps with 2-bit quantization after filtering was
performed using the VERA digital filter. Total bandwidth of 256 MHz consisted
of 16 of 16-MHz IF sub-bands. One of the 16 IFs was assigned for the maser
source, and the other 15 IFs were assigned for the continuum sources such as the
position reference and fringe-finder sources. Magnetic tapes recorded at the four
VERA stations were delivered to NAOJ Mitaka to conduct correlation processing with the Mitaka FX correlator. The correlator accumulation period was one
second. To achieve high-frequency (velocity) resolution for the maser source, we
used only a bandwidth of 8 MHz with 512 channels assigned for the source in
the correlation processing. This led to a frequency resolution of 15.63 kHz and a
velocity resolution of 0.21 km s−1 for the maser source. In contrast, each of the 15
IFs was composed of 64 channels for the continuum sources.

R.A.
(J2000.0)
00h28m43.5075s†
00h42m19.4517s‡

Table 3.2: Source Data
Decl.
S.A.∗ Flux Density
Note
◦
(J2000.0)
()
(Jy)
†
56d41’56”.868
0.8 ∼49.3
H2 O masers
57d08’36”.586‡ 1.908
0.12∼0.33
Phase-reference calibrator

†

The separation angle between the maser and the reference sources.
The tracking positions are shifted ∼ 9” with respect to the maser-detected position of feature 2b at epoch A, (α,
δ)=(00h28m42s.5998, 56d42’01”.098, J2000).
‡
The positions are based on Beasley et al. (2002).

∗

IRAS 00259+5625
J0042+5708

Source Name

3.2. OBSERVATIONS AND DATA REDUCTION
77

78

CHAPTER 3. ABSOLUTE PROPER MOTION OF SUPERBUBBLE IRAS
00259+5625

3.2.2

Data Reduction

The Astronomical Image Processing System (AIPS, NRAO) was used for data
calibration, and general phase-referencing analysis was applied to determine absolute maser positions in the same manner described in Sakai et al. (2012). First,
delay model correction was conducted with a precise geodetic model, the most
updated Earth-rotation parameters provided by IERS, tropospheric delays measured with GPS receivers at each VERA station (Honma et al. 2008a), and ionospheric delays based on the Global Ionosphere Map (GIM), which were produced
every two hours by the University of Bern. Second, fringe search was conducted
with the fringe finders J2238+1242 and CTA 102 to determine the clock oﬀsets
between each VERA station. Third, a second fringe search and self-calibration
imaging were conducted with the position reference J0042+5708 by referring to
the clock oﬀsets determined with J2238+1242 and CTA 102. Fourth, we transferred the complex gain solved for the position reference to the maser source IRAS
00259+5625 through the correction of the instrumental phase diﬀerence between
the dual-beam system with VERA (Honma et al. 2008b). Finally, Fourier transform of the corrected visibilities and deconvolution were conducted to create both
dirty and CLEANed images of each maser channel using the “imagr” task in AIPS.
After the data calibration, we used the “jmfit” task in AIPS to determine an absolute maser position and a flux of the maser source by elliptical Gaussians fitting
to the brightness peak of the CLEANed map.
We regarded a maser as detected if it achieved a high SNR (signal-to-noise
ratio) of five or more. To identify the same maser spot in each observation epoch
for astrometry, we selected the maser spot detected in the same velocity channel
with continuous observation epochs. Additionally, to select the same maser spot
from a multiple masers map, we checked the position diﬀerences of a selected
maser with a proper motion threshold of 15 mas yr−1 during observations: the
position diﬀerences should not exceed the threshold. Note that the threshold was
chosen roughly considering Galactic and assumed maser internal motions, meaning
that the Galactic rotation model and line-of-sight velocity range may be used for
the order estimation of the threshold. Among the maser spots identified using
the criteria, spots detected in three epochs or more were used for proper motion
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determinations, while spots detected in four epochs or more with two or more
continuous velocity channels were used for parallax determinations.
As a result of data analyses with the above criteria, we detected three maser
features to determine parallaxes in table 3.3; six maser features were detected to
determine proper motions in table 3.4. Note that the feature is recognized as a
cluster composed of continuous velocity channels. In a model fitting process for
the parallax and the proper motion determinations, we used “VERA Parallax”,
one of the tasks performed by the “VEDA (VEra Data Analyzer)”, data analyzing
software developed at NAOJ. In the task, we assumed that source motions can be
described by a combination of linear proper and sinusoidal parallax motions.
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3.3

Results

3.3.1

Marginal trigonometric parallax of IRAS 00259+5625

During 13 epoch VLBI observations over a period of about 1.6 years, we
detected maser emissions in almost all epochs for IRAS 00259+5625 although the
time variation of the maser spectrum was significantly large in the observations
(e.g., 3.2). The position of the detected maser was consistent with that of the
millimeter source (CB3-1) discovered with the Plateau de Bure Interferometer
(PdBI) observation in Fuente et al. (2007) as shown in 3.3b and 3.3c. Figure
3.3c shows the distribution of 11 detected maser features that were detected in at
least one epoch. Among the 11 features, features 1, 2a, and 3 including 14 maser
spots were selected for the parallax determination in table 3.3. However, we could
not trace the same maser spot over a year, leading to a relatively large parallax
error, although the parallax motions can be clearly seen in the directions of right
ascension (R.A.) and declination (Dec.). Using the 14 maser spots, we conducted
combined fitting assuming a common parallax with discrete proper motions for
each spot. Note that astrometric errors in each epoch are given so that the reduced
χ2 becomes unity since a systematic error is generally larger than a thermal error
estimate in VLBI observation (e.g., Sanna et al. 2012).
As a result, the parallax was determined to be 0.380 ± 0.056 mas for the
14 spots, corresponding to a distance of 2.63+0.45
−0.34 kpc. However, the 14 spots
may not be independent of each other; hence the obtained parallax error (0.056
mas) could be underestimated. To determine a trigonometric parallax of IRAS
00259+5625 with conservative estimation, we again conducted the combined fitting
using three bright features (feature 1 with VLSR = −71.2 km s−1 , feature 2a with
VLSR = −68.2 km s−1 , and feature 3 with VLSR = −61.9 km s−1 in table 3.3). The
determined parallax with the representative three features was 0.443 ± 0.119 mas,
corresponding to a distance of 2.26+0.83
−0.48 kpc. We averaged the two combined fit
results to obtain a final parallax result since the 14 spots may not be independent
of each other, as we have described above.
As a consequence, we obtained the final parallax of 0.412 ± 0.123 mas, corresponding to a distance of 2.43+1.03
−0.56 kpc. Note that the parallax error was estimated
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Figure 3.2: Time variation of scalar averaged cross power spectrum for IRAS
00259+5625 with several baselines averaged. Observation dates
(yyyy/ddd) are plotted on upper right corners of each panel. Dotted
lines in each panel show a systemic velocity of IRAS 00259+5625,
VLSR = −38.3 km s−1 of 12 CO (J=2-1) in Clemens and Barvainis
(1988). The filled black area shows band edge of a spectrum. Note
that velocity coverages diﬀer slightly between each observation.
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Figure 3.3: (a) Large-scale view of IRAS 00259+5625 (CB3) with H2 knots as K1,
K2, K3, and K4 and millimeter source as CB3-mm (Massi et al. 2004;
Launhardt and Henning 1997). The positions of K1 and K2 knots
are almost consistent with those of integrated SiO (J=5-4) emission
peaks at −42.5 km s−1 regarded as a blue-shifted component of molecular bi-polar outflow (Massi et al. 2004). Dashed circle represents
the beam size of the millimeter observations (≃12”, Launhardt and
Henning 1997). Cross represents the maser-detected position in table
3.2. (b) Magnified view of the rectangle in fig. 1a with two millimeter (3 mm) sources as CB3-1 and CB3-2 (Fuente et al. 2007). Cross
is the maser-detected position described above. (c) Maser distribution map. The nominal origin is set to the maser-detected position
in table 3.2. Green vectors represent direct observed motions with
respect to the position reference source in table 3.2. (d) Same as (c),
but with the internal motions. The black vectors show the internal
motions with the systematic motions subtracted (see text).
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Figure 3.4: Maser positional evolutions and the combined-fit results for the 14
spots listed in table 3.3 (see text). The error bars represent position
errors resulting from the astrometric (systematic) errors, which are
given so that the reduced χ2 becomes unity. (a) Maser positional evolutions in right ascension with circles. Dotted lines represent proper
motions, and dashed lines show fitted lines. Note that oﬀsets for each
spot were added arbitrarily to show all spots within the figure. (b)
Same as (a), but in declination. (c) Parallax motions in right ascension with the proper motions subtracted from (a). The solid curve is
fitted to the circles as the parallax motions. (d) Same as (c), but in
declination.
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by combining in quadrature the scatter of the individual parallaxes around the
mean (±0.032 mas) and the error bar of individual parallax (±0.119 mas) in the
same manner as Honma et al. (2011). As described above, the large error in the
final parallax result is mainly due to the short-lived masers (e.g., table 3.1 and
fig. 3.2). Figures 3.4a and 3.4b show the combined fit results (sinusoidal parallax
and linear proper motions results) with the final parallax result, fixed for the 14
spots in the directions of R.A. and Dec., respectively. Error bars in each panel
of figure 3.4 represent the astrometric errors described above. Figures 3.4c and
3.4d represent the sinusoidal parallax motions (as circles) with the proper motions
subtracted in the directions of R.A. and Dec., respectively. Astrometric errors set
for the combined fitting were 0.14 mas for ∆αcosδ and 0.23 mas for ∆δ. These
errors mainly originated in the tropospheric zenith delay residuals (e.g., Honma
et al. 2007). Moreover, the separation angle between the maser and the phase
reference sources was relatively large (= 1.9◦ ) in our observations, which caused
a large residual of tropospheric zenith delay between the target and the reference
pair. The error of ∆δ is larger than that of ∆αcosδ, consistent with previous
VERA results.

3.3.2

Systematic proper motions of IRAS 00259+5625

As the next step, we determine the systematic proper motions of IRAS
00259+5625. Note that a maser source has both internal motions (e.g., bi-polar
outflow) and systematic motions (e.g., Galactic rotation). Hence, to obtain the
systematic motions, one should remove the internal motions. In figure 3.3c, blueshifted maser features toward the systemic velocity (VLSR = −38.3 ± 3.1 km s−1
of

12

CO (J=2-1) in Clemens and Barvainis 1988), features 1, 2a-b, 3, 4a-c, and

7a-b, are located around the nominal origin of the map, which was set to be (α,
δ)=(00h28m42s.5998, 56d42’01”.098, J2000). Among the 11 maser features in fig.
3.3c, direct observed proper motions with respect to the position reference were
obtained for six features (shown with arrows in fig. 3.3c). The maser distribution
with the velocity vectors indicates that there is a clear sign of bi-polar outflow,
which may be connected with molecular bi-polar outflow of IRAS 00259+5625
with a position angle of ∼ 0◦ (Yun and Clemens 1994) although position angles
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Table 3.3: Parallax fits.∗
Feature

VLSR
km s−1

Nepochs

Epochs

−70.3
6
ABCDEF+++++++
−70.5
6
ABCDEF+++++++
−71.0
6
ABCDEF+++++++
−71.2
6
ABCDEF+++++++
−71.6
6
ABCDEF+++++++
−71.8
6
ABCDEF+++++++
−72.0
6
ABCDEF+++++++
−72.2
6
ABCDEF+++++++
−72.4
6
ABCDEF+++++++
−72.6
6
ABCDEF+++++++
2a
−68.2
6
ABCDEF+++++++
−68.4
6
ABCDEF+++++++
3
−61.9
4
++++++++IJKL+
−62.1
4
++++++++IJKL+
Combined fit for 14 spots
Combined fit for three features
Final (mean of the two combined fittings)

Parallax(Error)
(mas)

Errors
R.A. Dec.
(mas)

1

∗

0.380(0.056)
0.443(0.119)
0.412(0.123)

0.14
0.13

Combined fits were conducted to the data set of two (see text). Final value is determined
by taking the mean of the two. Error of the final parallax is estimated by combining in
quadrature the scatter of the individual parallaxes around the mean (±0.032 mas) and
the error bar of individual parallax (±0.119 mas).

0.23
0.19
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diﬀer (fig. 3.3c). The origin of the molecular bi-polar outflow was proposed to be
the millimeter source called CB3-mm (Codella and Bachiller 1999) in fig. 3.3a.
As for the bi-polar outflows at star-forming regions in smaller scales, the bi-polar
outflows traced by H2 O masers have often been seen in many star-forming regions
(e.g., Sato, et al. 2010b). Thus, here we assume that the internal motion of IRAS
00259+5625 can be modeled by the bi-polar outflow.
First, we identified outflow components of red-shifted maser as feature 5 and
blue-shifted masers as features 1, 2a-b, 3, and 4c in fig. 3.3c and table 3.4. Second,
we determined each proper motion by adapting a parallax of 0.412 mas in table 4.
Note that the proper motions and LSR velocities of all spots included in features
2a and 2b were averaged simultaneously to derive an averaged proper motion pair
(µα cosδ, µδ ) and VLSR , since features 2a and 2b are located within ∼ 6 mas (∼
144 AU at a distance of 2.4 kpc) with similar motions. The distribution and
motion suggest that features 2a and 2b may be associated with the same gas.
Third, we averaged only the proper motions and LSR velocities of the blue-shifted
masers, yielding averaged blue-shifted proper motions of (µα cosδ, µδ ) = (−7.37
± 0.45, −6.46 ± 0.92) mas yr−1 in the equatorial coordinates with an averaged
VLSR of −65.5 km s−1 (table 3.4). Finally, we averaged both the blue-shifted and
red-shifted proper motions to determine the systematic proper motions.
The obtained systematic proper motion components are (µα cosδ, µδ ) = (−2.48
± 0.32, −2.85 ± 0.65) mas yr−1 at an averaged maser velocity of −35.3 km s−1
in table 4. The averaged VLSR was calculated by the averaging of the blue-shifted
component (as Mean-1 in table 4) and the red-shifted component (as feature 5 in
table 4). Note that the errors of the proper motion components were determined
based on the law of errors propagation (see table 3.4). Figure 3.3d represents maser
internal motions (with arrows) with the systematic motions subtracted, which in
fact resembles bi-polar outflow. To cross-check the obtained error components
of the systematic motions, we calculated the diﬀerence between VLSR at
−1

(J=2-1) emission of −38.3 km s

12

CO

for IRAS 00259+5625 (Clemens and Barvainis

1988) and the averaged VLSR of −35.3 km s−1 with the maser features in table 4.
This indicates that the obtained systematic proper motions for IRAS 00259+5625
could include the error, corresponding to the diﬀerence. The diﬀerence of 3.0 km
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s−1 is converted to ∼ 0.3 mas yr−1 by adapting a distance of 2.43 kpc for IRAS
00259+5625.

VLSR
km s−1
−70.3 ∼ −72.6
−68.0 ∼ −68.4
−61.9 ∼ −62.1
−63.8 ∼ −64.2
−4.0 ∼ −4.4
−23.1 ∼ −23.3
−61.5 ∼ −63.0 & −52.1 ∼ −52.7
−57.1 ∼ −58.6 & −63.0 ∼ −63.4
−66.5†
−35.3†

Proper Motions∗ (Error)
µα cosδ
µδ
(mas yr−1 )
(mas yr−1 )
−6.70
−8.15
−7.75
−7.34
−6.57
−3.90
−8.45
−6.44
2.41
0.76
−
−
−
−
−
−
−7.37(0.45)‡ −6.46(0.92)‡
−2.48(0.32)§ −2.85(0.65)§
Note

blue-shifted proper motions
systamatic proper motions

blue-shifted proper motions
〃
〃
〃
red-shifted proper motions

All proper motions were determined by adapting a parallax of 0.412 mas. All spots included in features 2a
and 2b were averaged simultaneously to derive one proper motion pair (see text).
†
The VLSR in Mean-1 was determined by averaging of four representative features as features 1, 2a & 2b, 3, and
4c, and also the VLSR in Mean-2 was determined by averaging of Mean-1 and feature
5 (see text).
√
‡
The errors were determined by dividing standard deviations by a factor of n, where n is the number of
measurements.
§
The errors of the systematic proper motions were determined based on the law of errors propagation. The
errors of proper motions for feature 5 were assumed to have the same errors determined by Mean-1.

∗

1
2a & 2b
3
4c
5
6
7a & 7b
4a & 4b
Mean-1 (1, 2a&2b, 3, 4c)
Mean-2 (Mean-1 &
Feature 5)

Feature

Table 3.4: Determination of the systematic proper motions for IRAS 00259+5625.
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Discussion
3D motion of IRAS 00259+5625

Combining the distance and the systematic proper motions for IRAS 00259+5625
with the systemic velocity provides full space motion of the source, which allows us
to determine circular and non-circular (peculiar) motions. The calculation procedure is described in Reid et al. 2009: (i) coordinates conversion from the equatorial
coordinates into the Galactic coordinates, (ii) velocity conversion from LSR velocity (VLSR ) into heliocentric velocity (vhelio ), and (iii) corrections of peculiar solar
motions (U⊙ , V⊙ , W⊙ ) and the Galactic constants (R0 , Θ0 ). Note that we referred
to (U⊙ =11.1±1, V⊙ =12.24±2, W⊙ =7.25±0.5) km s−1 , R0 =8.33 kpc, and Θ0 =240
km s−1 based on Schonrich, Binney, & Dehnen (2010), Gillessen et al. (2009), and
Reid and Brunthaler (2004), respectively. As a result of the procedure, first we
obtain converted proper motions as (µl cosb, µb ) = (−2.72 ± 0.32, −2.62 ± 0.65)
mas yr−1 in the Galactic coordinates.
Second, we derive a rotation velocity (Θ) of 234±5 km s−1 through the procedure described above for the circular motion at the source. Note that the error
in the rotation velocity was evaluated considering the errors of the parallax, the
proper motion components, and the systemic velocity in the same manner as Johnson and Soderblom (1987). Finally, we obtain non-circular motions as (U , V , W )
= (12±8, −6±5, −18±12) km s−1 through the same procedure described above
with the flat rotation model of Θ(R) = Θ0 . The directions of the peculiar motions are toward the Galactic center (U ), the Galactic rotation (V ), and the north
Galactic pole (W ) at the source position. The large errors for the non-circular
motions mainly originate in the marginal parallax determination. As described
in the Introduction, the source is associated with the NGC281 superbubble positioned ∼300 pc oﬀ the midplane of the Perseus arm (Sato et al. 2008), which
indicates that the obtained peculiar motions may originate in both the Perseus
arm and the superbubble. In the next section, we will further discuss the origin
of the non-circular motions for IRAS 00259+5625.
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3.4.2

NGC281 superbubble traced by IRAS 00259+5625,
IRAS 00420+5530, and NGC 281

To compare the peculiar motions of IRAS 00259+5625 with previous VLBI
results, we listed VLBI results in table 3.5. The sources listed in table 3.5 are
associated with the same Galactic superbubble, the NGC281 superbubble. Large
negative W for IRAS 00259+5625 and NGC 281 is direct evidence of the superbubble expansion motion. As for a W of 1 km s−1 in IRAS 00420+5530, it may
originate in diﬀerent 3D positions and motions of the three sources. Note that
we referred to proper motions of (µα cosδ, µδ ) = (−3.00 ± 1.26, −1.40 ± 0.39)
mas yr−1 at averaged maser velocity in table 3.3 of Moellenbrock et al. (2009) for
the peculiar motions of IRAS 00420+5530 in table 3.5. On the other hand, Moellenbrock et al. (2009) reported proper motions of (µα cosδ, µδ ) = (−2.52 ± 0.05,
−0.84 ± 0.04) mas yr−1 at a maser velocity of −46.0 km s−1 for the systematic
proper motions of IRAS 00420+5530. Based on the fact that Brand et al. (2001)
reported the systemic velocity of IRAS 00420+5530 as VLSR = −50.8±2.7 km s−1
of CS(J=3-2), we referred to the previous proper motions to determine the peculiar motions with conservative estimation. However, we emphasize that the listed
peculiar motions for IRAS 00420+5530 at the averaged velocity are consistent with
peculiar motions at the maser velocity of −46.0 km s−1 within error.
Based on table 3.5, the three sources were superimposed on the Galactic longitude (l) and Galactic latitude (b) map with 12 CO (J=1-0) color (Dame, Hartmann,
and Thaddeus 2001) and H I contour (Hartmann et al. 1997) emissions in fig. 3.5a.
Note that the both emissions were integrated over the velocity range of the Perseus
arm (VLSR = −60 to − 25 km s−1 ). Figure 3.5a also shows peculiar motions of
NGC281, IRAS 00420+5530, and IRAS 00259+5625 (with arrows). Clearly, both
NGC 281 and IRAS 00259+5625 represent same peculiar motion away from the
Galactic plane although IRAS 00420+5530 shows another tendency as parallel peculiar motion in the l − b diagram. The observational result for IRAS 00420+5530
may be explained by three-dimensional configuration of the three sources with the
direction of

l
deg
119.8
122.0
123.1
-

b
deg
−6.0
−7.1
−6.3
-

D
kpc
2.43+1.02
−0.56
2.17+0.05
−0.05
2.82+0.26
−0.22
-

U
km s−1
12±8
26±11†
5±4
U⊙ =11.1±1

V
km s−1
−6±5
−12±7†
6±4
V⊙ =12.24±2

W
km s−1
−18±12
1±4†
−13±2
W⊙ =7.25±0.5

Θ0 =240 km s−1 (Reid and Brunthaler 2004), R0 =8.33 kpc (Gillessen, et al. 2009), and flat
rotation model [Θ(R) = Θ0 ] are assumed to determine the peculiar motions. Calculation procedure
for the errors of the peculiar motions is the same as that used by Johnson and Soderblom (1987),
but with the position of the NGP as (α = 12h51m26s.2817, δ = 27d07’42”.013, J2000) and the
third angle of 122.932◦ referred to Reid et al. (2009).
†
These peculiar motions are based on (µα cosδ, µδ ) = (−3.00 ± 1.26, −1.40 ± 0.39) mas yr−1 at
averaged maser velocity in table 3 of Moellenbrock et al. (2009) (see text).
‡
References: (1) This paper; (2) Moellenbrock et al. 2009; (3)Sato et al. 2008; (4)Schonrich,
Binney, & Dehnen (2010).

∗

IRAS00259+5625
IRAS00420+5530
NGC281-W
Sun

Source
1
2
3
4

Ref.‡

Table 3.5: Peculiar motions of the sources associated with the NGC281 superbubble.∗
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the expansion flow.
To model the expansion flow, Sato et al. (2008) made the Galactic longitude
(l) and VLSR map with a ring model as shown in fig. 3.5b. As for the ring model
in Sato et al. (2008), a radially elongated ring model of ∆l ∼ 300 pc, ∆r ∼
650 pc, and ∆z ∼ 620 pc was proposed with an expansion velocity of 15 km s−1
in fig. 4c of Sato et al. (2008). Note that the proposed absolute lengths were
based on VLBI results of NGC281 and IRAS 00420+5530 (see details in Sato
et al. 2008). However, if the magnetic field lies along the Perseus arm (e.g.,
Han et al. 2006), the radially elongated ring model is not consistent with the
MHD simulation result in Tomisaka (1998), which showed that the elongation of
the superbubble is along the direction of the magnetic field. Our result for IRAS
00259+5625 cannot confirm the validity of the ring model due to the large distance
error. To evaluate the proposed ring model precisely, more accurate astrometric
observations are required for the NGC281 superbubble.
Figures 3.5a and 3.5b with VLBI results can be converted into three-dimensional
configuration of the three sources as shown in figures 3.6a and 3.6b with previous
VLBI observations. Figure 3.6a represents an edge-on diagram sliced with a Galactic longitude of ∼ 121

◦

with the assumed ring center (dring = 2.5 kpc assumed in

Sato et al. 2008), and figure 3.6b represents a face-on diagram with the assumed
ring center and previous VLBI results. Observed peculiar motion, modeled expansion flow, and residual between the previous two motions are shown in each
panel (with diﬀerent-colored arrows). In other words, the observed peculiar motions for IRAS 00420+5530, IRAS 00259+5625, and NGC 281 in the superbubble
region can be explained by the sum of the expansion flow (green arrow) and the
residual (blue arrow). As for the origin of the residual (blue arrow), the Perseus
Arm’s motion is an important candidate since the three sources are associated
with the Perseus arm as illustrated in figures 3.6a and 3.6b. However, averaged
residual components (averaged blue arrow), (U3 sources = 14 ± 4, V3 sources = −2
± 2, W3 sources = 1 ± 5) km s−1 , are not consistent with averaged non-circular
motions of the other nine sources in the Perseus arm, (U9 sources = 9 ± 2, V9 sources
= −19 ± 2, W9 sources = −4 ± 2) km s−1 in fig. 3.6b. Other candidates for the
residual are thought to be non-isotropic expansion of the superbubble and mo-
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tions of the star-forming regions relative to the superbubble. In fact, fig. 3.6a may
support the latter models (in the blue arrows). To model the peculiar motion of
the NGC281 superbubble where there are origins of the peculiar motion (e.g., the
Perseus arm, local motion in a star-forming region, and the superbubble), more
astrometric observations will be required.
As for future expectations, the VERA project aims to observe several
hundred H2 O maser sources located in star-forming regions including superbubbles
for any parallax and proper motions determinations within the next decade. This
would give us an accurate understanding of the superbubble regions related to the
Galaxy evolution in the near future.
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Figure 3.5: NGC 281 superbubble is shown with white contours HI data from
Hartmann and Burton (1997) and color 12 CO (J=1-0) data from
Dame, Hartmann, and Thaddeus (2001). The positions of NGC 281
(red), IRAS 00420+5530 (green), and IRAS 00259+5625 (yellow) are
indicated. (a) l vs. b map of the region, velocity-integrated for the
Perseus-arm line-of-sight velocity range of VLSR = −60 to −25 km s−1 .
The observed non-circular motions of the three sources are plotted as
red (NGC 281), green (IRAS 00420+5530), and yellow arrows (IRAS
00259+5625). (b) l vs. VLSR diagram, latitude integrated for the
galactic latitude range of b = −6◦ to −7◦ . Based on a ring model
proposed in Sato et al. (2008), assumed ring center as pink ∗ and
shape of the ring as pink dotted circle are plotted on the map.
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Figure 3.6: Schematic diagram of the 3D structure and motion of the NGC281
superbubble (Sato, et al. 2008). (a) Edge-on view (at a galactic
longitude of l ∼ 121◦ ) and (b) face-on view of the Galactic disk. Note
that all arrows represent the non-circular motions with the Galactic
rotation and the solar peculiar motions subtracted. Dotted green
arrows originate in a ring model proposed in Sato et al. (2008), and
blue arrows are residual vectors between the observed and modeled
ring motions (see text). Red arrows as the sum of the green and
blue arrows show not only observed non-circular motions of the three
sources in the NGC 281 superbubble, but also those of nine other
sources in the Perseus arm. Note that the nine sources and the other
sources with no arrows are previous VLBI results (e.g., summarized
in Sakai et al. 2013).

Chapter 4
VLBI Astrometry of IRAS
07427-2400 in the 3rd Galactic
Quadrant
4.1

Brief Introduction

Here we report astrometry results of IRAS 07427-2400 associated with the
Perseus arm in the 3rd Galactic quadrant (l = 240.32◦ , b = 0.07, VLSR = 68 km
s−1 ). The results can be used to understand large scale structure and dynamics of
the Perseus arm, since previous astrometry results have been limited until l ∼ 190◦
(see figure 4.1). To confirm the prediction of the density-wave theory, in which
directions of the non-circular motions (U and V ) are changed inversely inside and
outside the co-rotation radius (e.g., Mel’nik et al. 1999; Russeil 2007), wide range
observations for the Perseus arm are crucial. Therefore, IRAS 07427-2400 can be
a good target for testing the density-wave theory.
In discussion section of this chapter, we will combine our three astrometry
results with previous ones to compare between the observations and an analytic
gas dynamics model based on the density-wave theory. The derived results will be
discussed to check the validity of the density-wave theory, and to apply those for
future coming astrometry results (e.g., GAIA).
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Figure 4.1: Galactic longitude (l in deg) vs LSR velocity (VLSR in km s−1 ) diagram
of CO(J=1-0) emission (Dame, Hartmann, & Thaddeus 2001) on which
VLBI astrometry results (e.g., colored circles) are superimposed. Black
and blue circles show the Perseus arm and NGC 281 superbubble, respectively (Reid et al. 2009b). Red circle shows IRAS 07427-2400 in
Sakai et al. (2014b) in preparation, while green and yellow ones represent IRAS 00259+5625 in Sakai et al. (2014a) and IRAS 05168+3634
in Sakai et al. (2012), respectively. Note that the CO emission was
integrated over a strip ∼ 4◦ wide in latitude centered on the Galactic
plane to include essentially all emission beyond the Local arm (i.e.,
|VLSR | > 20 km s−1 , see detail in Dame, Hartmann, & Thaddeus 2001).
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Observations and Data reduction
VLBI observations with VERA

We carried out VERA astrometry observations of H2 O maser at a rest frequency of 22.235080 GHz to measure parallax and proper motions of IRAS 074272400. The observations procedure has been described in previous VERA astrometry papers (e.g., Sakai et al. 2012). In table 4.1, basic observation information
(e.g., observation date with time range, synthesized beam size, and image noise) is
listed. In table 4.2, information of maser and reference sources is listed for phasereferencing observations (e.g., tracking-center positions, separation angle between
the two sources, and flux densities). Note that we observed one or two bright
continuum source(s) in each observation to conduct clock oﬀset calibration of each
VERA station. The observed continuum sources were 3C84, DA193, M87, OJ287,
and BLLAC from which we selected one or two source(s) in each observation.
As for on-source time of the maser source in each observation, ∼ 2 hours were
assigned among total observation times of ∼ 7 hours in former five observations,
while ∼ 3 hours were assigned among total observation times of ∼ 8 hours in later
four observations (as shown in table 4.1). Note that we observed two pairs of
maser and reference sources for VLBI astrometry observations. One of them is
listed in table 4.2 and reported in this thesis. The other pair, IRAS 07207-2400
and J0729-1320, will be reported in another paper. For velocity resolution we set
0.42 km s−1 with a velocity coverage of ∼ 200 km s−1 for the maser source, instead
of a high resolution mode of 0.21 km s−1 with a velocity coverage of ∼ 100 km s−1
(e.g., explained in Chapter 3 of this Ph.D thesis).
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Table 4.1: Observations
Epoch
A
B
C
D
E
F
G
H
I

Date
2012 Jan 18
2012 Feb 28
2012 Apr 24
2012 Jun 17
2012 Sep 10
2013 Jan 27
2013 Mar 20
2013 Jun 02
2013 Sep 16

Time Range
(UTC)
11:00-18:05
08:20-15:25
04:40-11:45
01:10-08:15
19:30-02:35
09:55-18:20
06:30-14:55
01:35-10:00
18:35-03:00

Beam
(mas)
1.7×0.8@157◦
1.7×0.8@157◦
1.7×0.8@162◦
1.7×0.7@157◦
1.9×0.9@162◦
1.9×0.8@162◦
1.8×0.9@158◦
1.9×0.8@159◦
1.9×0.8@160◦

Image r.m.s
(Jy/beam)
124
180
154
356
384
69
159
249
103

Detected maser feature
1, 2, 3, 4
1, 2, 3, 4
1, 2, 3, 4, 5

1,
1,
1,
1,

2,
2,
2,
2,

3,
3,
3,
3,

4,
4,
4,
4,

5,
5,
5,
5,

6
6
6
6

†

∗

R.A.
(J2000.0)
07h44m51.9205s
07h45m10.2634s†

Decl.
(J2000.0)
−24d07’41”.457
−24d51’43”.766†
0.74

S.A.∗
(◦ )

Table 4.2: Source Data

The separation angle between the maser and reference sources.
The positions are based on Petrov et al. (2011).

IRAS 07427-2400
J0745-2451

Source Name

Flux Density
(Jy)
11 ∼ 27
0.07 ∼ 0.24
H2 O masers
Phase-reference calibrator

Note
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4.2.2

Data Reduction

We conducted general phase-referencing analysis with AIPS (Astronomical
Image Processing System, NRAO) in the same manner as Chapters 2 and 3 of
this Ph.D thesis. The main analysis procedures are described as follows (see more
detail in Kurayama et al. 2011):
1. Amplitude calibration for line (maser) and continuum (reference and calibrator) sources
2. Accurate recalculation of tracking model used in the Mitaka FX correlator
3. Frequency integration for the continuum sources
4. Calibration of clock parameters with the calibrator source
5. Calibration of clock parameters with the reference source
6. Imaging of the reference source with self-calibration
7. Phase referencing for the maser source (subtracting phases of the reference source from those of the maser source)
8. Dual-beam calibration with the “horn-on-dish” method
(Honma et al. 2008b)
9. Calibration of the Doppler eﬀect for the maser source
10. Making a CLEANed image with the phase referencing for
the maser source in each velocity channel
11. Determining an absolute position and a flux density for the maser source in each velocity channel
Step 2 (accurate recalculation of tracking model) was needed since the tracking
model used in the correlator did not have suﬃcient accuracy for astrometry. For
step 11 (determining an absolute position and a flux density for the maser), we
conducted elliptical Gaussians fitting with the task “jmfit” in AIPS.
We regarded a maser as detected if it achieved a high SNR (signal-to-noise
ratio) of five or more. We traced the maser detected in same velocity channel
and continuous position movements during observations to determine parallax and
proper motions of the maser source. We determined the proper motions using the
maser detected with 3 epochs or more, while we determined the parallax using the
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maser detected with 5 epochs or more.
As a result of data analyses with the above criteria, we detected three maser
features to determine parallaxes as shown in table 4.3; six maser features were detected for proper motions determinations, which are summarized in table 4.4. The
maser feature is recognized as a maser cluster, which consists of closest maser spots
in continuous velocity channels. In parallax and proper motions determinations,
we used “VERA Parallax”, one of the tasks of “VEDA (VEra Data Analyzer)”,
data analyzing software developed at NAOJ. In the task, we assumed that source
motions can be described by a combination of linear proper and sinusoidal parallax
motions.

4.3

Results

4.3.1

Trigonometric parallax of IRAS 07427-2400

During the observations over a period of one year and eight months, we
detected maser emissions expect for epochs D and E as shown in table 4.1. For
the epochs D and E we could not make good quality images due to high systemnoise temperatures. Figure 4.2 shows a typical maser spectrum taken at epoch
F. Using the masers detected with 5 epochs or more, we determined a parallax of
IRAS 07427-2400 to be 0.185± 0.015 mas with 10 spots in table 4.3. The position
errors shown in table 4.3 for right ascension (R.A.) and declination (Dec.) were
given so that the reduced χ2 became unity, since systematic error is dominant
in VLBI astrometry observation (e.g., Sanna et al. 2012). The position error of
R.A., 0.069 mas, is smaller than that of Dec., 0.204 mas, which is consistent with
previous VERA results. As for the obtained parallax error (0.015 mas), it may
be underestimated since the 10 spots may not be independent of each other. For
conservative parallax estimation, we additionally determined a parallax of 0.201 ±
0.024 mas with bright three features (feature 1 with VLSR = 67.8 km s−1 , feature
2 with VLSR = 66.1 km s−1 , and feature 3 with VLSR = 64.9 km s−1 ) in table 4.3.
For final parallax we averaged the two parallaxes, which led to a final parallax
of 0.193 ± 0.025 mas for the source. The error was estimated by combining in
quadrature the scatter of the individual parallaxes around the mean (± 0.008 mas)
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Table 4.3: Parallax fits.∗
Feature

VLSR
km s−1

1

Nepochs

68.7
6
68.2
7
67.8
7
67.4
7
67.0
6
2
66.6
7
66.1
7
65.7
6
3
64.9
7
64.4
6
Combined fit for 10 spots
Combined fit for three features
Final (mean of the two combined fittings)

Epochs

Parallax(Error)
(mas)

ABC++FG+I
ABC++FGHI
ABC++FGHI
ABC++FGHI
A+C++FGHI
ABC++FGHI
ABC++FGHI
A+C++FGHI
ABC++FGHI
ABC++FG+I

0.171(0.039)
0.162(0.047)
0.184(0.064)
0.182(0.073)
0.181(0.075)
0.193(0.029)
0.205(0.020)
0.163(0.035)
0.225(0.018)
0.218(0.030)
0.185(0.015)
0.201(0.024)
0.193(0.025)

Errors
R.A. Dec.
(mas)
0.049 0.162
0.066 0.200
0.094 0.171
0.110 0.180
0.109 0.195
0.041 0.230
0.028 0.201
0.048 0.217
0.025 0.296
0.037 0.132
0.069 0.204
0.060 0.229

∗

Combined fits were done to data set of two (see text). Final value was determined by taking the
mean of the two. Error of the final parallax was estimated by combining in quadrature the scatter
of the individual parallaxes around the mean (±0.008 mas) and the error bar of individual parallax
(±0.024 mas).

Table 4.4: Determination of the systematic proper motions for IRAS 07427-2400.
Feature

1
2
3
4
5
6
Mean
∗
†

VLSR
km s−1
69.9 ∼ 66.6
66.6 ∼ 65.7
64.9 ∼ 64.4
67.0 ∼ 66.6
70.4 ∼ 68.7
63.6 ∼ 62.3
65.8†

Proper Motions∗ (Error)
µα cosδ
µδ
(mas yr−1 ) (mas yr−1 )
−2.55
2.50
−1.46
2.09
−0.53
3.30
−2.42
2.81
−1.50
2.31
−2.28
2.49
−1.79(0.32) 2.59(0.17)

Note

Systematic proper motions

Proper motions values were determined by adapting a parallax of 0.193 mas.
The VLSR in Mean was determined by averaging of the six features.
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Figure 4.2: Scalar-averaged cross-power spectrum of
IRAS 07427-2400 taken at epoch F with several baselines averaged.
and the error bar of individual parallax (± 0.024 mas) in the same manner as
Honma et al. (2011). The final parallax corresponds to a distance of 5.18+0.77
−0.59 kpc,
which is smaller than the previously estimated source distance of 6.9 kpc, based on
the kinematic distance derived from

12

CO (J=1-0) observations (Wouterloot and

Brand 1989). The diﬀerence between the distances could be caused by peculiar
(non-circular) motions of the source. We will further discuss the peculiar motions
in section 4.4.
Figure 4.3 shows the combined fitting results in which source motions
are modeled by a combination of common sinusoidal parallax and discrete linear
proper motions as explained in section 4.2.2. Figures 4.3a and 4.3b show the
combined fitting results of each maser spot with the final parallax result, fixed in
the directions of R.A. and Dec., respectively. Error bars in each panel of figure 4.3
represent the systematic position errors described above. Figures 4.3c and 4.3d
show the sinusoidal parallax motions with the proper motions, subtracted from
figures 4.3a and 4.3b in the directions of R.A. and Dec., respectively. The large
deviation in Dec. from the model is seen in figure 4.3d, which has been shown in
previous VLBI astrometry observations (e.g., Sakai et al. 2012). The main reason
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Figure 4.3: Maser positional evolutions and the combined-fit results for the
10 spots listed in table 4.3 (see text). The error bars represent
position errors resulting from systematic errors, which are given
so that the reduced χ2 becomes unity. Diﬀerent colors correspond
to each feature. (a) Maser positional evolutions in right ascension
with circles. Solid lines show fitted lines (as modeled in parallax
and proper motions), while dashed lines represent only proper
motions. (b) Same as (a), but in declination. (c) Parallax motions (as the circles) in right ascension with the proper motions
subtracted from (a). The solid curve was fitted to the parallax
motions. (d) Same as (c), but in declination.
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for the deviation is thought to be tropospheric zenith delay residuals as discussed
in Honma et al. (2007).

4.3.2

Systematic proper motions of IRAS 07427-2400

Since observed proper motions include systematic (e.g., Galactic rotation)
and maser’s internal (e.g., outflow) motions, we should separate the both motions for discussing the systematic motion of IRAS 07427-2400. Figure 4.4a shows
large-scale view of IRAS 07427-2400 with which CO molecular bipolar outflow is
associated (Qiu et al. 2009). Figure 4.4b represents magnified view of the rectangular area in fig. 4.4a. In figure 4.4b, there are three continuum (1.3 mm) peaks
as MM1, MM2, and MM3 (Qiu et al. 2009). Figures 4.4c and 4.4d show VERA
observation results in the same area with the rectangular area of fig. 4.4b. Table
4.4 displays observed proper motions of several maser features that were detected
with 3 epochs or more. Note that the proper motion components were determined
by adapting the common parallax of 0.208 mas. Using table 4.4, figure 4.4c shows
detected maser distribution and the observed motions with respect to the reference
source (with arrows). We cannot see clear internal motions (e.g., bipolar outflow)
from fig. 4.4c, although maser’s bipolar outflow has been reported in another
star-forming regions (e.g., Sakai et al. 2014). Thus, here we assumed that maser’s
internal motions can be regarded as random motions, which means that we can
determine the systematic proper motions by averaging of proper motions of several
maser features.
As a result of data averaging in table 4.4, we determined the systematic
proper motions to be (µα cosδ, µδ ) = (−1.95 ± 0.38, 2.39 ± 0.14) mas yr−1 in the
equatorial coordinates. Note that the obtained errors were determined by dividing
√
standard deviations by a factor of n, where n is the number of measurements
(e.g., n = 6 in this case as shown in table 4.4). Figure 4.4d represents the internal
motions with the systematic proper motions subtracted from fig. 4.4c, which in
fact seems to be random motions. We will discuss the systematic motion of IRAS
07427-2400 based on the resultant systematic proper motions in section 4.4.
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Figure 4.4: (a) Large-scale view of IRAS 07427-2400 with which CO bi-polar
outflow is associated (Qiu et al. 2009). Red and blue contours represent redshifted and blueshifted 13 CO(J=2-1) emissions, respectively.
(b) Magnified view of the rectangle of fig. 4.4a. Contours show continuum (1.3 mm) emissions in which there are three 1.3-mm peaks
as MM1, MM2, and MM3 (Qiu et al. 2009). (c) Maser’s spatial
and velocity distributions (as colored circles) with observed motions
(as green arrows) relative to the position reference source in table
4.2. We adopted our distance measurement of 5.18 kpc to show the
observed motions with absolute velocities. The numbers labeled correspond to the maser features listed in table 4.4. The nominal origin
is set to the maser detected position in table 4.2. (d) Same as (c),
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Discussion

4.4.1

3D location of IRAS 07427-2400

In this section, we determine a pitch angle and a reference position of the
Perseus arm based on our observation results combined with previous VLBI astrometry results. First, a combination of coordinates (e.g., galactic longitude and
latitude) and the parallax of IRAS 07427-2400 tells us absolute source position on
the Galactic plane as shown in fig. 4.5a. Note that we assumed the distance to the
Galactic center (as the Galactic constant R0 ) of 8.33 kpc referred from Gillessen
et al. (2009). Also, the source is positioned only ∼ 6 pc away from the Galactic
disk toward the north Galactic pole. Second, based on the source location and
longitude-velocity (l-v) diagram of CO(J=1-0) emissions (Dame et al. 2001), the
source seems to be located in the Perseus arm (e.g., figures 4.5a and 4.5b). Shape
of spiral arm is often evaluated by the logarithmic-spiral model (see detail in Reid
et al. 2009b) as
ln(R/Rref ) = −(β − βref )tani,

(4.1)

where i is the pitch angle and β is galacto-centric azimuth (β is defined as 0 deg
toward the Sun and increasing clockwise). (Rref , βref ) are reference positions of
the spiral arm. Since (Rref , βref ) can have an infinity of combinations in the logspiral fitting, we regard βref as 0 deg in this thesis for simplicity. Finally, using
the log-spiral model toward our results and previous ones (as summarized in fig.
4.5b and table 4.5), we can determine the pitch angle and reference position of the
Perseus arm.
As a result, we obtain the parameters, (i, Rref ), to be (17.7 ± 1.8 deg, 10.3 ±
0.1 kpc) with unweighted least-squares method toward 11 sources located between
−22.4 deg ≤ β ≤ 19.6 deg in the Perseus arm. The pitch angle is consistent with
the previous result of 17.8 ± 1.7 deg determined by Sakai et al. (2012) with β
covered between −1.8 deg ≤ β ≤ 19.6 deg for the Perseus arm. It means that
common pitch angle (as continuous spiral structure) is existed at least between
−22.4 deg ≤ β ≤ 19.6 deg for the Perseus arm.
On the other hand, the spiral parameters are changed to be (i, Rref ) = (11.5 ±
1.3 deg, 10.2 ± 0.1 kpc), if we expand β to be −22.4 deg ≤ β ≤ 88.3 deg including
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Figure 4.5: (a) Schematic face-on view of the Galaxy (Taylor & Cordes 1993 with
updates) on which our astrometry result of IRAS 07427-2400 and
previous astrometry results are superimposed. The Galactic constant
(R0 ) of 8.33 kpc (Gillessen et al. 2009) was assumed, and the Sun is
located at the origin. (b) Galacto-centric azimuth (β) versus galactocentric distance (R) diagram on which the astrometry results are
superimposed. Note that R axis is shown in log scale.
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astrometry results of W49N and G48.60+0.02 (Zhang et al. 2013). The latter
results are consistent with those shown by Zhang et al. (2013), who determined a
pitch angle of 9.5 ± 1.3 deg with β covered between ∼ −25 deg ≤ β ≤ ∼ 90 deg
with 24 sources in the Perseus arm. Note that they used internal (as unpublished)
data to determine the pitch angle, and therefore we used up to 13 sources for
the log-spiral fitting of the Perseus arm. As for the pitch angle diﬀerence in 17.7
± 1.8 deg or 11.5 ± 1.3 deg, here we cannot choose one as the best solution. To
discriminate the solutions, more astrometry observations especially for observation
gap between 19.6 deg ≤ β ≤ 81.4 deg are essential. If the diﬀerence is true, it
may originate in spur and bifurcation of the spiral arm as often seen in extra disk
galaxies, or in a width of the spiral arm: we can mistake to determine the pitch
angle of the spiral arm, if we use sources located in inner edge of the spiral arm
and those located in outer edge of the spiral arm at the same time. Widely covered
astrometry results will allow us to discriminate the possibilities described above.
Figure 4.5a shows the absolute position of IRAS 07427-2400 on the Galactic
plane with previous VLBI astrometry results, while figure 4.5b exhibits the two
fitting results of the pitch angle and reference position for the Perseus arm. Clearly,
the diﬀerence of the fittings is significant at ∼ β = 100 deg, which shows the
diﬀerence of R larger than 1 kpc in fig. 4.5b. As a summary of this section, we
summarize the two results of the log-fitting for the Perseus arm as below:
ln(R/Rref ) = −βtani,
where

(17.7◦ ± 1.8◦ , 10.3 ± 0.1 kpc) in − 22.4◦ ≤ β ≤ 19.6◦ for 11 sources.
(i, Rref ) =
(11.5◦ ± 1.3◦ , 10.2 ± 0.1 kpc) in − 22.4◦ ≤ β ≤ 88.3◦ for 13 sources.
(4.2)
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3D motion of IRAS 07427-2400

As a next step, we determine and discuss for peculiar (as non-circular) motions of
IRAS 07427-2400. Full-space (3D) motion of IRAS 07427-2400 can be determined
from the observed 3D position, the systematic proper motions, and the systemic
velocity of the source. For the systemic velocity we refer to 68.0 ± 5.0 km s−1
obtained from CS(J=2-1) observations (Bronfmann et al. 1996), and also we cite
Appendix of Reid et al. (2009b) to determine the peculiar motions based on the
observational data set. The main procedures are itemized as bellow:
1. Velocity conversion from LSR velocity (VLSR ) to heliocentric velocity (vhelio )
2. Coordinates conversion from the equatorial coordinates to the Galactic
coordinates
3. Conversion from proper motions in apparent motions to those in absolute
velocities using the parallax result (π)
4. Corrections of the solar peculiar motions, the Galactic constants (R0 and
Θ0 ), and the Galactic rotation curve (Θ(R))
In the Step 1 (Velocity conversion) the VLSR of 68.0 ± 5.0 km s−1 is converted
to vhelio of 86.4 ± 5.0 km s−1 for IRAS 07427-2400. In the Step 2 the systematic
proper motions, (µα cosδ, µδ ) = (−1.95 ± 0.38, 2.39 ± 0.14) mas yr−1 in the
equatorial coordinates, are converted into (µl cosb, µb ) = (−3.14 ± 0.22, −0.25
± 0.29) mas yr−1 in the Galactic coordinates. In the Step 3 we obtain absolute
velocities in the Galactic coordinates, (vl , vb ) = (−77.1 ± 5.3, −6.3 ± 7.1) km
s−1 , based on our parallactic distance measurement of 5.18

+0.77
−0.59

kpc. In the Step

4 we adopt the solar peculiar motions as (U⊙ , V⊙ , W⊙ ) = (11.1 ± 1, 12.24 ± 2,
7.25 ± 0.5) km s−1 referred from Schonrich, Binney, & Dehnen (2010), and also we
adopt the Galactic constants as (R0 , Θ0 ) = (8.33 kpc, 240 km s−1 ) referred from
Gillessen et al. (2009) and Reid & Brunthaler (2004). For the Galactic rotation
curve we simply assume a flat rotation curve as (Θ(R) = Θ0 ).
Through the above procedures, we obtain the peculiar motions of IRAS 074272400, which are (U , V , W ) = (−9 ± 8, −3 ± 6, 1 ± 10) km s−1 as listed in
table 4.5 with previous astrometry results. Note that here the obtained errors are
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Figure 4.6: (a) Peculiar motion in U as a function of galacto-centric distance
for the Perseus arm (red circle), W49N and G48.60+0.02 (blue circle), and the Local arm (black circle). Solid line is fitted toward the
sources in the Perseus arm, but except for W49M and G48.60+0.02
(see text). (b) Same as (a), but in V . (c) U versus V plane (i.e., disk
peculiar motions) for the same sources used in (a) and (b).
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estimated considering those of parallax, proper motions, and systemic velocity in
the same manner as Johnson & Soderblom (1987). Also, directions of the peculiar
motions are toward the Galactic center (U ), the Galactic rotation (V ), and the
north Galactic pole (W ).
Using the obtained peculiar motions, we show disk peculiar motions (U and V )
as a function of galacto-centric distance, which are shown in figures 4.6a and 4.6b
with previous VLBI astrometry results. Interestingly, linear trends are seen in the
both figures for the Perseus arm, but except for W49N, G48.60+0.02, and perhaps
PZ Cas (see table 4.5 and figures 4.6a and 4.6b). Based on Kusuno et al. (2013),
the positive V of 7 ± 3 km s−1 for PZ Cas may show a local phenomenon (e.g.,
supernova explosion), since the source is associated with Cas OB5 around which
a molecular gas ring called as the super shell is observed (see fig. 12 in Kusuno
et al. 2013). On the other hand, for W49N and G48.60+0.02, we do not have a
clear explanation for the deviations from the linear trends. As noted in previous
section, more astrometry results for the Perseus arm in the gap region between
19.6 deg ≤ β ≤ 81.4 deg, corresponding to 8.16 kpc ≤ R ≤ 9.10 kpc (see table 5),
are crucial for explaining the deviations.
According to Russeil (2007), the linear trend in V components was also confirmed in stellar rotation velocities (see fig. 7 in Russeil 2007), which is basically
consistent with our result of the gaseous V components. Russeil (2007) regarded
Galactic co-rotation (CR) radius as the place where V component is 0 km s−1 ,
since the density-wave theory (hypothesis) predicted that directions of the peculiar motions (U and V ) are changed inversely in inner and outer CR radii (e.g.,
Mel’nik et al. 1999). Based on the assumption, Russeil (2007) determined a CR
of 12.7 kpc with a linear-equation fit toward the stellar V components. In the
same way, we conduct the linear fits toward both U and V components, but with
W49N and G48.60+0.02 excluded from the fittings. As a result, we obtain CR
radii of 11.0 ± 0.2 and 11.9 ± 0.4 kpc in U and V components, respectively.
IRAS 07427-2400 plays an important role in the fittings, since the source traces
the nearby co-rotation radius. We succeed to directly confirm the prediction of
the density-wave theory with VLBI astrometry results, although more astrometric
observations around the CR radius are required to accurately determine the CR
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radius.
To evaluate whether the astrometry results for the Perseus arm are aﬀected
by systematic errors (e.g., the assumed Galactic constants, solar peculiar motions,
and Galactic rotation curve), we compare the peculiar motions of the Perseus arm
with those of the Local arm as shown in table 5 and figures 4.6a, 4.6b, and 4.6c.
Averaged disk peculiar motions of (Umean , Vmean ) = (5 ± 3, −13 ± 3) km s−1
are obtained for 13 sources in the Perseus arm (as shown in table 4.5), which is
deviated from those of (Umean , Vmean ) = (−1 ± 1, −5 ± 1) km s−1 for 35 sources
in the Local arm with a significance larger than 1-sigma. Note that the obtained
errors are the standard errors. If we exclude W49N and G48.60+0.02 from the
averaging, the significance is increased (see table 5). The diﬀerence between the
Perseus and Local arms means that relative oﬀsets between them in U and V
components might be true, although absolute values in U and V can be changed
depending on the systematic errors. Figure 4.6c also shows the clear oﬀset between
the Perseus and Local arms in U vs. V plane. The almost sources in the Perseus
arm are located in lower right side of the figure (U > 0 and V < 0), while those in
the Local arm are located around the origin, but except for some outliers located
at U ∼ −20 km s−1 .
To explain the obtained systematic peculiar motions in the Perseus arm, we
will compare those with an analytic gas dynamics model in the following section.
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Comparison between observed non-circular motions
and an analytic gas dynamics model

Based on Pinol-Ferrer et al. (2012) and (2013), we compare between observed
peculiar (as non-circular) motions listed in table 4.5 and an analytic gas dynamics
model to test the density-wave theory in this section.
Explanation of an analytic gas dynamics model (Pinol-Ferrer et al. 2012
and 2013)
The model proposed by Pinol-Ferrer et al. (2012) and (2013) solves the equations of motion with the linear epicyclic approximation (see Binney & Tremaine
2008, p.189), which is regarded as an extension work toward previous researches
related to galactic disk dynamics (e.g., Lindblad 1927; Lindblad 1958; Sanders
& Huntley 1976; Lindblad & Lindblad 1994; Wada 1994). To explain the observed velocity ellipsoid in the Milky Way Galaxy, Lindblad (1927) introduced
the epicyclic description of nearly circular stellar orbits in a circularly symmetric
galaxy. Lindblad (1958) added perturbing potential showing rigid-body rotation
with pattern speed Ωp , compared to angular speed Ω of star and gas, in the theory provided by Lindblad (1927), and pointed out that there were resonances in
the perturbed system. The resonances are now called as the Lindblad resonances.
Lindblad & Lindblad (1994), as well as Wada (1994), introduced gas dynamical
friction λ in the epicyclic approximation to examine the gas motion. Using the
theory, they succeeded to examine the gas motion perturbed by asymmetric bar
potential without occurrence of the Lindblad resonances, thanks to the introduction of λ. However, another resonance called as the co-rotation resonance occurred
at the place where Ω= Ωp in their theory, which forced them to research the gas
motion in inner co-rotation radius (where Ω > Ωp ) to avoid the resonance: they
examined the gas motion perturbed by the bar potential around the galactic center
where Ω > Ωp .
Following this, Pinol-Ferrer et al. (2012) and (2013) introduced artificial softening parameter ε with the gas dynamical friction λ in the epicyclic approximation
to examine the gas motion in the entire disk without the all resonances (e.g., corotation and Lindblad resonances). The important point in the new model is that
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they formulated the model to choose any asymmetric potential models such as bar
and spiral potential models, while comparisons between observations and the previous model provided by Lindblad & Lindblad (1994) and Wada (1994) have been
conducted in always bar potential models (e.g., Lindblad et al. 1996; Sakamoto et
al. 1999; Baker 2000; Boone et al. 2007).
Using the new model provided by Pinol-Ferrer et al. (2012) and (2013), one
can obtain a steady solution for gas motion perturbed by an arbitrary asymmetric
potential showing the rigid rotation with Ωp in co-rotating flame. Mathematical descriptions for the model are summarized in Appendix of Pinol-Ferrer et al.
(2012), and therefore here we just explain important parts of the model. First, we
write axisymmetric and asymmetric potentials in the polar coordinates as
Φ(R, θ) = Φ0 (R) + Φ1 (R, θ),

(4.3)

where subscripts 1 and 2 denote an axisymmetric and asymmetric potentials, respectively. For a technical reason, we regard the Galactic center as the origin of
the polar coordinates, and also θ is defined to be 90◦ toward the Sun and increasing
counterclockwise in this thesis. In the situation, θ is related to the galacto-centric
azimuth β as explained in section 4.4.1, which is θ = 90◦ − β.
Second, the asymmetric potential can be rewritten to be
Φ1 (R, θ) = −

n
∑

Ψm (R)cosm(θ − ϑm (R)).

m=1

Here m is mode of the asymmetric potential (e.g., m = 2 in bar potential), Ψm is
amplitude of the asymmetric potential, and ϑm (R) shows phase of the asymmetric
potential: In bar potential ϑm (R) is constant, and for spiral potential here we
assume the logarithmic-spiral model as explained in 4.4.1. For Ψm (R) here we
assume it as the constant for simplicity in the same manner as Sumi et al. (2009).
In the case of the logarithmic-spiral model, ϑm (R) can be written by
ϑm (R) = cotiln

R
+ 90.0◦ .
Rref

(4.4)

Repeatedly, i and Rref are the pitch angle and reference position in the logarithmic
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spiral model.
Third, R and θ in the polar coordinates are also decomposed into axisymmetric
and asymmetric parts as
R = r0 + ξ
and
θ = θ0 + (Ω − Ωp )t +

(4.5)
η
.
r0

(4.6)

Here ξ and η are deviations from circular motion, t is time, and Ω(r0 ) is angular
velocity of circular motion. Note that the axisymmetric part r0 is diﬀerent from the
Galactic constant R0 . Fourth, based on Pinol-Ferrer et al. (2012), the equations of
motion (see also Binney & Tremaine 2008, p.189) are linearized (with assumptions
of

ξ
r0

≪ 1 and

η̇
Ω(r0 )

≪ 1) to be
∂Φ1
ξ¨ + 2λξ˙ − 2Ωη̇ − 4ΩAξ = −
,
∂R
η̈ + 2Ωξ˙ + 2λη̇ + 4λAξ = −

1 ∂Φ1
.
R ∂θ

(4.7)

(4.8)

Provided that we are not close to the co-rotation radius (where Ω = Ωp ), we can
replace eq. (4.6) by
θ ∼ θ0 + (Ω − Ωp )t.

(4.9)

Using the assumption (eq. 4.9), the full solutions of the linearized equations (equations 4.7 and 4.8) for the motion of the guiding center are written as
ξ=

n
∑

[dm cosm(θ − ϑm (R)) + em sinm(θ − ϑm (R))] ,

(4.10)

[gm sinm(θ − ϑm (R)) + fm cosm(θ − ϑm (R))] ,

(4.11)

m=1

η=

n
∑
m=1

where the amplitudes dm , em , gm , and fm are functions of galacto-centric distance
as explained in appendix of Pinol-Ferrer et al. (2012). Pinol-Ferrer et al. (2012)
inserted the softening parameter ε in the amplitudes to avoid divergence at the
co-rotation resonance (radius).
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Finally, we express simple relations between observed peculiar motions (U and
V ) and the derived solutions (ξ and η) as
ξ˙ = −U

(4.12)

η̇ = V.

(4.13)

and

Using equations (4.12) and (4.13), we will compare between VLBI astrometry
results and the analytic model in the following section.
The least-squares fit
For comparison between the analytic model explained in the previous section
and VLBI astrometry results listed in table 4.5, we try to find the minimum value
of the reduced chi-square (χ2ν ) in the analytic model parameters which are varied
within realistic ranges. The chi-square (χ2 ) can be simply written as
2

χ =

]2
n [
∑
∆ai
i=1

σi

,

(4.14)

where ai is a measurement with an uncertainty σi , and ∆ai is a residual between
the measurement and an expected value. We use U and V with uncertainties
from table 4.5 for the measurements, and the residual is calculated using the
measurements and analytic model.
Table 4.6: Summary of the spiral potential parameters used in this thesis
Parameter
√
Ψm
Rref
i
Ωp
m
λ
ε

Dimension
(km s−1 )
(kpc)
(deg)
(km s−1 kpc−1 )
(km s−1 kpc−1 )
(km s−1 kpc−1 )

Notes
Amplitude of the spiral potential
Reference position of the spiral potential
Pitch angle of the spiral potential
Pattern speed of the spiral potential
Mode of the spiral potential
Damping term for gas motion
Co-rotation softening parameter
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Table 4.6 displays the analytic model parameters used for spiral potential,
while we use the flat rotation model (e.g., Θ(R) = Θ0 ) to express the Galactic
axisymmetric potential with the Galactic constants of (R0 , Θ0 ) = (8.33 kpc, 240.0
km s−1 ). There are seven parameters of which two parameters, the pitch angle
and mode of the spiral potential (i.e., number of the spiral arms), are reasonably
restricted in parameter search spaces based on VLBI astrometry and other results.
Actually, we determined pitch angles of the Perseus arm in section 4.4.1 to be 11.5◦
or 17.7◦ with VLBI astrometry results, and generally the spiral mode (m) of 2 or
4 has been proposed for the Milky Way Galaxy (e.g., Georgelin &Georgelin 1976;
Taylor & Cordes 1993; Roman-Duval et al. 2009; Reid et al. 2009; Mel’nik et al.
2011; Englmaiser et al. 2011; Russeil et al. 2011; Beuther et al. 2012). Therefore
we restrict the two parameters into i = 11.5◦ or 17.7◦ and m = 2 or 4, which may
allow the other parameters to converge into the realistic values.
As for the reference position of the spiral potential (Rref ), we may not have to
fix the value based on VLBI astrometry results, since the VLBI astrometry results
may not trace the bottom of the spiral potential. Therefore, we search it with an
interval of 0.1 kpc in a range corresponding to ± π radian of the spiral potential
from Rref = 10.2 or 10.3 kpc in the case of i = 11.5◦ or 17.7◦ (as determined in
eq. 4.2), respectively. Note that the search range of Rref depends on not only the
pitch angle, but also the mode of the spiral potential. For instance, in the case of
i = 11.5◦ and m = 4, we search Rref between 8.7 and 12.0 kpc, while we search
Rref between 6.2 and 17.0 kpc in the case of i = 17.7◦ and m = 2.
For the pattern speed of the spiral potential (Ωp ), we search it in relatively
wide range between 15 and 27 km s−1 kpc−1 (corresponding to CR between 16.0
and ∼ 9.0 kpc) with an interval of 1 km s−1 kpc−1 compared to previous researches
(e.g., CR = 10.5 kpc in Popova & Loktin 2005; CR=12.7 kpc in Russeil 2007),
since it has a large uncertainty in contrast to the pitch angle and mode of the
spiral potential.
√
The other three parameters ( Ψm , λ, and ε) have also large uncertainties (same
as Ωp ), and therefore we search them in relatively wide ranges in the same manner
√
as Ωp . Amplitude of the spiral potential, Ψm , is searched between 10 and 55 km
s−1 with an 1 km s−1 interval, and λ and ε are searched in the same range between
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1 and 30 km s−1 kpc−1 with an interval of 1 km s−1 kpc−1 .
For an error estimation of each value in the least-squares fit, we use a formula
provided by Bevington & Robinson (2002) as
′

(aj − aj )2
χ =
+ C,
σj2
2

(4.15)
′

where aj is a single parameter in the vicinity of the minimum (at aj ) of the χ2 value,
σj2 is a dispersion of the single parameter, and C is a function of the uncertainties
σi (as explained in eq. 4.14) and the other parameters ak for k ̸= j.
However, we note that the errors obtained from eq. 4.15 may be just guide in
the least-squares fit, since systematic errors could be dominant in the analytic gas
dynamics model.
Results from the least-squares fit
Through the least-squares fit described in the previous section, we calculate the
reduced χ2 value (as χ2ν ) to obtain the model parameters of the spiral potential in
table 4.7. From model ID-1 to ID-4, we use the sources in the Perseus arm, but
with W49N and G48.60+0.02 excluded. The model ID-3 (in the case of i = 11.5◦
and m =4) shows the minimum χ2ν among the four models. The same tendency is
also shown in ID-5 to ID-8 and ID-9 to ID-12, respectively. From ID-13 to ID-24,
χ2ν values are larger than those with ID-1 to ID-12. This is easily understood,
since we applied the logarithmic-spiral model based on the Perseus arm to other
regions (e.g., around the G.C., Local arm, etc.). For the sources around the G.C.
(as shown in ID-21 to ID-24), we may have to consider the Galactic bar potential,
but this is beyond the scope of this thesis. For the Local arm (as shown in ID-17
to ID-20), as previously explained in section 4.4.2, it shows nearly circular motions
in contrast to the Perseus arm, and therefore the analytic spiral potential model
may not work well for the Local arm.
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However, we have to explain the reason why the sources in the Outer arm
are modeled well (ID-9 to ID-12) with the analytic model based on the Perseus
arm. One of the possibilities is taken from Sakai et al. (2012), who showed that a
pitch angle of the Outer arm was 11.6◦ , which is close to 11.5◦ used in the leastsquares fit. To precisely understand the reason, more astrometry observations for
the Outer arm are essential, since we used only three sources for the Outer arm.
Based on the all χ2ν values, we regard the model ID-11 as the best model in this
thesis. We note that this result is tentative, since we have to take care about many
aspects of the analytic model used in the least-squares fit (e.g., systematic errors,
appropriate search step for each parameter, accurate treatment around the CR).
Therefore, we show our result as the first step for comparing between astrometry
data distributed over kpc scales and an analytic model for the spiral potential.
Following this, we will discuss the results of the least-squares fit. Figure 4.7(a)
shows observed peculiar motions of the Perseus arm, suggesting that the Perseus
arm is distributed from lower right (U > 0 and V < 0) to upper left sides (U < 0
and V > 0) except for W49N, G048.60+0.02, and PZ Cas. Figure 4.7(b) displays
residual between fig. 4.7(a) and model ID-11, demonstrating that the systematic
peculiar motions are changed to be random (thermal) motions through the correction of the peculiar motions. Figure 4.7(c) is the same as fig. 4.7(b), but with
model ID-10 applied. The both models can correct the peculiar motions, although
the peculiar motions of W49N are not corrected well with the both models.
Figures 4.8(a) and 4.8(b) represent comparison between the peculiar motions
of the Perseus arm and model ID-11 as a function of galacto-centric distance (R).
Figures 4.8(c) and 4.8(d) are the same as 4.8(a) and 4.8(b), but with model ID-10
used. We see again the good corrections with the both models, although the two
models show diﬀerent positions of the Lindblad and co-rotation resonances. With
the model ID-11, Inner Lindblad Resonance (ILR) is located at R = 9.1+0.3
−0.2 kpc,
which is almost supported by Quillen et al. (2005), who concluded that stellar
velocity distribution in the solar neighborhood can be explained, if Inner Lindblad
resonance is located at R = 8.2+0.3
−0.4 kpc. For the model ID-10, co-rotation (CR)
radius is located at R = 12.6 +0.7
−0.6 kpc, which is consistent with Russeil (2007), who
determined CR = 12.7 kpc based on stellar peculiar motions in V component.
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Table 4.7: The least-squares fit for determining the asymmetric potential
parameters.∗
√
Model
# of
Ψm
Rref
λ
ε
Ωp
ID
sources
Perseus arm-1‡
1
12
29±2 10.2±0.1 1
1
18±1
+3
2
12
52−4 10.3±0.1 2
5
17±1
3
12
15±1 11.0±0.1 5
3 17±0.5
4
12
32±1 11.5±0.1 12 3
19±1
‡
Perseus arm-1 & Perseus arm-2
5
14
29±2 10.2±0.1 1
1
18±1
6
14
53±4 13.7±0.3 29 2
21±1
7
14
13±1 10.9±0.1 4
2 17±0.3
8
14
32+2
11.5±0.1
12
3
19±1
−3
Perseus arm-1 & Perseus arm-2 & Outer arm‡
9
17
44±4 12.6±0.3 30 4
19±1
10
17
55±5 13.8±0.5 22 4
19±1
11
17
16±1 11.0±0.1 5
4 17±0.5
12
17
30±3 11.7±0.2 11 4
18±1
Perseus arm-1 & Perseus arm-2 & Outer arm &
13
25
31
13.1
30 3
15
14
25
35
14.0
30 1
18
15
25
10
10.7
2
1
17
16
25
27
12.3
15 4
15
Perseus arm-1 & Perseus arm-2 & Outer arm &
17
52
21
13.3
12 2
19
18
52
28
16.9
15 1
22
19
52
12
11.5
7
1
15
20
52
24
12.4
26 1
22
Perseus arm-1 & Perseus arm-2 & Outer arm &
21
29
24
11.5
8
2
15
22
29
14
7.0
1 25
20
23
29
10
10.7
2
1
17
24
29
15
10.8
2
1
18
∗

i

m

χ2ν †

Memo

11.5
17.7
11.5
17.7

2
2
4
4

10.1
9.0
8.2
8.7

w/o
w/o
w/o
w/o

W49N
W49N
W49N
W49N

and
and
and
and

G48.60
G48.60
G48.60
G48.60

11.5
17.7
11.5
17.7

2
2
4
4

9.1
8.9
7.2
8.1

with
with
with
with

W49N
W49N
W49N
W49N

and
and
and
and

G48.60
G48.60
G48.60
G48.60

11.5 2
17.7 2
11.5 4
17.7 4
Sagittarius
11.5 2
17.7 2
11.5 4
17.7 4
Local arm‡
11.5 2
17.7 2
11.5 4
17.7 4
Others‡
11.5 2
17.7 2
11.5 4
17.7 4

8.9
8.6
6.9
7.3
arm‡
14.4
18.0
13.9
10.6
59.4
60.2
55.7
56.8
12.8
30.5
26.5
23.3

Best model

CR = 16.0 kpc

CR = 16.0 kpc

CR = 10.9 kpc
CR = 16.0 kpc
CR = 10.9 kpc
CR = 16.0 kpc

Bold values,
text). Other five
√ i and m, are fixed based on our observations and previous researches (see √
parameters, Ψm , Rref , λ, ε, and Ωp are searched within realistic values (see also text). Ψm is searched
between 10 and 55 (km s−1 ) with a step of 1 (km s−1 ). Rref is searched with a step of 0.1 kpc in a
range corresponding to ± π radian of the spiral potential from Rref = 10.2 or 10.3 kpc in the case of i
= 11.5◦ or 17.7◦ (as determined from eq. 4.2), respectively (see text). λ and ε are searched in the same
range between 1 and 30 (km s−1 kpc−1 ) with a step of 1 (km s−1 kpc−1 ). Ωp is searched between 15 and
27 (km s−1 kpc−1 ) (corresponding to CR radius between 16.0 and ∼ 9.0 kpc) with a step of 1 (km s−1
kpc−1 ). Errors in the least-squares fit are evaluated for only ID-1 to ID-12, and also we do not show the
errors of λ and ε, since these are artificial parameters.
†
The reduced chi-square.
‡
Referred from table 4.5. Others labeled include the sources around the Galactic center (e.g., Norma and
Scutum arms) and specific places (e.g., superbubble).
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Figure 4.7: Results obtained from the least-squares fit in table 4.7. (a) Observed
disk peculiar motions (U and V ) of the Perseus arm with blue (W49N
and G48.60+0.02) and red (others) circles. (b) Residual between (a)
and model ID-11 taken from table 4.7. (c) Same as (b), but using
model ID-10 instead of model ID-11.
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Figure 4.8: Observed peculiar motions (U in figures 4.8(a) and 4.8(c) and V in
figures 4.8(b) and 4.8(d)) of the Perseus arm as a function of galactocentric distance (R) with the models ID-10 (figures 4.8(a) and 4.8(b))
and ID-11 (figures 4.8(c) and 4.8(d)). Dotted (solid) line is derived
from the log-spiral fitting with (without) W49N and G48.60+0.02
(as shown in eq. 4.2) to trace the Perseus arm on the figures.
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Figure 4.9 displays gas orbits generated from model ID-11 on which observed
peculiar motions of the Perseus arm (as red arrows) are superimposed with the
modeled peculiar motions (as black arrows) and amplitude of the spiral potential
(as color bar). Interestingly, the gas orbits are concentrated around the sources in
the Perseus arm, meaning that our model based on the observed peculiar motions
can predict gas dense region precisely. In addition, the gas dense region is located
at inner edge of the spiral potential, which is consistent with the galactic shock
proposed by Fujimoto (1968) and Roberts (1969). Same results are also seen in
figure 4.10, but with model ID-10 used.
Following this, we model a locus of the Perseus arm on the l − v diagram of
CO(J=1-0) emissions (Dame et al. 2001) using model ID-11. Generally, observed
line-of-sight velocity (VLSR ) can be written by
(
VLSR =

Θ Θ0
−
R R0

)
R0 sinl

(4.16)

with the assumption of circular rotation. Here Θ is the rotation velocity at the
galacto-centric distance R, l galactic longitude, and (R0 , Θ0 ) are the Galactic
constants. We modify eq. 4.16 with correction terms of the peculiar motions as
(
VLSR =

Θ+V
Θ0
−
R
R0

)
R0 sinl − U cosϕ,

(4.17)

where U and V are the peculiar motions, and ϕ = 180.0◦ − (l + β). Note that β
is the galacto-centric azimuth. For R we can use the logarithmic spiral models for
the Perseus arm as shown in eq. 4.2, and for the peculiar motions (U and V ) we
can refer to model ID-11 listed in table 4.7.
As a result, fig. 4.11(a) shows the loci for the Perseus arm with or without the
corrections of the peculiar motions (as the red curve or the black curve). Note that
we assumed the flat rotation model in the both procedures. The astrometry results
listed in table 4.5 are also superimposed on fig. 4.11(a) with diﬀerent colored circles
for diﬀerent regions (red = Perseus arm; blue = W49N and G48.60+0.02; green =
superbubble; black = others). Clearly, the corrections with ID-11 can work well
to trace the sources in the Perseus arm on the l − v diagram compared to the case
without the corrections. The obtained locus (as the red curve) can be used to
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estimate a distance for a source located on the curve (i.e., the source is located in
the Perseus arm).
Finally, to evaluate an accuracy of the distance measurement about for the
locus (as the red curve in fig. 4.11a), we formulate the corrected kinematic distance
using eq. 4.17 as
(

)
R0 sinl
R = (Θ + V )
VLSR + U cosϕ + Θ0 sinl
and
√
D = R0 cosl ± R2 − R02 sin2 .

(4.18)

Note that in the final step we just used the law of cosines. Using eq. 4.18 with
the corrections of the peculiar motions, we can determine distances toward the
sources located in the Perseus arm in fig. 4.11(a). Relative accuracies of the
revised kinematic distances divided by the VLBI astrometry results are shown in
fig. 4.11(b) with red circles. On the other hand, the same procedures are conducted
toward the “general” kinematic distances in fig. 4.11(b) as black circles. Averaged
accuracy in the case of the revised distances is ∼ 16%, while that in the case of the
kinematic distances is ∼ 38 %. Especially for galactic longitude l between 94.60◦
(corresponding to AFGL 2789) and 134.62◦ (corresponding to S Per), our model
show good accuracy, although around l ∼ 180◦ it has still large uncertainties.
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Figure 4.9: Gas orbits generated from the model ID-11. Observed VLBI astrometry results (with diﬀerent
colored circles for diﬀerent regions) are superimposed on the figure with the observed peculiar
motions (as red arrows) especially for the Perseus
arm. Black arrows show peculiar motions derived
from the model ID-11 for the Perseus arm, and
also color bar represents amplitude of the modeled spiral potential.
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Figure 4.10: Same as fig. 4.9, but with model-ID 10.
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circles show the revised kinematic distance and the general kinematic distance, respectively (see
text).
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Chapter 5
Concluding Remarks
We reported astrometry results of the three star-forming regions associated
with and/or related to the Perseus arm as shown below:
・IRAS 05168+3634 (l = 170.66◦ , b = −0.25◦ , VLSR = −15.5 km s−1 )：

Parallax π = 0.532 ± 0.053 mas
Proper motions (µα cosδ, µδ ) = (0.23 ± 1.07, −3.14 ± 0.28) mas yr−1
Peculiar (non-circular) motions (U , V , W ) = (8 ± 2, −13 ± 6, −7 ± 8) km s−1
for a flat rotation model
・IRAS 00258+5625 (l = 119.80◦ , b = −6.03◦ , VLSR = −38.3 km s−1 )：

π = 0.412 ± 0.123 mas
(µα cosδ, µδ ) = (−2.48 ± 0.32, −2.85 ± 0.65) mas yr−1
(U , V , W ) = (12 ± 8, −6 ± 5, −18 ± 12) km s−1
・IRAS 07427-2400 (l = 240.32◦ , b = 0.07◦ , VLSR = 68.0 km s−1 )：

π = 0.193 ± 0.025 mas
(µα cosδ, µδ ) = (−1.79 ± 0.32, 2.59 ± 0.17) mas yr−1
(U , V , W ) = (−9 ± 8, −3 ± 6, 1 ± 10) km s−1
Firstly, the results of IRAS 05168+3634 showed the large distance diﬀerence
by a factor of three between the parallactic and kinematic distances at around
137
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Galactic longitude l ∼ 170◦ . For this region accurate astrometry is essential to understand not only the spiral arm, but also physical parameters of the star-forming
region (e.g., mass, luminosity, and dynamical age of the source). In addition, the
peculiar motions of the source show that the source moves toward the Galactic
center with U = 8 ± 2 km s−1 , and lags behind the Galactic rotation with V
= −13 ± 6 km s−1 (a flat rotation curve of Θ(R) = Θ0 assumed). The trend
has also been reported by previous VLBI astrometry observations over kpc scales
of the Perseus arm. Note that we succeeded for the first time VLBI astrometry
observation of the Perseus arm toward Galactic longitude of ∼ 170◦ , where there
had been no astrometry observations.
Secondaly, we reported the astrometry results of superbubble source IRAS
00258+5625, which indicated that the superbubble is moving away from the Galactic plane with a vertical velocity (vb ) of −18 ± 12 km s−1 . In a nearby region, Sato
et al. (2008) conducted VLBI astrometry observations toward NGC 281, which
showed the same tendency with a vertical velocity of −13 ± 2 km s−1 . Both of
the results suggest that the superbubble, located ∼ 300 pc oﬀ the mid-plane of
the Galactic disk ( at Galactic latitude of ∼ −6.0◦ ), is probably blown away from
the disk due to sequential or multiple supernova explosions. Based on the VLBI
astrometry results, we found that there are at least two kinds of the peculiar motions in the Perseus arm, which are the systematic (as described above) and the
localized (e.g., the superbubble expansion) peculiar motions.
Thirdly, we presented the astrometry results of IRAS 07427-2400, which extended previous astrometry coverage of the Perseus arm from l ∼ 190◦ up to ∼
240◦ . The results allow us to understand large scale structure and dynamics of
the Perseus arm. In fact, we revealed that the pitch angle of the Perseus arm was
constant in 94.60◦ ≤ l ≤ 240.32◦ , although the pitch angle was changed significantly in 43.17◦ ≤ l ≤ 240.32◦ . The diﬀerence indicates that bifurcation or spur
as seen in external disk galaxies may occur in 43.17◦ ≤ l ≤ 94.60◦ for the Perseus
arm. However, more astrometry observations should be required to confirm the
diﬀerence. We summarize the two pitch angles as well as the reference positions
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of the Perseus arm in a logarithmic spiral model as below:

(17.7◦ ± 1.8◦ , 10.3 ± 0.1 kpc) in 94.60◦ ≤ l ≤ 240.32◦ with 11 sources.
(i, Rref ) =
(11.5◦ ± 1.3◦ , 10.2 ± 0.1 kpc) in 43.17◦ ≤ l ≤ 240.32◦ with 13 sources.
As for the peculiar motions of IRAS 07427-2400, we derived (U , V , W ) = (−9
± 8, −3 ± 6, 1 ± 10) km s−1 in the 3rd Galactic quadrant of the Perseus arm.
Especially for the U component, the source radially moves away (e.g., U < 0) from
the Galactic center with a significance of ∼ 1-σ, while the inward motions (e.g., U
> 0) toward the Galactic center have been reported by previous VLBI astrometry
observations in mainly the 2nd Galactic quadrant of the Perseus arm. The inverse
motion as a function of Galactic longitude l (∼ Galacto-centric distance R) can be
explained with the density-wave theory proposed by Lin & Shu (1964). Also, the
inversion of the V component was previously reported by Russeil (2007), which
was based on photometric and spectroscopic observations of stellar components in
the 2nd and 3rd Galactic quadrants of the Perseus arm. We emphasize that our
results for the first time confirmed the prediction of the density-wave theory with
three-dimensional (3D) observations (i.e., VLBI astrometry observations).
Fourthly, we combined the three results with previous astrometry ones, which
were up to ∼ 70 sources. Using them, we compared the data with an analytic model
based on the density-wave theory (Pinol-Ferrer et al. 2012) to derive physical parameters related to an asymmetric (such as the spiral) potential. We revealed that
the obtained non-circular motions can be reasonably explained with the model. As
a summary, we succeeded the direct comparison between the 3D astrometry observations and the density-wave theory in this Ph.D. thesis, after this kind of study
recently became possible thanks to an improvement of observational technique.
We show our best model for the spiral potential used in this thesis as below:
・Mode (number of spiral arms) m = 4
・Pattern speed Ωp = 17.0 ± 0.5 km s−1 kpc−1
√
・Amplitude of the potential Ψm = 16 ± 1 km s−1
・Pitch angle i = 11.5◦
・Reference position Rref = 11.0 ± 0.1 kpc
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Using the above model we calculated gas orbits, which revealed that gas spiral
appeared in front of the positions of the spiral potential minimum at a Galactocentric distance R less than the co-rotation radius (i.e., R < RCR , see figures 4.9
and 4.10 in this thesis). The position oﬀsets between the gas spiral and the spiral
potential minimum can be explained with the galactic shock based on the density
wave-theory (Lin & Shu 1964; Fujimoto 1968; Roberts 1969).
Also, the model placed the Inner Lindblad Resonace (ILR) radius to be 9.1+0.3
−0.2
kpc, which is roughly supported by Quillen et al. (2005), who determined an ILR
−1
radius of 8.2+0.3
kpc−1 , which was derived from
−0.4 kpc with Ωp = 19.0 ± 0.9 km s

a stellar velocity distribution in the solar neighborhood. In addition, we confirmed
√
that total non-circular motions ( U 2 + V 2 + W 2 ) were actually maximized around
RILR ∼ 9 kpc.
Finally, we describe future prospects of our research in relation with GAIA.
For VLBI astrometry observations, we will have to observe two regions to obtain a
better understanding of the Perseus arm, which are regions of (i) 190◦ ≤ l ≤ 240◦
and (ii) 43◦ ≤ l ≤ 95◦ , respectively. The former region is crucial to accurately
determine a CR radius of the Galaxy, since beyond l ∼ 190◦ IRAS 07427-2400 is
the only source succeeded for VLBI astrometry, and the source showed possible
peculiar motions especially for the V component. Increasing a number of VLBI
astrometry observations in the region will lead to the accurate determination of CR
radius based on both the U and V components. The latter region is also important
to make a more sophisticated shape model of the Perseus arm, since currently we
assumed that the Perseus arm had a constant pitch angle for simplicity.
In the next decade, GAIA will provide stellar astrometry results with similar
accuracy of VLBI astrometry, which will allow us to understand gas and stellar
dynamics simultaneously. The GAIA astrometry and the VLBI astrometry are
complementary. GAIA will provide billions of astrometry results, while it will not
be able to observe entire the Galactic disk due to dust extinction. On the other
hand, VLBI astrometry can basically see the whole Galactic disk, while it will provide several hundreds astrometry results in the next decade. Thus, a combination
of the both observations are essential to statistically and uniformly understand the
3D structure and dynamics of the Milky Way Galaxy. For instance, the Perseus
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arm such as the nearest main arm is one of the best targets to understand an
asymmetric potential of the Galactic disk. As mentioned earlier, our model predicted the clear oﬀset between the gas spiral and the spiral potential minimum. We
will be able to confirm the prediction based on the direct observations of gas and
stellar astrometry. In other words, the stellar astrometry will directly determine a
reference position of the spiral potential.
Also, our model predicted that the ILR is located in the solar neighborhood.
It should be also tested with the future observations. The combined data from
VLBI and GAIA can be applied for various Galactic models, although we used only
the density-wave theory in this Ph.D. thesis for the first step. The combination
(stellar and gas astrometry) is promising to conclude the validity of the densitywave theory as well as that of other dynamical models such as the recurrent and
transient spiral. The selected best model for the Galactic dynamics will allow us
to accurately understand origin and evolution of the Milky Way Galaxy in the
next decade.
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698, 242
Tenorio-Tagle, G., & Bodenheimer, P. 1988, ARA&A, 26, 145
Tenorio-Tagle, G. 1991, A&A, 94, 338
Valdettaro, R., et al. 2001, A&A, 368, 845
Wada, K., Baba, J., & Saito, T. R. 2011, ApJ, 735, 1
Wang, K., Wu, Y. F., Ran, L., Yu, W. T., & Miller, M. 2009, A&A, 507, 369
Weaver, H., Williams, D. R. W., Dieter, N. H., & Lum, W. T. 1965, Nature, 208,
29
Xu, Y., Reid, M. J., Zheng, X. W., & Menten, K. M. 2006, Science, 311, 54
Xu, Y., Reid, M. J., Menten, K. M., Brunthaler, A., Zheng, X. W., & Moscadelli,
L. 2009, ApJ, 693, 413
Xu, Y., Moscadelli, L., Reid, M. J., Menten, K. M., Zhang, B., Zheng, X. W., &
Brunthaler, A. 2011, ApJ, 733, 25
Xu, Y., et al. 2013, ApJ, 769, 15

156

References

Yun, J. L., & Clemens, D. P. 1995, AJ, 109, 742
Yun, J. L., & Clemens, D. P. 1994, ApJS, 92, 145
Zhang, Q., Hunter, T. R., Brand, J., Sridharan, T. K., Cesaroni, R., Molinari,
S., Wang, J., & Kramer, M. 2005, ApJ, 625, 864
Zhang, B., Zheng, X. W., Reid, M. J., Menten, K. M., Xu, Y., Moscadelli, L., &
Brunthaler, A. 2009, ApJ, 693, 419
Zhang, B., Reid, M. J., Menten, K. M., & Zheng, X. Y. 2012a, ApJ, 744, 23
Zhang, B., Reid, M. J., Menten, K. M., Zheng, X. Y., & Brunthaler, A. 2012b,
A&A, 544, 42
Zhang, B., Reid, M. J., Menten, K. M., Zheng, X. Y., Brunthaler, A., Dame, T.
M, & Xu, Y. 2013, ApJ, 775, 79
Zhang, B., et al. 2014, ApJ, 781, 89

