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茨城32-m x 2台を用いた観測研究	

q 日立32-mを用い、計 442 個の 6.7 GHz メタノールメーザー

天体を対象とした長期的かつ高頻度な強度変動モニター

q 日立・高萩32-m x 2台による 2素子干渉計

q 大学VLBI連携観測

茨城 （日立・高萩）32-m電波望遠鏡 (茨城大学, 宇宙科学教育研究センター HP より拝借)	
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【周期変動天体のVLBI】 會川,  【少数基線VLBI】 齋藤（偉）	



１. 日立32-mによるモニター観測	

茨城32-m メタノールモニター	
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Figure 1. Evolution of the protostellar radius with various accretion rates
Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M⊙ yr−1 (taken from HO09). The
symbols indicate the stellar models for which we conduct the linear stability
analysis. The circles and stars represent the pulsationally stable and unstable
models, respectively. The shaded layer denotes the instability strip where the
protostar becomes unstable.
(A color version of this figure is available in the online journal.)

evolution is briefly summarized as follows (see HO09 for
details). Initially, the stellar radius gradually increases with
increasing stellar mass. After this stage, e.g., M∗ ! 10 M⊙ for
Ṁ∗ = 10−3 M⊙ yr−1, the protostar contracts by losing its energy
via radiation (Kelvin–Helmholtz or KH contraction). The stellar
central temperature increases during this contraction stage and
finally reaches 107 K. The hydrogen burning is ignited and the
protostar reaches the zero-age main sequence (ZAMS; except
with 6 × 10−3 M⊙ yr−1). After this point, e.g., M∗ ≃ 40 M⊙ for
Ṁ∗ = 10−3 M⊙ yr−1, the stellar radius increases again as the
stellar mass increases. We here note that the maximum stellar
radius during this evolution is larger with a higher accretion rate.
This is because the accreting gas has a higher specific entropy
with more rapid mass accretion, which leads to a higher average
entropy in the stellar interior (also see HO09). As a result, the
maximum stellar radius exceeds 100 R⊙ with high accretion
rates, Ṁ∗ ! 10−3 M⊙ yr−1.

We apply the linear stability analysis to the above protostellar
models (see, e.g., Cox 1980; Unno et al. 1989; Inayoshi
et al. 2013 for details). We here consider radial (spherical)
perturbations with the time dependence of eiσ t , where σ =
σR + iσI is the eigen frequency, σR is the frequency of the
pulsation, and |σI| is the growth or damping rate of the
perturbation. The protostar is pulsationally stable (unstable)
with the positive (negative) σI. If unstable, the perturbation
grows until it reaches the nonlinear regime, where the pulsation
energy is dissipated by shock waves near the stellar surface.
The dissipated energy is partly converted into the kinetic
energy of periodic outflows (e.g., Appenzeller 1970; Yoon &
Cantiello 2010).

The symbols in Figure 1 represent the stellar models for
which we conduct the linear stability analysis. Our calculations
show that the protostar becomes pulsationally unstable only
when the stellar radius expands maximally at a given accretion
rate. This instability is caused by the κ mechanism in the He+

ionization layer, where the radiative energy flux is blocked
and converted into the pulsation energy (e.g., Cox 1980; Unno
et al. 1989). In the KH contraction stage, the stellar surface
temperature increases and the He+ ionization layer disappears.
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Figure 2. Period–luminosity (P–L) relation of forming massive protostars. The
thin black (blue) curves show the evolutionary tracks with the spherical (disk)
accretion at the rates of Ṁ∗ = 10−4, 10−3, 3 × 10−3, and 6 × 10−3 M⊙ yr−1.
The star symbols on the tracks denote the pulsationally unstable models. The
eigen frequencies are plotted for the stable stellar models. The shaded layer
shows the instability strip as in Figure 1. The solid line represents the P–L
relation given by Equation (1), which fits the unstable models. The filled and
open symbols represent the observed sources whose distances are measured
with the trigonometric parallax and kinematics. The triangles indicate that the
sources are associated with ultra/hypercompact H ii regions (Walsh et al. 1998;
Reid et al. 2009a; Urquhart et al. 2007).
(A color version of this figure is available in the online journal.)

The protostar is consequently stabilized and the pulsation
ceases. Although the protostar would also be unstable with
lower accretion rates ("10−3 M⊙ yr−1), the growth time is much
longer than the duration for which the star is in the instability
strip (σ−1

I ≫ M∗/ Ṁ∗ ∼ 104 yr). The perturbation does not
grow enough to cause the stellar pulsation in this case. The
instability strip thus does not extend for M∗ " 10 M⊙, where
the star becomes unstable with the lower accretion rate (see
Figure 1).

3. PERIOD–LUMINOSITY RELATION

Figure 2 shows the evolution of the pulsation period and
stellar luminosity in the examined cases. In each case, the
stellar luminosity increases monotonically as the stellar mass
increases. The pulsation period increases with the stellar mass
in the early expansion phase, and decreases in the later KH
contraction phase. The protostar becomes pulsationally unstable
around the turning point of the period, which corresponds to that
of the stellar radius as seen in Figure 1.

Figure 2 also presents the observed sources with periodic flux
variations in the 6.7 GHz methanol masers, whose parameters
are summarized in Table 1. The luminosities of these sources
are estimated with the far-infrared data of Infrared Astronomical
Satellite (IRAS) following Casoli et al. (1986) and Guzmán et al.
(2012). We see that the pulsation periods of the unstable models
are several 10–100 days, the same order of the observed periods
of the maser sources. Although the pulsation period is shorter
than 10 days with low accretion rates Ṁ∗ " 10−3 M⊙ yr−1, the
instability strip does not cover such cases as explained above.
This well explains why the maser sources that have such a short
periodic variability have not been observed.

Our calculations predict that both the period and luminosity of
the pulsationally unstable protostars increase with the accretion
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大質量星周囲における周期的な強度変動	

q 6.7 GHz メーザーの周期変動
–  既知： 20 天体 (e.g., Goedhart+ 04)
–  周期： 30–670日
–  変動傾向： 連続的 / 間欠的
–  全速度成分間で同期,  多数



	

q 脈動不安定モデルに着目 
(Inayoshi+ 13)
–  ZAMS直前の ~1000年 滞在
–  大降着率下で成長： ≧ 10-3 Mo/yr
–  周期-光度関係 (P-L relation) を予言

500日, 連続的	-90.8	km/s	

-91.5	km/s	

周期変動を示すメタノールメーザー天体:  
G 331.13-00.24, 連続的変動 (Goedhart+ 07)	

(Inayoshi+ 13)	

共通の励起源の変動現象に起因？	
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原始星表面の物理パラメータへ迫る！	



日立32-mによる長期・高頻度モニター	

【第１シーズン】　2012/12/30 – 2014/01/10
【第２シーズン】　2014/05/07 – 2015/08/24
–  天体数： 442,   頻度： 9 –10日/天体
–  狙い： 50 –200日周期天体の検出



【第３シーズン】　2015/09/18 – 2017/03/14
–  天体数： 143,   頻度： 4 – 5 日/天体
–  狙い： 30日未満の短周期天体 検出



【第４シーズン】　2017/06/14 – 継続中



新検出、およびサンプルの倍増化に成功	

 0

 5

 10

 15

 20

 0  100  200  300  400  500  600  700  800

N
um

be
r o

f s
ou

rc
es

Periods [days]

Hitachi 3rd
Hitachi 1st-3rd

Previous

既知 20
+ 

新検出 31	
☞　２倍以上への	
　　 増加に成功	

　　　： 既知	
　　　： 日立 第１−３期,	新検出	
　　　： 日立 第３期,	新検出	

周期 [day]	

天
体

数
	



変動パターンで分類した周期ヒストグラム	
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P-L relation ： 既知のみ	
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P-L relation ： 既知＋新検出	
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２. 周期天体の年周視差計測	

茨城32-m メタノールモニター	



年周視差計測の必要性	
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年周視差計測の必要性	
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周期天体に対する年周視差計測	

q VERA共同利用 : 17A-124
–  年周視差計測の実績豊富な 水メーザーを活用
–  水メーザー源の絶対座標が干渉計精度で決まっており、　　

かつメタノール源と 0.1 pc 以内で一致
–  G 035.79-00.17  (2017B まで継続)  &   036.70+00.09

q VERA内部プロジェクト観測
–  選出条件を少し緩く設定

•  水メーザー位置精度が単一鏡精度でもＯＫ
•  水メーザー非検出の場合も、VERA単一モニターリストに追加

–  計 ８天体を選出
–  フリンジチェックを通過した G 037.47-00.11 から開始	
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VERA共同利用 : G 035.79-00.17	

Epoch	 コード	 相関処理	 位相補償	 備考	

エポック１
（2017/02）	

R17036B	 ◯	 ◯	 水沢 雪 （前半５時間）	

R17047C ◯	 X	
入来 悪天候 （終日）
石垣 運用ミス （前半４時間）

エポック２
（2017/04）	

R17105B	 ◯	 ◯	

R17124C ◯	 ◯	

エポック３
（2017/06）	

R17160B	 ◯	 X	
石垣 スケジュールのハングアッ
プ （最後１時間）	

R17161B	 ◯	 ◯	

エポック４
（2017/10）	

R17286B	 ◯	 X	

エポック５
（2017/12）	

R17349A	



VERA共同利用 : G 035.79-00.17	

q 計４回分データで ２スポット
の位相補償に成功
–  それぞれ ３エポック分ずつ
–  肝心のエポック４ (2017/10)

で位相補償に失敗…
–  エポック５ (2017/12) に期待

q 現状 : 視差解 求まらず
–  視差楕円 半径 ~0.25 mas
–  Near/far = 4.0/9.6 kpc ？
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VERA内部 : G 037.47-00.11	

q 2017/11 から開始
–  エポック１ : R17331A
–  相関処理 : 12/21完了
–  位相補償に成功	

位相補償スペクトル
Vector average
     ~500 mJy

位相補償画像
シフト : 
  Δα +1.49”
  Δδ +0.42”



３. 大学VLBI連携への発展	

茨城32-m メタノールモニター	



components, which hereafter we refer to as E 1 (southwestern)
and E 2 (northeastern). E 1 is five times stronger and offset by
about 250 mas (1300 AU) from E 2. The flux density measured
in the B configuration is consistent with that (∼16 mJy)
reported by Franco et al. (2000) in C configuration, which
suggests we recovered all the significant flux around
component E.

OH masers have peak brightness temperatures between
3 × 108 and 3 × 1010 K and are found further from both radio
continuum peaks than the other masers. Individual spots are
slightly resolved with an upper limit in size of 2 × 1015 cm. The
spot size was obtained by Gaussian deconvolution with the
beam. OH maser cloudlets have FWHM linewidths determined
by Gaussian fitting in the range 0.33–0.47 km s−1. Only fits
with FWHM estimated with less than a 10% uncertainty were
considered. OH maser spots have line of sight (LOS) velocities
blueshifted by less than 4 km s−1 with respect to the systemic
velocity at +2 km s−1(Hofner et al. 1996).

Faint water maser emission with peak brightness tempera-
tures in the range 2 × 108–4 × 109 K is detected in the region
closer to radio component E 2 than E 1. Individual spots are
slightly resolved with an upper limit in size of 1 × 1014 cm and
arise in four distinct loci along the N–S direction (∼160 mas).
Water maser cloudlets have linewidths between 0.73 and
0.95 km s−1 and emit over a VLSR range of about 13 km s−1,
including the most redshifted masing gas from the region at
+11 km s−1.

All the methanol maser emission, except one faint feature, is
projected within about 600 AU from the peak of component E 1

and spans more than three orders of magnitudes in brightness
temperature, from 5 × 108 to 2 × 1012 K. Individual CH3OH
cloudlets are grouped in two N–S filamentary structures to the
east and west of the radio continuum peak E 1 (Figure 2) and
cover a LOS velocity range of 8 km s−1. Emission from the
strongest maser spots appears resolved in a core/halo
morphology, as it is evidenced in Figure 3. Linewidths range
between 0.17 and 0.36 km s−1. Emission from the western
filament is limited to negative LSR velocities, blueshifted with
respect to the systemic velocity of the region, and its peak
brightness temperature is less than 3 × 1010 K. The eastern
filament includes the strongest, Galactic, 6.7 GHz CH3OH
maser feature, which is placed at zero offset in Figure 2. Its
isotropic luminosity of 1 × 10−4 Le arises from a cloudlet with
an apparent size of ∼30 AU. Our observing epoch falls in the
quiescent period between the 13th and 14th flare cycles on the
basis of the ephemeris provided by Goedhart et al. (2003).
Therefore, both values of brightness temperature and isotropic
luminosity have to be taken as lower limits.
We note a quasi-elliptical distribution of CH3OH maser

emission which occurs within 150 AU to the south of the
brightest maser feature (Figure 3). This emission is clearly
detected within a VLSR range of 0.5 km s−1, at redshifted
velocities with respect to the brightest maser. The ellipse is best
fitted by a major axis of 31 mas, a minor axis of 13 mas, and a
position angle of −33°. If the apparent ellipticity were a
projection of a circular ring in Keplerian rotation, viewed from
an angle of ∼25° from edge-on, the 0.25 km s−1 variation over a
16 mas radius would correspond to a central mass of

Figure 2. Close-up view of the 6.7 and 12.2 GHz (Sanna et al. 2009) maser emission arising within ∼600 AU from the radio continuum peak. The 6.7 and 12.2 GHz
masers are aligned by superposing their strongest features (cross) at zero offset. Maser velocities along the line of sight are color coded according to the right-hand
VLSR scale. The large gray circle gives the astrometric uncertainty of the radio continuum peak. The solid and dashed boxes mark the region of maser variability, and
that studied in Figure 3, respectively. Linear scale at the bottom.
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JVN/EAVN への発展	

q 周期の山・谷に合わせたマルチ
エポックVLBI観測
–  １ショットでは視線速度ベースで周

期変動成分を特定せざるをえない
–  メーザースポットベースで真の周

期変動成分を同定したい
–  空間スケールも特定可能に
–  領域全体が増光　or　局在した領

域のみが増光、などの分類により、
周期変動メカニズムに制限

q 過去のデータとの比較ではなく、
合成ビームを統一した新たな観
測が必要

6.7 (●) and 12.2 GHz (○) メタノールメー
ザーの空間分布 in G 009.62+00.20E 
(Sanna+ 15). 破線の囲いは強度変動を
生じていると期待される成分。	

520 au	

周期変動？	



JVNによる周期天体 G 009.62 の観測例 �
（佐藤宏樹 2016年度修士論文 @茨城大学）	
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520 au	520 au	

2016/05/14
静穏期	

2016/06/10
増光ピーク期

との強度比	

真に周期変動しているメーザー成分の同定、	
および空間スケール特定の可能性を示唆	



JVNによる系統的なVLBIサーベイ �
（PI : Yonekura et al.,  採択済み）	

q 周期変動の山・谷に合わせたマルチエポック
VLBIサーベイ
– 計 １１天体を観測対象
– マップの比較による、スポットベースでの周期変

動成分、及び空間スケールの同定
– 領域全体が増光　or　局在した領域のみが増光

などの分類により、周期変動メカニズムに制限

q 2018年初頭から開始の見込み



M2O : Maser Monitoring Organization

Slide credit: 
Dr. Gordon MacLeod	

q 発足: ２０１７年 ９月７日 に イタリア IAU Symp. 336 にて
q 目的:

–  世界に点在する単一鏡メーザーモニターを主とする個々の研究グループ・電

波望遠鏡で共同し、多経度・高頻度なモニターを実現する
–  共同局からのメーザーフレア アラートを受け、他のメーザー種、時間帯、での

強度モニターをいち早く開始する （ATel より早く速報を受信）

q 参加国:  現 １４ヶ国
–  Australia, Canada, China, France, 

     Italy, Japan, Korea, Latvia, Poland, 

     Russia, South Africa, Thailand, 

     Ukraine, USA

（リーダー : G. MacLeod  &  S. Goedhart）	



ATel # 10728  (Volvach et al.)�
H2O Maser Burst in G25.65+1.05	

Bursting activities with Simeiz RT-22 !!
–  2017/08/10 :       620 Jy
–  2017/08/21 :       840 Jy
–  2017/08/25 :       813 Jy
–  2017/08/27 :    1,400 – 2,500 Jy
–  2017/09/07 ;  17,000 Jy

IAU Symp. 336 の会場にて いち早く情報共有



ATel # 10757  (Sugiyama et al.)�
CH3OH moderate rises in G25.65	
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日立32-m の 2013/01/02 からのモニターで得られた
6.7 GHz メタノールメーザーの強度変動プロット	

H2Oメーザー
バーストの
タイミング	CH3OHメーザー

の緩やかな増光
が兆候に？？



大学VLBI連携に期待されること	

q M2Oメーリングリストによる密なやり取り
q EVN/KaVA/VLBA によるフォローアップ
– PI:  R. A. Burns / T. Hirota / G. Orosz
– 22 GHz H2O  &  44 GHz CH3OH masers

q 第１回オンライン会議 by R. A. Burns  (2017/12/13)
– 各観測の進捗報告　と　今後の情報共有体制
–   JVN/EAVN :  6.7 GHz メタノールメーザーの　　　

フォローアップVLBI観測に期待。 ToOは可能？？



４. MATOME	

茨城32-m メタノールモニター	



まとめ	

q 日立32-mモニター :  第４シーズン 2017/06/14 ~

q 年周視差計測
–  VERA共同利用 17A-124 :  G 035.79-00.17 継続中, 4 kpc？
–  VERA内部プロジェクト :  G 037.47-00.11 エポック１ 成功

q 大学VLBI連携への発展
–   JVN/EAVN による周期変動の山・谷に合わせたマルチエ

ポックVLBIサーベイ （PI : Yonekura et al.）
–  M2O コラボにおける、6.7 GHz メタノールメーザーのJVN

フォローアップ ToO観測の可能性を今後検討.	


