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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.

 1

 10

 100

 1  10  100  1000

period (day)

lu
m

in
os

ity
 (

10
   

Ls
un

)

 0.1

 0.01

4

6e-3

1e-3
1e-4

accretion rate

3e-3

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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最終獲得目標： 
周期−光度関係を通じた大質量原始星 進化の理解	

q CH3OH 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, 別種メーザーと同期

	

q 脈動モデルに着目 (Inayoshi+ 13)

–  ZAMS直前の ~1000年 滞在

–  大降着率下で成長： ≧ 10−3 M¤/yr
–  周期−光度関係　を予言

500日, 連続的	-90.8 km/s	

周期変動を示すCH3OH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？	

周期 [day]	

光
度

 1
04

  [L
¤

]	

原始星表面の物理パラメータへ迫る！	

-91.5 km/s	



周期変動探査　と　年周視差計測	

プロジェクト	 2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	

日立 32-m 単一鏡

442天体, 9日間隔	

143天体, 5日間隔	

143天体,   5日間隔
442天体, 45日間隔	

VERA共同利用	
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CH3OHメーザーの周期変動探査	

プロジェクト	 2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	

日立 32-m 単一鏡

442天体, 9日間隔	

143天体, 5日間隔	

143天体,   5日間隔
442天体, 45日間隔	

VERA共同利用	

VERA内部プロ	
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例） 新 周期変動 in G 036.70+00.09	
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新検出、およびサンプルの倍増化に成功	
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変動パターンで分類した周期ヒストグラム	
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周期−光度関係 ： 既知のみ	
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周期−光度関係 ： 既知＋新検出	
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周期−光度関係 ： 次なる課題	
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【次なる課題】	
３分の２の天体で
距離不確定,	
	
è  年周視差計測
による高精度な距
離の導出が必須！	



周期変動天体の年周視差計測	

プロジェクト	 2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	

日立 32-m 単一鏡

442天体, 9日間隔	

143天体, 5日間隔	

143天体,   5日間隔
442天体, 45日間隔	

VERA共同利用	

VERA内部プロ	

日立 32-m  © 国立天文台	 VERA
© 国立天文台	



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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VERA共同利用　&　内部プロジェクト	

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	

１

（2017/02）	

R17036B	 ◯	 ¢	 水沢 雪 （前半５時間）	

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

２

（2017/04）	

R17105B	 ◯	 ×	

R17124C ◯	 ×	

３

（2017/06）	

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

R17161B	 ◯	 ¢	

４

（2017/10）	
R17286B	 ◯	 ¢	

５

（2017/12）	
R17338A	 ◯	 ×	 小笠原局でビット分布 弱め	

６

（2018/02）	
R18034A	 ◯	 ¢	
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q ６エポック全てでトータルパワースペクトル上で確認

q 北東に位置する ２スポットの内のひとつ

–  北東−南西方向に ~450 mas 空間的に分離
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位相補償に成功

q 距離 = 2.52 ± 0.88 kpc

q Near kinematic に相当
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周期−光度関係 ： １天体を改訂	
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周期−光度関係 ： １天体を改訂	
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VERA内部 : G 037.47-00.11	

q 2017/11 から開始

–  CH3OHメーザー近傍に
位置するスポット検出

•  最も遠い場合で 1,130 au

–  ６月までの３エポック全て
で位相補償に成功

–  ９月から再開予定

q 他７天体は、VERA単一
鏡によりH2Oメーザーが
検出された後 開始予定

位相補償画像

シフト : 

  Δα +0.02”

  Δδ −0.12”


Vlsr
56.96 km s-1	

位相補償後の Dirtyイメージ	



まとめ	

プロジェクト	 2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	

日立 32-m 単一鏡

442天体, 9日間隔	

143天体, 5日間隔	

143天体,   5日間隔
442天体, 45日間隔	

VERA共同利用	

VERA内部プロ	

q 周期−光度関係を通じた原始星進化の理解
Ø  CH3OHメーザーの周期変動探査　è　サンプル倍増化
Ø  周期変動天体の年周視差計測

【VERA共同利用】　2.52 ± 0.88 kpc  for G 035.79-00.17	


