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高光度
重元素の生成
フィードバックループ for 次世代

e.g., HII領域の膨張, 超新星爆発, etc.

１.研究の意義:  大質量星研究の重要性



１.研究の意義: 現状の大質量星形成の“モード”理解
1. 動的な圧縮による高密度クランプ形成 (分子雲/フィラメント衝突、乱流衝突)

→Jeans不安定の成長より早く圧縮

2. 高密度クランプからの分岐 (初期条件依存、どちらかである必要はない)
A: massive virialized Coreの形成

〜最大で60 Msun (e.g., Tan +13) → Collapse後はある程度分裂
〜強い乱流/磁場による支えで密度構造形成?

B: less-massive virialized Coreへの分裂 (10 – 30 Msun)
+ sub-virial clump/ filamentからの追加降着でCoreを太らせる

(e.g., Global Collapse/Competitive Accretion)

3. 重力収縮の開始
-密度構造が中心集中しているほど中心で早期に大質量星が形成
- sub-virialな場合も結局ポテンシャル底の星が質量獲得して重くなる
-いずれもフィラメント/クランプ -コア -回転降着エンベロープ –円盤の階層構造

4. 円盤降着と連星形成
中心星が軽い and/or 円盤への降着率が大きいと円盤は不安定化 (e.g, Motogi +19)
→分裂によって原始連星を形成し、IMFのTop側を決定
→角運動量輸送効率(= 磁場環境)で円盤サイズや分裂の程度が分岐？



１.研究の意義
究極の課題： (大質量) 星の質量はどう決まるのか？

q初期条件

q初期質量関数

q質量降着過程： 円盤分裂, 星形成効率, 連星形成過程

~150 GHz continuum Toomre’s Q map

Face-on instability disk around high-mass PS G 353.273+0.641 (Motogi+ 19)
3-D MHD simulation of a magnetized 
accretion disk (Takasao+ 18)
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究極のゴール

「星の質量はどうや
って決まるのか？」
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２.具体案（新規性含む）

1. 元木：いくつかの異なる特徴的進化段階の大質量原始星に
対する、円盤スケールから原始星へ至る降着流の直接撮像
と、理論比較による形成過程に対する諸々の統計的研究

2. 米倉：降着円盤の空間分布および３次元速度構造の直接検
出を目指したメタノールメーザーの固有運動検出サーベイ
と、それを通じた大質量星形成機構モードの理解

3. 米倉、杉山、廣田、元木：強度変動現象を通じた微小領域
における物理量の導出と、その時間的振舞い（継続性、再
帰性、など）

a) 杉山、米倉、元木：周期変動を通じた原始星パラメータ導出

b) 米倉、杉山、廣田：降着バーストを通じた爆発的な質量降着現象
の直接的導出と、その時間的振る舞いの統計的調査

c) 廣田：水メーザーバースト、SiO周期変動、T-Tauri磁気リコネク
ションフレア、連続波、etc. を通じた質量降着現象に伴う様々な
時間スケールの現象に迫る
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2.1. (PI:元木)大質量原始星観測
q 大学望遠鏡による「進化」方向のター

ゲットリスト拡張

- 太る前の中小質量原始星ジェット

→山口/茨城干渉計による探査

- 核燃焼点火直後の大質量星

→JVN短基線による探査

q 次世代干渉計(ngVLA/SKA)

による原始星大気の直接撮像へ挑む

- 膨らんだ原始星大気

(0.2 – 2 mas @ 5 kpc)

→ 8 – 40 GHzで1σ：500 – 1000 K
であれば解像可能

- 円盤から星表面への接続も見える？
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Figure 2. Evolution of a protostar via spherical accretion at a rate Ṁ∗ =
10−3 M# yr−1 (case MD3-S, taken from Paper I). Upper panel: evolution of
the interior structure of the protostar. The gray-shaded areas denote convective
layers. The hatched areas indicate layers with active nuclear burning, where
the energy production rate exceeds 10% of the steady rate, 0.1LD,st/M∗ for
deuterium burning and 0.1L∗/M∗ for hydrogen burning. The thin dotted curves
show the locations of mass coordinates M = 0.1, 0.3, 1, 3, 10, and 30 M#.
Lower panel: evolution of the accretion timescale tacc (dashed line), and the
Kelvin–Helmholtz (KH) timescale tKH (solid line). In each panel, the shaded
background denotes the four evolutionary phases: (I) adiabatic accretion, (II)
swelling, (III) KH contraction, and (IV) main-sequence accretion phases.

times (adiabatic accretion). The average entropy within the star
increases with the accreted mass, which according to Equa-
tion (4) means that the stellar radius should also grow. This is
indeed the case in phases (I) and (II). As the average density
decreases and the temperature increases, the opacity decreases;
radiative heat transport becomes more efficient with increasing
stellar mass.

For M∗ ! 6 M# (phase (II)) radiative heat transport is ef-
ficient enough to modify the entropy distribution within the
star. The deep interior (where ∂L/∂M > 0) loses entropy,
whereas the outer surface regions (where ∂L/∂M < 0) gain
a significant amount of entropy. This gain in entropy results
in the “bloating up” of the star up to !100 R# at maximum.
Figure 3 shows that the boundary between the heat-losing inte-
rior and heat-gaining outer layer, namely, where ∂L/∂M = 0,
moves toward the stellar surface with increasing stellar mass.
Stahler et al. (1986) called this characteristic behavior of lumi-
nosity profiles a “luminosity wave.” The stellar surface luminos-
ity L∗ rapidly increases when the luminosity wave approaches
the stellar surface. After the luminosity wave passes through the
surface, the star can efficiently lose energy by radiation. The
star contracts to maintain virial equilibrium (KH contraction;
phase (III)). The interior temperature rises during the contrac-

tion. Active hydrogen burning begins when the central temper-
ature exceeds 107 K. After that, the stellar radius increases
following the mass–radius relation of main-sequence stars
(phase (IV)).

3.2. Case with Cold Disk Accretion

3.2.1. Fiducial Model

We now consider stellar evolution with cold disk accretion
at the same rate Ṁ∗ = 10−3 M# yr−1 (case MD3-D). First, we
discuss the fiducial case with the 0.1 M# initial model adopting
β = 1 in Equation (7). The top panel of Figure 4 shows the
evolution of the stellar radius and interior structure. We see
that the evolution differs from the spherical accretion case for
M∗ " 10 M#, as previously demonstrated by YB08 (also see
Appendix B.2 for comparison to YB08). For M∗ " 5 M#,
the stellar radius is much smaller than for spherical accretion.
An outer convective zone appears in this phase. The protostar
then abruptly inflates during the period 5 M# " M∗ " 9 M#.
The maximum radius is $ 90 R# for M∗ $ 10 M#, which
is comparable to the results of the spherical accretion case.
The stellar radius decreases for M∗ ! 10 M#, and then finally
follows the mass–radius relationship for main-sequence stars
when M∗ ! 30 M#. The evolution for M∗ ! 10 M# is quite
similar to what we discussed above for spherical accretion.

We define the following four phases based on the evolutionary
features: (I) convection (M∗ " 5 M#), (II) swelling (5 M# "
M∗ " 9 M#), (III) KH contraction (9 M# " M∗ " 30 M#), and
(IV) main-sequence accretion phase (M∗ ! 30 M#). The top
panel of Figure 5 shows the evolution of the accretion timescale
and KH timescale. We note that tKH significantly decreases at
M∗ $ 6 M#, when the protostar rapidly inflates. The timescale
balance sharply changes from tacc % tKH to tacc > tKH here.
As with spherical accretion, we attribute the sequence of the
evolutionary phases from (I) to (III) to the inversion of the
timescale balance. The lower panel of Figure 5 shows that this
change is due to the rapid increase of the stellar luminosity
L∗ caused by the decrease of opacity in the stellar interior
with increasing mass. The detailed evolution in each phase is
explained below.

Convection phase. The top panels of Figures 2 and 4 show
that the evolution at M∗ " 5 M# is quite different between
the spherical accretion case and disk accretion case. In the
disk accretion case, the protostellar radius is about one-tenth
of the value obtained for spherical accretion. This is explained
by Equation (4) and the fact that the entropy content within the
star is much lower with disk accretion, a natural consequence
of the different accretion geometry. With spherically symmetric
accretion gas settles onto the star with high entropy generated
in the accretion shock front. For cold disk accretion, on the
other hand, the entropy of the accreting gas is reduced to the
value in the stellar atmosphere by the gas’ ability to radiate
into free space. Mass accretion hardly affects the average
entropy in the stellar interior for the case of cold disk accretion.
Equation (4) shows that the stellar radius decreases according to
R∗ ∝ M

−1/3
∗ in this case. We see this decrease for M∗ " 0.5 M#

in Figure 4.
Figure 4 shows that deuterium burning (D-burning) begins

when M∗ $ 0.4 M#. This is in stark contrast to the spherical
accretion case, where it begins much later (M∗ $ 6 M#), as
shown in Figure 7. This difference reflects the different evolution
of the maximum temperature within the protostar Tmax (middle
panel of Figure 4). The early rise of Tmax with disk accretion is

高降着率下での原始星進化
(Hosokwa & Omukai 09)

点火

太る前

既存天体

482 HOSOKAWA, YORKE, & OMUKAI Vol. 721

Figure 2. Evolution of a protostar via spherical accretion at a rate Ṁ∗ =
10−3 M# yr−1 (case MD3-S, taken from Paper I). Upper panel: evolution of
the interior structure of the protostar. The gray-shaded areas denote convective
layers. The hatched areas indicate layers with active nuclear burning, where
the energy production rate exceeds 10% of the steady rate, 0.1LD,st/M∗ for
deuterium burning and 0.1L∗/M∗ for hydrogen burning. The thin dotted curves
show the locations of mass coordinates M = 0.1, 0.3, 1, 3, 10, and 30 M#.
Lower panel: evolution of the accretion timescale tacc (dashed line), and the
Kelvin–Helmholtz (KH) timescale tKH (solid line). In each panel, the shaded
background denotes the four evolutionary phases: (I) adiabatic accretion, (II)
swelling, (III) KH contraction, and (IV) main-sequence accretion phases.

times (adiabatic accretion). The average entropy within the star
increases with the accreted mass, which according to Equa-
tion (4) means that the stellar radius should also grow. This is
indeed the case in phases (I) and (II). As the average density
decreases and the temperature increases, the opacity decreases;
radiative heat transport becomes more efficient with increasing
stellar mass.

For M∗ ! 6 M# (phase (II)) radiative heat transport is ef-
ficient enough to modify the entropy distribution within the
star. The deep interior (where ∂L/∂M > 0) loses entropy,
whereas the outer surface regions (where ∂L/∂M < 0) gain
a significant amount of entropy. This gain in entropy results
in the “bloating up” of the star up to !100 R# at maximum.
Figure 3 shows that the boundary between the heat-losing inte-
rior and heat-gaining outer layer, namely, where ∂L/∂M = 0,
moves toward the stellar surface with increasing stellar mass.
Stahler et al. (1986) called this characteristic behavior of lumi-
nosity profiles a “luminosity wave.” The stellar surface luminos-
ity L∗ rapidly increases when the luminosity wave approaches
the stellar surface. After the luminosity wave passes through the
surface, the star can efficiently lose energy by radiation. The
star contracts to maintain virial equilibrium (KH contraction;
phase (III)). The interior temperature rises during the contrac-

tion. Active hydrogen burning begins when the central temper-
ature exceeds 107 K. After that, the stellar radius increases
following the mass–radius relation of main-sequence stars
(phase (IV)).

3.2. Case with Cold Disk Accretion

3.2.1. Fiducial Model

We now consider stellar evolution with cold disk accretion
at the same rate Ṁ∗ = 10−3 M# yr−1 (case MD3-D). First, we
discuss the fiducial case with the 0.1 M# initial model adopting
β = 1 in Equation (7). The top panel of Figure 4 shows the
evolution of the stellar radius and interior structure. We see
that the evolution differs from the spherical accretion case for
M∗ " 10 M#, as previously demonstrated by YB08 (also see
Appendix B.2 for comparison to YB08). For M∗ " 5 M#,
the stellar radius is much smaller than for spherical accretion.
An outer convective zone appears in this phase. The protostar
then abruptly inflates during the period 5 M# " M∗ " 9 M#.
The maximum radius is $ 90 R# for M∗ $ 10 M#, which
is comparable to the results of the spherical accretion case.
The stellar radius decreases for M∗ ! 10 M#, and then finally
follows the mass–radius relationship for main-sequence stars
when M∗ ! 30 M#. The evolution for M∗ ! 10 M# is quite
similar to what we discussed above for spherical accretion.

We define the following four phases based on the evolutionary
features: (I) convection (M∗ " 5 M#), (II) swelling (5 M# "
M∗ " 9 M#), (III) KH contraction (9 M# " M∗ " 30 M#), and
(IV) main-sequence accretion phase (M∗ ! 30 M#). The top
panel of Figure 5 shows the evolution of the accretion timescale
and KH timescale. We note that tKH significantly decreases at
M∗ $ 6 M#, when the protostar rapidly inflates. The timescale
balance sharply changes from tacc % tKH to tacc > tKH here.
As with spherical accretion, we attribute the sequence of the
evolutionary phases from (I) to (III) to the inversion of the
timescale balance. The lower panel of Figure 5 shows that this
change is due to the rapid increase of the stellar luminosity
L∗ caused by the decrease of opacity in the stellar interior
with increasing mass. The detailed evolution in each phase is
explained below.

Convection phase. The top panels of Figures 2 and 4 show
that the evolution at M∗ " 5 M# is quite different between
the spherical accretion case and disk accretion case. In the
disk accretion case, the protostellar radius is about one-tenth
of the value obtained for spherical accretion. This is explained
by Equation (4) and the fact that the entropy content within the
star is much lower with disk accretion, a natural consequence
of the different accretion geometry. With spherically symmetric
accretion gas settles onto the star with high entropy generated
in the accretion shock front. For cold disk accretion, on the
other hand, the entropy of the accreting gas is reduced to the
value in the stellar atmosphere by the gas’ ability to radiate
into free space. Mass accretion hardly affects the average
entropy in the stellar interior for the case of cold disk accretion.
Equation (4) shows that the stellar radius decreases according to
R∗ ∝ M

−1/3
∗ in this case. We see this decrease for M∗ " 0.5 M#

in Figure 4.
Figure 4 shows that deuterium burning (D-burning) begins

when M∗ $ 0.4 M#. This is in stark contrast to the spherical
accretion case, where it begins much later (M∗ $ 6 M#), as
shown in Figure 7. This difference reflects the different evolution
of the maximum temperature within the protostar Tmax (middle
panel of Figure 4). The early rise of Tmax with disk accretion is

Lim + 98

回転でひしゃげる原始星 星表面への3D降着



2.2. (PI: 米倉)大質量星形成機構モードの解明
2つのモードの、どちらが支配的か、初期条件や環境に依存するか？

酒井剛2017

（上）2010から2012に年１
回EAVNで行われた観測
で取得されたメーザース
ポットの分布
（左）３回の観測から導出
されたメーザースポットの
運動およびその解釈

大質量形成機構の２つのモード
• core accretion

– 初期の大質量コアが収縮（初期コア質量を超える事は無い）
– 秩序だった収縮 => disk が１つ存在する

• competitive accretion
– 初期の小質量コアが、収縮過程でコア周囲の質量を獲得して大質量に成長（初期コア質量を超え

る事が可能）
– disk は存在するのか？

これまでの観測的
• VLBI イメージング観測（１エポック）

– 分布を元に分類：楕円、円弧、直線、ペア、複雑

• VLBI 動画取得（複数エポック観測）による固有う運動導出が必要
– 現在までに固有運動が測定された天体数 xx
– 内訳：楕円（x天体）、円弧（x）、直線（x）、ペア（x）、複雑（x）

• 初期のEAVN（JVN+上海25m）（Fujisawa+14）
– 年１回の頻度で、３−４回の観測（３−４コマの動画取得）
– 頻度が少ない（メーザー雲[feature]内の同じ場所が光っている保証が

無い => 位置の不定性）、
– 継続期間が短い（有意な運動を捕えづらい）

EAVN を用いた固有運動測定計画
• 天体数を増やす
• 感度良い観測

– 大口径アンテナ＋冷却受信機 [VERA20mの冷却化]
• 空間分解能高い観測

– Nanshan, SouthEast [タイ、インドネシアなど] の参加
• より高頻度な観測（年１回ではなくて、年４回、など）
• より長期間な観測（5-10年規模で継続）

他波長装置：ALMA などによる dust 観測？

Fujisawa+14 の図(snapshot)を入
れる？

(Sugiyama+ 16)



2.3-a. (PI:杉山、米倉、元木)
周期変動を通じ原始星
パラメータへ迫る

q 様々なメーザー & NIRによる周期
的な強度変動の研究
• 脈動変光、CWB、Circumbinary、etc
• 脈動モデルによる P-L relationに着目
• 原始星表面 (< 1 au)の物理パラへ迫る

q その拡張

• 年周視差計測による P-L 縦軸: 光度の
高精度な決定

• 周期の山・谷における空間分布比較を
通じた周期変動成分の精密な同定
(e.g.,佐藤宏樹, 2016年度茨城大学修論)

• 異なる分子、励起機構を有する多種メ
ーザーOH/H2CO/CH3OH/H2O/SiO間の
同期性調査 (e.g., Szymczak+ 16; Olech+
20)を通じた、周期モデルの切り分け

q 対象：CH3OH周期リスト
(e.g., Goedhart+ 04; Yonekura+ 16; Sugiyama+ 17, 18)
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との強度比

JVNによる周期天体 G009.62の周期山・谷比較
(佐藤宏樹, 2016年度茨城大学修論)
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(1.665G: LCP)

G107.298における多種メーザーの同期した周期変動
(周期~34 d) (Olech+ 20)
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2.3-b. (PI: 米倉、杉山、廣田)
大質量星形成時の質量降着は、どれほどdramaticか?
〜 6.7 GHz メタノールメーザーの単一鏡高頻度モニター観測
および即時フォローアップで迫る accretion burst 〜

q 大質量星の進化を決定づけるパラメーター：質量と質量降着率
• 定常的な質量降着率（10^[-5] – 10^[-3] Msun/yr程度）を想定した理論モデ

ルが多い（Hosokawa&Omukai09など）
• 非定常な質量降着率を用いた理論モデルの登場（Meyer+19など）

短期的には〜1 Msun/yr程度に達する

q 観測例：非定常な質量降着率に伴う中心星光度上昇「accretion 
burst」
• 中小質量星形成時：

ü episodicな質量降着率の増加（FUor / EXorなど多数）
• 大質量星形成時

ü 2015年の発見以来３例のみ
ü 各天体１回のみの検出

q 大質量星形成時の質量降着の未解明な点
• 質量降着率は定常的か、非定常（時間変化する）か？
• 質量降着率増大期における降着率はどの程度増加するのか？

• 増大期の継続期間は？
• 繰り返し発生するのか？頻度は？
• どの天体も非定常なのか？

q 手法
• 6.7 GHz メタノールメーザーの単一鏡高頻度モニター観測＠日立32m、高萩

32m、...
• メーザー増光検出後、すみやかなフォローアップ観測（opt/IR）
• 定常期の中心星光度をあらかじめ求めておく事が肝要（opt/IR）

Meyer et al. 2019

Hosokawa & Omukai 2009

日立32mで検出された 3例目の accretion burst



2.3-c. (PI: 廣田) 様々なバースト増光現象に対するToO体制(TBD)

• 科学目標：星形成領域のメーザーバーストの正体を解明
星形成領域での質量降着現象に伴う様々な時間スケールの現象に
タイムドメインという観点で迫る
ü メタノールとアクリーションバーストの関係は米倉さん参照
ü 周期変動(OH, SiOも含めて欲しい)は杉山さん参照

• 水メーザーバーストに絞ると
ü Orion KLならば1972, 1979-1985, 1998-1999, 2011-2012, 2024：次期中期計画中？

(Omodaka et al. 1999, Shimoikura et al. 2005, Hirota et al. 2011/2014)

ü W49N(Honma et al. 2003, Asanok et al. in prep)
ü G25.65+1.06(Burns et al. 2020)
ü NGC6334I (Brogan et al. 2018)
ü 上記のような数例あるが、系統的な研究はなく、解釈はいまだ確定しない
ü 起源はOverlapping のようなgeometry (Shimoikura et al. 2005 , Burns et al. 2020)?

メタノール同様の降着現象起源？CWBやリコネクション(Fujisawa et al. 2014)?
ü 上記であれば、T-Tauri型星のように非熱的連続波も観測可能？
ü 円盤回転、質量降着・放出、磁気圏などと星形成の関係についての知見

• 必要な要素
ü 定常モニター(M2Oや大学連携との共同研究など)とToOの即時体制の構築が第一
ü もしあれば広帯域による位置天文＋連続波観測システム



G25.65+1.05 (Burns et al. 2020)

これまでの例

2008        2009       2010        2011        2012       2013       2014

Schematic view of supermaser
region (Liu+2002)

2000 AU

Orion KL (Hirota et al. 2007, 2011, 2014)

W49N(Honma et al. 2004)

Shimoikura et al. (2005)



２.新規性：サイエンスインパクト, 幅広く網羅

星WG－SFR班 中間報告

©K.Motogi, KS

~10% in 100-1,000 天体

~50天体

~10 &  ToO次第でmore

ToOでの即時フォローアッ
プ観測メイン

~20

案1. (PI:元木)

案2. (PI:米倉)

案3-a. (PI:米/杉/元)

案3-b. (PI:米/杉/廣)

案3-c. (PI: 廣田)

~20

逆算推定

〜予想される大質量星形成の流れ〜



３.日本の(VLBIの) 独自性・優位性

q自前の望遠鏡による、自前のカタログを有している！
• 若い進化段階IRDC の電波ジェット天体: 元木 with YI, Ibaraki-I
• 降着バースト期：米倉/杉山/廣田 with 日立/高萩/M2O in the world
• 膨張原始星、ZAMS直前：米倉/杉山/元木 with 日立/高萩
• 核融合直後のECHII天体：元木 with JVN短基線/J-VLA
• HII領域：米倉/杉山/元木 with 日立/高萩

q充分なフォローアップ体制
• M2Oなどを通じた世界的なネットワークへの貢献 & リターン双方

q大質量星分野における幅広い理論家の存在

星WG－SFR班 中間報告



４.必要な性能:
マトリックス表 for our array

案 1 案 2 案 3-a 案 3-b 案 3-c

周波数

基線感度 ◯ ◯ ◯ ◯

イメージ感度 ◯ ◯ ◯

空間分解能 ◯ ◯ ◯ ◯ ◯

時間分解能 ◯ ◯ ◯ ◯

周波数分解能

広視野

多視野 △ △ △ △ △

星WG－SFR班 中間報告



４.必要な性能:
成功 (達成) 基準と要求性能

星WG－SFR班 中間報告

q単一鏡/干渉計の安定運用
• 装置保守/更新/データ記録媒体の在庫/やりくり
• 解析・較正手法の洗練/ルーチン化/パイプライン化
• リモート観測システム？

q新規の短基線整備
• 熱放射 104 Kが受かる感度を目標 (~0.3-0.4 mJy@100 km)
• コストに見合うかは要検討
• 長期滞在可能な人員（専門の研究員）

q JVN局の EAVN共同利用への参加時間の増加

q ToO体制の強化：光結合・リアルタイム相関処理の導入
• 広帯域ではなく、即応性という観点



５.推進計画

2021 2022 2023 2024 2025 2026 2027

H1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1 H2

案 1

準
備
期
間

案 2

案 3-a

案 3-b

案 3-c

星WG－SFR班 中間報告

第４期中期計画

IRDC 電波ジェットサーベイ ECHII / 電波ジェットイメージング with 
VLA/ALMA and/or VLBI (熱的放射へ)

40-50天体に対する長期・高頻度な CH3OH VLBIモニター

20-30天体に対する周期の半分程度
頻度でのVLBIマルチエポック
& 周期天体に対する年周視差計測

VLBIに
よる
ToO体
制強化

単一鏡による継続的なモニターと、M2Oを通じた情
報共有、およびそれに即応出来るToO体制を活かし
た迅速なVLBIモニターによる空間分布の詳細な時間
変動の獲得.



５.１超短期：2021年4月 – 2022年3月

天体リスト作成 via 探査をコンプリート or 継続

1. 若いIRDCジェット天体
ü PI:元木;  装置:YI, Ibaraki-I

2. 核融合直後のECHII天体
ü PI:元木;  装置:JVN短・中基線, J-VLA

3. 周期変動天体 (特に脈動候補)
ü PI:米倉,杉山;  装置:日立32m

4. 降着バースト天体
ü PI:米倉,杉山;  装置:日立32m、高萩32m

5. ToOへの迅速な対応と体制強化
ü PI:廣田;  装置:VERA/JVN/KaVA/EAVN, etc. via M2O

星WG－SFR班 中間報告







＊以降は予備です



2022年4月以降の計画
q タイトル ？？
q 科学目標（明らかにしたい物理的事象と得られる知見）

• 星近傍における降着流の3次元的構造
• 円盤分裂/連星系/アウトフローの進化と多様性

q 観測計画
• 円盤/連星系の直接撮像 with ALMA/ngVLA/Full-SKA
• メーザーをプローブとした周期/降着バースト天体モニター

ü 大学連携、特にVLBIでのアプローチはココ？ 単一鏡と並行して

q ターゲット天体：モロに大学VLBI連携としてのアプローチ
• 各進化段階を網羅した独自天体リスト (周期天体含む)
• 総数としては100-1,000天体規模だが、観測対象はその内の~10%?
＊降着バーストの観測対象は、茨城単一鏡で高頻度にモニターしている
全メタノールメーザー源 ~450天体

q 必要な開発や整備
• 安定運用可能な人員とデータ記録媒体
• 熱放射104K感度を達成する短基線整備 and/or 広帯域化

q 研究協力者とその所属
• JVN星形成研究メンバー,  High-mass SFR有志：観測家＋理論家
• M2Oチーム

星WG－SFR班 中間報告



小質量星形成のスケールアップバージョンと言って過言では無い

• B/O型(原始)星周囲の円盤検出 (e.g., Sanchez-Monge+ 13; Cesaroni+ 17)

• 円盤-アウトフローシステム (e.g., Hirota+17)

• 円盤からの降着流 (e.g., Beltran+ 06; Hosokawa+ 10; Sugiyama+ 14; Motogi+ 17)

• 砂時計型の磁場構造 (e.g., Girart+ 09; Tang+ 09)

• 最近の降着バースト現象の検出 (e.g., Fujisawa+ 15; Caratti o Garatti+ 17; Sugiyama+19; Burns+ 20)

Disk-driven rotating bipolar outflow in Orion-KL Source I 
(Hirota+ 17)
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via the rotation motions of the disk and outflow. Thus we conclude 
that outflow rotation is the best explanation for the velocity gradi-
ents in Source I.

The signature of rotation is clearly demonstrated in the position– 
velocity diagrams of the 484 GHz Si18O and 463 GHz H2O emis-
sions in the disk mid-plane (Fig. 2a,b). These are analogous to those 
of the high excitation lines detected by recent ALMA observa-
tions19,21. The position–velocity maps exhibit a signature of a cen-
tral hole (Supplementary Fig. 1b), suggesting that emission from 
the outer parts of the outflow is dominant and/or that high opac-
ity continuum emission could obscure the innermost region in the 
mid-plane19,21,22. The inner (Rin) and outer (Rout) radii of the disk, 
and the rotation velocities at these positions, are derived from the 
Si18O map, Rin(z =  0) =  24 ±  8 au, Rout(z =  0) =  76 ±  4 au, vϕ(z =  0, 
r =  Rin) =  17.9 ±  0.6 km s−1 and vϕ(z =  0, r =  Rout) =  7.0 ±  0.4 km s−1 
with 1σ errors (see Methods), where vϕ is the rotation velocity, r is the 

distance (au) from the rotation axis and z is the distance (au) from 
the mid-plane of the disk. Although these values can be explained 
by a rotation curve conserving angular momentum, vϕ ∝  r−1,  
the position–velocity diagrams could not distinguish Keplerian rota-
tion, vϕ  ∝   r−0.5 due to insufficient resolution. Assuming Keplerian 
rotation, the enclosed mass is estimated to be 8.7  ±   0.6 M⊙ (1σ) 
from the maximum rotation velocity at the inner radius. The result 
is consistent with the mass estimated from SiO maser observa-
tions11. However, the shallower velocity gradient around the sys-
temic velocity (5 km s−1) agrees with a smaller enclosed mass19,21. It 
is also likely that the inner radii and resultant enclosed mass could 
be overestimated due to insufficient angular resolution.

We made slices for position–velocity diagrams of the 484 GHz 
Si18O line at different offset positions, z, from the disk mid-plane 
(Fig.  1a). The position–velocity diagrams at z ≈   ± 25 au show  
velocity gradients similar to that along the mid-plane (Fig. 2a,c). As 
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Figure 1 | Moment maps of the observed lines and continuum emissions. a, 490!GHz continuum (white contours) and moment 0 (integrated intensity; 
colour) maps of the 484!GHz Si18O line. b, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (peak velocity; colour) maps 
of the 484!GHz Si18O line. c, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (colour) maps of the 463!GHz H2O line. 
Contour levels are 3, 6, 12, 24, …  times the root mean square (r.m.s.) noise levels and the r.m.s. noise levels are 5!mJy!beam−1, 481!mJy!beam−1!km!s−1 and 
56!mJy!beam−1!km!s−1, respectively, for the continuum, moment 0 map of the Si18O line, and moment 0 map of the  H2O line. Synthesized beam sizes are 
indicated at the bottom-left corner of each panel. In a, the solid magenta lines indicate slices of the position–velocity diagram at 0, ± 60, ± 120, ± 180, ± 240, 
± 300, ± 360, ± 420 and ± 480!mas from the disk mid-plane. The width of each slice is 60!mas. The interval of the slices parallel to the northwest–southeast 
direction is 60!mas, corresponding to Δ z =  25!au at the distance of Orion KL. The northeast–southwest outflow axis is defined as z in Supplementary Fig. 4. 
The position angle of the slice is determined from the Gaussian fitting of the continuum emission. RA, right ascension; Dec, declination.
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Figure 2 | Position–velocity diagrams parallel to the disk mid-plane. a, 484!GHz Si18O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12,  
24, …  times the r.m.s. noise level of 358!mJy. b, 463!GHz H2O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12, 24, …  times the r.m.s. 
noise level of 166!mJy. c, Same as a, but at different offset positions from z =  ±  25!au to  ± 200!au with an interval of 25!au, as shown in Fig. 1a. Contour 
levels are the same as in a, but with different r.m.s. noise levels of 310–390!mJy for each position offset. The vertical axes represent the line-of-sight 
velocity with respect to the local standard of rest (lsr).
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via the rotation motions of the disk and outflow. Thus we conclude 
that outflow rotation is the best explanation for the velocity gradi-
ents in Source I.

The signature of rotation is clearly demonstrated in the position– 
velocity diagrams of the 484 GHz Si18O and 463 GHz H2O emis-
sions in the disk mid-plane (Fig. 2a,b). These are analogous to those 
of the high excitation lines detected by recent ALMA observa-
tions19,21. The position–velocity maps exhibit a signature of a cen-
tral hole (Supplementary Fig. 1b), suggesting that emission from 
the outer parts of the outflow is dominant and/or that high opac-
ity continuum emission could obscure the innermost region in the 
mid-plane19,21,22. The inner (Rin) and outer (Rout) radii of the disk, 
and the rotation velocities at these positions, are derived from the 
Si18O map, Rin(z =  0) =  24 ±  8 au, Rout(z =  0) =  76 ±  4 au, vϕ(z =  0, 
r =  Rin) =  17.9 ±  0.6 km s−1 and vϕ(z =  0, r =  Rout) =  7.0 ±  0.4 km s−1 
with 1σ errors (see Methods), where vϕ is the rotation velocity, r is the 

distance (au) from the rotation axis and z is the distance (au) from 
the mid-plane of the disk. Although these values can be explained 
by a rotation curve conserving angular momentum, vϕ ∝  r−1,  
the position–velocity diagrams could not distinguish Keplerian rota-
tion, vϕ  ∝   r−0.5 due to insufficient resolution. Assuming Keplerian 
rotation, the enclosed mass is estimated to be 8.7  ±   0.6 M⊙ (1σ) 
from the maximum rotation velocity at the inner radius. The result 
is consistent with the mass estimated from SiO maser observa-
tions11. However, the shallower velocity gradient around the sys-
temic velocity (5 km s−1) agrees with a smaller enclosed mass19,21. It 
is also likely that the inner radii and resultant enclosed mass could 
be overestimated due to insufficient angular resolution.

We made slices for position–velocity diagrams of the 484 GHz 
Si18O line at different offset positions, z, from the disk mid-plane 
(Fig.  1a). The position–velocity diagrams at z ≈   ± 25 au show  
velocity gradients similar to that along the mid-plane (Fig. 2a,c). As 
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Figure 1 | Moment maps of the observed lines and continuum emissions. a, 490!GHz continuum (white contours) and moment 0 (integrated intensity; 
colour) maps of the 484!GHz Si18O line. b, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (peak velocity; colour) maps 
of the 484!GHz Si18O line. c, 490!GHz continuum (white contours), moment 0 (black contours) and moment 1 (colour) maps of the 463!GHz H2O line. 
Contour levels are 3, 6, 12, 24, …  times the root mean square (r.m.s.) noise levels and the r.m.s. noise levels are 5!mJy!beam−1, 481!mJy!beam−1!km!s−1 and 
56!mJy!beam−1!km!s−1, respectively, for the continuum, moment 0 map of the Si18O line, and moment 0 map of the  H2O line. Synthesized beam sizes are 
indicated at the bottom-left corner of each panel. In a, the solid magenta lines indicate slices of the position–velocity diagram at 0, ± 60, ± 120, ± 180, ± 240, 
± 300, ± 360, ± 420 and ± 480!mas from the disk mid-plane. The width of each slice is 60!mas. The interval of the slices parallel to the northwest–southeast 
direction is 60!mas, corresponding to Δ z =  25!au at the distance of Orion KL. The northeast–southwest outflow axis is defined as z in Supplementary Fig. 4. 
The position angle of the slice is determined from the Gaussian fitting of the continuum emission. RA, right ascension; Dec, declination.
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Figure 2 | Position–velocity diagrams parallel to the disk mid-plane. a, 484!GHz Si18O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12,  
24, …  times the r.m.s. noise level of 358!mJy. b, 463!GHz H2O line at the offset z =  0!au (mid-plane). Contour levels are 3, 6, 12, 24, …  times the r.m.s. 
noise level of 166!mJy. c, Same as a, but at different offset positions from z =  ±  25!au to  ± 200!au with an interval of 25!au, as shown in Fig. 1a. Contour 
levels are the same as in a, but with different r.m.s. noise levels of 310–390!mJy for each position offset. The vertical axes represent the line-of-sight 
velocity with respect to the local standard of rest (lsr).

484 GHz
Si18O line

463 GHz
H2O line
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Fig. 4. a) Peaks of the
CH3CN(19–18) K = 2
line emission (solid circles)
obtained with a 2D Gaussian fit
channel by channel. For each
peak the corresponding 50%
contour level is also drawn
(using the same color as the
peak). The color corresponds
to the line-of-sight velocity, ac-
cording to the scale displayed
to the right. The ellipse in the
bottom right denotes the syn-
thesized beam. b) Comparison
between the velocity of the
best-fit Keplerian disk (color
map) and the emission peaks
at different velocities (solid
circles) obtained for the fol-
lowing lines: CH3CN(19–18)
K = 2, 3, 4, CH3OH(71,6–61,5)
vt = 1, CH3OH(141,13–140,14),
and HC3N(37–36). The crosses
mark the position of the
continuum peak.

x0 = 18h58m13.s027 ± 0.s002, y0 = 01◦40′35.′′94 ± 0.′′07, ψ =
157 ± 4◦, θ = 19 ± 1◦, and M∗ = 18 ± 3 M$.

A lower limit for the disk radius is Rdisk % 2500 AU, obtained
from the maximum deprojected distance of the peaks from the
center. One may wonder if such a big structure can undergo
Keplerian rotation. The mass of the disk can be estimated from
the continuum emission. The integrated flux density from core B
at 350 GHz is 0.32 Jy. Assuming a dust absorption coefficient
0.5 cm2 g−1 (ν/230.6 GHz) (Kramer et al. 2003) and a gas-to-
dust mass ratio of 100, we obtain ∼3 M$ for a dust temperature
of 100 K. Despite the large uncertainties on the dust opacity and
temperature, we believe that the mass of core B is significantly
less than the central mass (∼18 M$), which satisfies the condi-
tion for Keplerian rotation.

It is worth stressing that our findings are in good agreement
with the recent study by Ilee et al. (2012). Through measure-
ments of scattered light from G35.20–0.74 N, these authors find
that the CO first overtone bandhead emission at 2.3 µm can be
fitted with a Keplerian disk rotating about a 17.7 M$ star.

The distribution of the molecular peaks in Fig. 4b clearly
shows that our observations detect only the NE side of the disk.
We speculate that this could be an opacity effect. If the disk is
optically thick in the relevant lines, flared, and inclined by 19◦,
only part of the surface heated by the star is visible to the ob-
server. This creates an asymmetry along the direction of the pro-
jected disk axis, with line emission being more prominent on the
side (in our case the NE side) where the disk surface is visible.
Clearly, radiative transfer calculations are needed to confirm this
scenario, but we note that in our source the NE part of the disk
axis should be pointing towards the observer, consistent with the
orientation of the CO outflow (blue-shifted to the NE and red-
shifted to the SW – see GHLW) and the obscuration seen to the
SW in the IR images (see Fig. 2).

4. The stellar content of core B: A binary system?

An issue that is worth discussing is whether an 18 M$ YSO
is compatible with the bolometric luminosity of the region.
(3 × 104 L$; see Sect. 1). Depending on the adopted mass–
luminosity relation, the luminosity expected for an 18 M$ star

ranges from 2.5 × 104 L$ (Diaz-Miller et al. 1998), to 6.6 ×
104 L$ (Martins et al. 2005). This means that the 18 M$ star
should be the main contributor to the luminosity of the whole
star forming region. Such a possibility seems quite unlikely due
to the presence of multiple cores (see Fig. 2), one of which is an
HMC possibly hosting at least another high-mass star (core A).

A possibility is that one is underestimating the true lumi-
nosity due to the “flashlight effect”, where part of the stellar
photons are lost through the outflow cavities. According to the
recent model by Zhang et al. (2013), when this effect is taken
into account, the luminosity obtained assuming isotropic emis-
sion (3.3 × 104 L$) becomes as high as 7 × 104–2.2 × 105 L$,
consistent with a single star of ∼20–34 M$.

While the previous explanation is possible, the isotropic es-
timate appears more robust than a model-dependent value, and
we thus consider another hypothesis, namely that one is dealing
with a binary system. In this case, the luminosity is significantly
reduced with respect to that of a single 18 M$ object and may
be as low as ∼7 × 103 L$ for equal members. The latter is much
less than the bolometric luminosity, thus allowing for a signifi-
cant contribution by other YSOs.

The existence of a binary system could also explain why
the N–S jet associated with core B is not aligned with the disk
rotation axis. The presence of a companion would in fact be
sufficient to induce precession of the jet/outflow, as hypothe-
sized by Shepherd et al. (2000) to explain the observed pre-
cession of the bipolar outflow from the high-mass protostar
IRAS 20126+4104. In this scenario, the outflow from core B
would precess about an axis oriented NE–SW, i.e. along the
bisector of the butterfly-shaped IR nebula seen in Fig. 1. The
IR emission would arise from the cavity opened by the outflow
itself during its precession, while the thermal radio jet would
trace the current direction of the precessing axis.

The last question we address is the origin of the free-free
emission from core B (see e.g. Fig. 3). Could this be tracing a
(hypercompact) H region? According to GHLW, this source
(N. 7 in their Table 1) has a spectral index >1.3 between 6
and 3.6 cm, compatible with free-free emission from an opti-
cally thick H region. Extrapolation of the 3.6 cm flux den-
sity (0.5 mJy) to 1.3 cm gives >1.9 mJy, in agreement with
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Disk in G 35.20-0.74N
(Sanchez-Monge+ 13)

349 GHz
CH3CN
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Figure 2. Top: 6-GHz continuum image. Bottom: 9-GHz
continuum image. The contour levels are 57% (3 σ), 76%,
94% and 99% of the image peak flux (350 µJy beam−1) at 6
GHz, and 46% (3 σ), 64%, 81% and 99% of the image peak
flux (300 µJy beam−1) at 9 GHz Black cross in each panel
indicates the peak position at 45 GHz, where the cross size
shows the relative positional errors (see Table 3). The dotted
ellipse in each panel show the relevant synthesized beam of
ATCA.

and the original data for comparison. The fitting results
are summarized in Table 6. Estimated Lbol is ∼ 5×103

L! and only weakly depends on the extinction within
the adopted AV range (0 –20 mag). This corresponds
B1-type ZAMS (Panagia 1973, e.g., ) implying a stellar
mass of ∼ 10 M! (e.g., Hosokawa & Omukai 2009).
This is the first estimation of a host YSO mass in

G353 and we adopt 10 M! in the following discussions.
However, it should be noted that this is still a rough es-
timation. A fine-tuned SED modeling, which includes a
stellar evolutionary model, is required to conclude exact
stellar parameters. )

Figure 3. ATCA spectrum of the 6.7 GHz CH3OH maser.
Data from all baselines were integrated. Thin curves show
the six best-fit Gaussian components. The post-fit residual
is also plotted with an offset of -0.25 Jy.

Figure 4. Internal distribution of the 6.7 GHz CH3OH
masers. Filled triangle shows a position of each maser spot
with a color indicating the LOS velocity. Only the bright
maser spots (SNR > 30 σ), which had better accuracy of an
internal position, were shown here. The maser map is su-
perposed on the (Replaced: 7-mm replaced with: 45-GHz)
continuum map, assuming that (Replaced: the central posi-
tion of the masers is identical with the peak position of the
continuum replaced with: the peak position of the 6-GHz
continuum is identical to that of the 45-GHz continuum).
The contour levels are same as that in Figure 1. The syn-
thesized beam of J-VLA is shown in lower left corner. Black
dotted line marks the axis of the position-velocity diagram.

4. DISCUSSION

4.1. Origin of the continuum emission

Accretion from 100 au scale disk
in G 353.273+0.641 (Motogi+ 17)

6.7 GHz
CH3OH

１.研究の意義:  回転・降着円盤の検出
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