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大質量形成領域のアウトフロー・星周円盤	


電波・赤外線観測でその存在が確認	


v  メーザー	

Ø  H2O（ジェット/アウトフロー）	


Ø  CH3OH（円盤/アウトフロー）	


v  分子線	

Ø  CH3CN（円盤/回転トロイド）	


Ø  CO（アウトフロー）	


v  赤外線	

Ø  EGO：4.5μmの広がった放射（アウトフロー）	


次なるステップは	


アウトフロー・円盤のガスの運動を直接測定	


v  原始星周囲のガスの３次元運動	


v  原始星の進化の過程の解明	
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Figure 1. (Continued)

2. OBSERVATIONS

2.1. Very Large Array (VLA)

The 6.7 GHz observations reported here were made possible
by the expanded tuning capability of the NRAO3 Expanded
Very Large Array (EVLA) at C band. A sample of 28 EGOs
was initially observed in the 6.668519 GHz CH3OH (51–60) A+

(El = 48.7 K) maser transition on 2007 October 31 in the B
configuration using Doppler tracking: 11 EVLA antennas were
available for these observations. Unfortunately, we discovered
that Doppler tracking with the EVLA antennas produced large
phase jumps between the targets and calibrators for all but one
source (G11.92−0.61) for which the sky frequency of the target
and calibrator were sufficiently close to permit calibration (this
problem has since been fixed). For the other sources the phase
stability was sufficiently good during the short observations
that maser emission could be detected in uncalibrated vector-
averaged u–v plots (it is notable that weak masers or masers
far from the phase center would not have been apparent in
these plots). The 18 uncalibratable sources with maser features
apparent in the original u–v data were re-observed at 6.7 GHz
in 2008 February in fixed-frequency mode; the larger overheads
associated with fixed-frequency observing did not permit re-
observing all 28 sources in the allotted time. The fixed-frequency

3 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under agreement by the Associated Universities,
Inc.

6.7 GHz EVLA observations were obtained on 2008 February 1
in the B configuration and 2008 February 9, 17, and 19 in
the CnB configuration: 13 EVLA antennas were available for
these observations. The sources were split into two groups based
on their declinations, and each group of sources was observed
twice. The bandwidth was 1.56 MHz (70 km s−1); aliasing
on EVLA–EVLA baselines using the interim system (EVLA
antennas and VLA correlator) meant that the usable bandwidth
was ∼30 km s−1. The aliasing is worse for narrow bandwidths
and in the presence of broadband continuum emission. The
spectral resolution was 3.05 kHz (0.14 km s−1), prior to offline
Hanning smoothing. The data were taken in single polarization
mode. For each source, the phase calibrator, bandpass calibrator,
flux calibrator, observation date, velocity range searched for
maser emission, and synthesized beam size are listed in Table 1.

Our 44 GHz VLA observations, of the 18 EGOs observed with
fixed frequency at 6.7 GHz plus G11.92−0.61, were obtained
on 2008 February 16 and 18 in the CnB configuration, in
fixed frequency mode: 26 antennas were available for these
observations. One IF was tuned to the 44.069410 GHz CH3OH
(70–61) A+ (El = 62.9 K) maser transition; the bandwidth
was 3.125 MHz (21 km s−1, ∼19 km s−1 usable due to the
aliasing described above) and the spectral resolution 24.4 kHz
(0.17 km s−1), prior to offline Hanning smoothing. Pseudo-
continuum observations were obtained simultaneously (ν =
44.1 GHz, 25 MHz bandwidth divided into 16 channels). The
data were taken in single polarization mode. The bandpass

G35.20-0.7NのCH3CNの分布（Sanchez-Monge+ 2013）	


G24.94+0.07のCH3OHメーザーと赤外線の分布（Cyganowski+ 2011）	


@6.7GHz	


アウトフロー	


星周円盤	




EAVNを用いた6.7GHzメタノールメーザー
モニター観測プロジェクト	


u 目的	


Ø  6.7GHzメタノールメーザー源の3次元

運動の系統的調査・発生領域の特定	


u 観測諸元	


Ø  観測期間：2010年8月〜2013年10月	


Ø  観測天体：36天体	


Ø  観測局：水沢, 入来, 小笠原, 石垣, 

日立, 山口, 臼田, 上海, 蔚山	


u 成果	


Ø  空間分布：楕円/直線/アーチ/ペア/

複雑形状に分類	


Ø  内部固有運動：G006.79-00.25	


Fujisawa+ (2014）	


Sugiyama+ (2015）	


詳細は杉山さん（茨城大学）	

ポスター発表参照	


EAVNの基地局（緑が本プロジェクトで使用）	


Sugiyama+（29th NAO Users Meetingポスター）	


現在は内部固有運動の
系統的な調査を実施	




研究目的	


n  直線・アーチの内部固有運動	


v 直線形状は2/13天体	


v アーチ形状は検出例なし	


n  直線形状の内部固有運動	


1.   星周円盤に付随？	


Ø  視線速度に勾配	


Ø  分布に沿って運動	


	


2.   アウトフローに付随？	


Ø  アウトフローに沿った運動	


n  研究目的	


NGC7538 (Moscadelli&Goddi 2014)	


S269 (Sawada-Satoh+  2013)	


A&A 566, A150 (2014)

Fig. 2. Proper motions of 6.7 GHz CH3OH masers detected over three epochs with the EVN. Symbols, colors and contours have the same meaning
as in Fig. 1. The plotted field of view includes the maser clusters “A”, “B”, “C” and “D” (top panel), and cluster “E” (lower panel). Colored
arrows show the measured maser proper motions, with dotted arrows denoting the most uncertain measurements. The scale for the proper motion
amplitude is given by the black arrow in the lower left corner of each panel.

A150, page 6 of 30

直線状に分布するNGC7538の6.7GHzメタノールメーザーの固有運動
Aの中心とB,Cの中心に中心星が存在（Moscadelli&Goddi 2014）	


EAVNモニタープロジェクトで直線・アーチ
形状に分類される天体の３次元運動を測
定、発生領域と運動起源を調査	


本講演	

　G028.83－00.25（アーチ）	




大質量星形成領域G028.83－00.25	
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Figure 1. (Continued)

calibrator was J2253+161 and the flux calibrator was 3C286.
Fast switching was used with a cycle time of 2 minutes, and
the pointing model was updated once per hour during the
observations. For each source, the phase calibrator, observation
date, velocity range searched for maser emission, synthesized
beam size, and continuum rms from the wideband data are listed
in Table 2.

In the calibration of both the 6.7 GHz and 44 GHz data sets, a
model was used for 3C286. All maser data were self-calibrated
using the channel with the strongest maser emission (except for
the G37.48−0.10 44 GHz data, which did not have sufficiently
strong masers). We estimate that the absolute flux calibration is
accurate to ∼10%, and that the absolute positional uncertainty is
∼0.′′1. Our VLA observations were obtained prior to the single-
dish molecular line observations of our EGO sample described
in Section 2.2. Source velocities for tuning the VLA correlator
were obtained from a broad range of data from archives and the
literature. As subsequent follow up shows, this was not always
ideal (see Section 3). The primary beam (FWHP) of the VLA is
6.′7 at 6.7 GHz and 1.′0 at 44 GHz.

The search for maser emission in the 6.7 and 44 GHz image
cubes was automated using the AIPS task SAD. These data are
dynamic range limited such that the rms noise in channels with
bright maser emission is significantly increased compared to
non-maser channels (this is due primarily to relatively poor u–v
coverage). To account for this limitation, the rms noise cutoff
for SAD was adjusted from a conservative value of ∼6σchannel

for the majority of the channels in each cube to as high as
∼10σchannel for those channels containing strong emission. This
was a greater issue for the 6.7 GHz data than the 44 GHz
data because the former had significantly fewer operational
antennas. Tables 1 and 2 list the minimum, maximum, and
median threshold values used for each source. Only spectral
features above these thresholds in at least two channels are
reported. The median 6σ detection limit for the whole sample
of 19 EGOs is ∼0.16 Jy (brightness temperature TB ∼ 1247 K)
for the 6.7 GHz data and ∼0.15 Jy (TB ∼ 330 K) for the 44 GHz
data. Reported maser flux densities and intensities have been
corrected for primary beam attenuation.

2.2. James Clerk Maxwell Telescope

Observations of HCO+(J = 3–2) and H13CO+(J = 3–2)
were obtained at the JCMT4 on 2008 May 28–30 toward
18 of the EGOs surveyed for CH3OH masers with the VLA
(G10.34−0.14 excepted). Two 1 GHz IFs were observed simul-
taneously: one IF was centered on HCO+(J = 3–2) at 267.558
GHz (El= 12.8 K) in the USB, while the other IF covered
H13CO+(J = 3–2) at 260.255 GHz (El = 12.5 K) in the LSB.
Also included in the H13CO+ tuning was the CH3OH(52,3–41,3)

4 The JCMT is operated by The Joint Astronomy Centre on behalf of the
Science and Technology Facilities Council of the United Kingdom, the
Netherlands Organisation for Scientific Research, and the National Research
Council of Canada.
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Figure 2. (Continued)

赤外線とメタノールメーザー(Cyganowski+ 2009)	


HCO+, H13CO+とメタノールメーザーのスペクトル(Cyganowski+ 2009)	
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Figure 5. (Continued)

3.8.10. G23.96−0.11

The relationship of the CH3OH masers to the MIR emission
toward this EGO suggest that the EGO may in fact be comprised
of at least two distinct sources: (1) a northern source, associated
with a 6.7 GHz CH3OH maser group, a cluster of 44 GHz
CH3OH masers, and a weaker 24 µm source, and (2) a southern
multiband IRAC source with a brighter 24 µm counterpart and
extended 4.5 µm emission to its south. Most of the 44 GHz
CH3OH masers are coincident with or at the edges of extended
4.5 µm emission (Figure 1(j), 5(j)). The brightest 6.7 GHz
masers are blueshifted with respect to the thermal gas vLSR.
A position and peak velocity for this 6.7 GHz maser were
previously reported by Szymczak et al. (2007) (and references
therein). The JCMT beam encompassed both the northern
and southern 24 µm emission, and the H13CO+ profile is
asymmetric, with a weaker, redder secondary bump. High-

resolution molecular line observations are required to clarify
the number, nature, and kinematics of sources in this region.
See note added in proof.

3.8.11. G24.94+0.07

This EGO is extended roughly north–south and lies east of
two multiband MIR point sources (Figure 1(k)). The 6.7 GHz
masers are coincident with 24 µm emission, and have an unusu-
ally narrow velocity extent (∆v ∼ 2 km s−1), with the peak being
∼5 km s−1 redward of the thermal gas vLSR and ∼2 km s−1

redward of the reddest 44 GHz CH3OH maser (Figure 2(k)).
The 6.7 GHz maser group is spatially closest to the reddest
44 GHz CH3OH masers (Figure 5(k)). Most of the other
44 GHz CH3OH masers are at or near the thermal gas vLSR
and are distributed on or along the edges of extended 4.5 µm
emission. The arc of masers to the northeast, in particu-
lar, traces a 4.5 µm lobe. SiO(5–4) emission (∆vFWHM =

v 距離：4.6 kpc	


v 系統速度：	


v 原始星から双極に広がるEGO	


v  6.7GHzメタノールメーザー	


Ø  24μmのピークに存在	


Ø  スペクトル：アウトフロートレーサーの両脇	


Ø  直径 ≧3000AUの円盤を示唆？	


Green & McClure-Griffths (2011)	


Vsys = 87.1 km · s�1

@H13CO+ (Purcell+ 2006)	


赤：8μm	

緑：4.5μm	

青：3.6μm	

黄：24μm	




観測諸元	


観測エポック	
 1	
 2	
 3	
 4	


観測日	
 2010/8/29	
 2011/10/5	
 2012/9/23	
 2013/10/29	


使用観測局	
 M, R, O, I, H, S	
 M, R, O, I, H, Y	
 M, R, O, I, H, S, Y	
 M, R, O, I, H, Y, U	


 速度分解能 	

	


0.176	


 合成ビーム 	

        	


5.55×3.49	
 6.29×3.75	
 6.06×3.99	
 6.13×5.21	


イメージ感度(1σ)	

	


65.4	
 46.8	
 56.6	
 79.4	


※M：水沢, R：入来, O：小笠原, I：石垣, H：日立, S：上海, Y：山口, U：蔚山 	


km · s�1

mJy · beam�1

mas2

u 観測期間	

Ø  2010年9月〜2013年10月	


Ø  約１年間隔で4回観測	


Ø  第４エポックは蔚山局（KVN）が参加	


u 観測パラメーター	




空間分布	


v 形状：アーチ	


v 分布スケール： 2700 AU	
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第3エポック(2012/9/23)の空間分布	
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メーザーフィーチャー	


v メーザーフィーチャー（メーザー雲）	


u 位置と視線速度が連続して分布している

３個以上のスポットの集団	


Ø  第１〜４エポックで８個（共通）	


Ø  第２〜４エポックで９個（共通）	


Vsys = 87.1 km · s�1
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第3エポック(2012/9/23)のメーザー雲	


空間分布	


v 形状：アーチ	


v 分布スケール： 2700 AU	


メーザー雲単位で内部固有運動を計測	


Ø  クリスマスツリー効果を除去	


Ø  メーザー雲内の複雑な運動を除去	


v メーザーフィーチャー（メーザー雲）	


u 位置と視線速度が連続して分布している

３個以上のスポットの集団	


Ø  第１〜４エポックで８個（共通）	


Ø  第２〜４エポックで９個（共通）	


Vsys = 87.1 km · s�1



内部固有運動	
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v 第２〜４エポックで計測	


v メーザー雲の重心（座標平均）	


Ø  各エポックの不動点と仮定	


v ９個のメーザー雲で運動を検出	


Ø  速度：	


v 重心まわりの回転運動を示唆	


1.17 ⇠ 8.11 km · s�1

３エポック間（第２〜４エポック）のメーザー雲の内部固有運動	

白丸は重心（メーザー雲の位置の座標平均）	




位置 - 速度（P - V）図 	


Vsys=87.1(H13CO+)	

           (Purcell+ 2006)	


白線上の位置 vs 視線速度（第３エポック）	


白線上の位置 vs 内部固有運動（東方向が正）	


v 白線：メーザー雲の位置の最小二乗法近似	


Ø  白線上での位置のズレ：P-V図の横軸	


Ø  メーザー雲をほぼ真横から見た状態	


v 視線速度：双極的な分布	


v 固有運動：外側ほど大きい？	


Red-shift	


Blue-shift	


第３エポックのメーザー雲の位置	


同一円周上からの放射ではない	


ケプラー回転を仮定	
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中心星の位置推定１	


R	


vrot	
vlsr	


vpro	


θ	


θ	


M	


v  仮定	


Ø  円盤：ケプラー回転	


Ø  楕円の傾斜角：          （Edge-on円盤）	


v  式のパラメータ	


Ø  視線速度	


	


Ø  内部固有運動	


i = 0 �

vlsr =

s
GM

|R0 � a| cos ✓

v
pro

=

s
GM

|R0 � a| sin ✓

θを削除	
 v2
lsr

+ v2
pro

=
GM

|R0 � a|
が無限大に発散するR’を見つける	
v2

lsr

+ v2
pro

G ：万有引力定数	

M ：中心星の質量	

R’：白線上でのメーザー雲の位置	

a  ：白線上での中心星の位置 	

θ：face-onでのスポットの位置角	


Face-onで見た円盤モデル	


RA	


視線方向	




中心星の位置推定２	


v 近似曲線	


a   ：白線上での中心星の位置	

b   ：フリーパラメータ	

R’ ：白線上でのメーザー雲の位置	


v フィッティング結果	


v 中心星はblue-shiftの南東	


v 円盤の半径：≧1700 AU	
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中心星の質量推定	


v 近似曲線	


M ：質量	

R’：白線上でのメーザー雲の位置	

 a ：白線上での中心星の位置	


f(R0) =
M

|R0 � a|

近・中赤外線光度を用いたSED fitting (Watson+ 2008)	


Fig. 16.—Same as Fig. 14, but showing bubble N49.

Fig. 17.—Model fits to the SEDs of two candidate massive YSOs appearing on the rim of bubble N49. Measured broadband fluxes and lower limits are plotted as
circles with error bars and triangles, respectively. The set of well-fit model SEDs are overplotted as curves, with the black curve showing the best fit. Left: YSON49-1 is
extremely red in the GLIMPSE bands. Right: YSO N49-3 is associated with the brightest extended 4.5 !m emission in our sample, indicative of a powerful molecular
outflow. Because the 4.5 !m emission is extended and the YSO models do not incorporate molecular line emission, this band was not used in fitting the SED of this
object. These sources are very close together, and their 24 !m emission is borderline confused and saturated, so lower limits were employed for the fitting. [See the elec-
tronic edition of the Journal for a color version of this figure.]

v フィッティング結果	


v 赤外線光度からの推定値	


Watson+ (2008)	


赤外線光度からの推定値より約２倍大きい	


MIR = 10.5 M�

質量の近似曲線	
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まとめ・今後の展望	


n  まとめ	


n  EAVNモニタープロジェクトでアーチ形状に分類されていた天体

G028.83－00.25の内部固有運動を検出	


n  内部固有運動の向き、位置 - 速度図から半径≧1700AUの円盤の

回転運動を検出	


n  円盤の速度場から中心星の質量を　　　　　　　　　　　　と推定	


n  今後の展望	


n  楕円の傾斜角を含めた推定	


n  遠赤外線を含めたSED fitting	


n  メーザーの3次元分布の作成	


M = 23± 5 M�


