
原始星収縮
原始星・円盤・アウトフロー

松本倫明（法政大学）

千葉大学大学院理学研究科 計算物理学III



星形成のステージ
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星形成の始動



Matsumoto+ 2017https://www.youtube.com/watch?v=MLHLYDmz6J8

分子雲コア → Class 0 再掲
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https://www.youtube.com/watch?v=MLHLYDmz6J8


アウトフローもあるよ

5Matsumoto+ 2017



分子雲コア → Class 0
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密度

半径 半径

平行移動！？

落下速度

密度

ファーストコア
降着衝撃波

セカンドコア（原始星）
降着衝撃波

自己相似解の沼

Larson 1969
doi:10.1093/mnras/145.3.271

等温収縮（暴走収縮期）
Collapse 

断熱コア形成後（質量降着期）
Accretion
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分子雲コア ファーストコア

セカンドコア（原始星）
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分子雲コアから原始星の形成
スケールの比較
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等温収縮の性質
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高密度部分が小さくなる
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分子雲コア→Class 0 （輻射流体計算）

温度 密度

落下速度 累積質量

Masunaga & Inutsuka (2000)
doi:10.1086/308439
輻射流体1次元球対称計算
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ファーストコア

セカンドコア（原始星）

ファーストコア

セカンドコア（原始星）



分子雲コア→Class 0 （輻射流体計算）

Masunaga & Inutsuka (2000)
doi:10.1086/308439
輻射流体1次元球対称計算

2原子分子断熱

単原子分子断熱

等温
圧縮熱＝輻射冷却

解離吸熱

中心密度

温
度
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Collapse vs accretion

γ < 4/3

MJ は ρの減少関数
Collapse

γ > 4/3

MJ は ρの増加関数
Accretion

Jeans 質量
<latexit sha1_base64="N6UMQBNvDUqIQJRbfgDW3k0aWWk="></latexit>

MJ / c3s
⇢1/2

<latexit sha1_base64="Jn/9DgjYYEGz7+nHmpAoCH6T8kw="></latexit>

p = ⇢�

c2s =
dp

d⇢
= �⇢�

<latexit sha1_base64="qGhYxaLH2miaT9UliC178C/1W9k="></latexit>

/ ⇢(3��4)/2

周りを置いて
自分だけ収縮
する

（資本主義）

質量が増えて
（降着して）
密度が増える
（共産主義）

等温収縮期

質量降着期

ファーストコア形成前後で、物理が切り替わる
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事例
ファーストコア探し
分子雲コア MC27
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Tokuda+ 2014  doi:10.1088/2041-8205/789/1/L4
Matsumoto+ 2015 doi:10.1093/mnrasl/slv031

余談



星の誕生のミッシングリンク
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原始星 10万年分子雲コア 10万年

ファーストコア
1000年

?
未発見



分子雲コア MC27( or L1521F)

Onishi+ 99 14

ü 中心集中したコンパクトなコア。
ü この中にファーストコアが埋
まっているかもしれない。



ALMA望遠鏡

総事業費1000億円
国際協力（米欧日）
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分子雲コア中心部にアーク構造 （ALMA Cycle0)
これは何？これを再現したい
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アーク構造 2000 AU

原始星 MMS-1

ガス塊 MMS-3
ファーストコア候補天体

ガス塊 MMS-2
ファーストコア候補天体

背景： Spitzer
緑： ダスト
赤： HCO+ (J=3-2)

Tokuda et al. (2014)



スーパーコンピュータ ATERUI

17

@国立天文台 水沢キャンパス



モデルと方法
• 無限に長いフィラメント

◦ 平衡状態
◦ 圧力と重力がバランス

• マッハ１の等方乱流
• バロトロピック状態方程
式

• 磁場は無視
• 周期境界条件
• コード： SFUMATO

◦ AMR法
◦ シンク粒子法

18
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Matsumoto+ 15
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AMR シミュレーション：分子雲→多重星
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多重星からの擾乱がアークを作る。

21

2000 AU 400 AU

Matsumoto+ 15

4D2U による可視化 https://youtu.be/_2d8p-NRuBc

https://youtu.be/_2d8p-NRuBc


形だけでなく、速度も一致。
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The Astrophysical Journal Letters, 789:L4 (6pp), 2014 July 1 Tokuda et al.

Figure 4. Images of HCO+ (J = 3–2) emission of a red velocity component toward MC27/L1521F. Black contour shows an image of velocity-integrated intensity
of HCO+(J = 3–2) with a velocity range of 6.8–7.0 km s−1. Both the lowest contour and subsequent contour step are 0.020 Jy beam−1 km s−1. The first-moment
intensity-weighted velocity map of the red velocity component with a range of 6.5–14.0 km s−1 is shown in color scale. The magenta contour is the image of 1.1 mm
dust continuum emission with the same contour levels as Figure 1. The black cross is the position of the Spitzer source. The angular resolution of the HCO+(J = 3–2)
is given by the ellipse in the lower right corner, 1.′′0 × 0.′′8.

We note that no SiO (J = 6–5) emission was detected, which
means that there is no strong shock to excite the line and is
consistent with the fact that the Spitzer source is very young.

3.3. Arc-like Structure

Figure 3 shows the velocity channel maps of the HCO+

(J = 3–2) and H13CO+ (J = 3–2) emission. The systemic
velocity of MC27/L1521F with single-dish observations is
about 6.5 km s−1 (e.g., Onishi et al. 1999), and we can observe
no significant emission of HCO+ (J = 3–2) around the velocity.
The lack of the emission is due to a combination of the optical
thickness of the line and the extended emission missing due to
the interferometry observation. The striking feature is seen in the
red component around 7 km s−1; we see a long arc-like structure
with a few core-like features (Figure 4). The length of the arc-
like structure is ∼2000 AU, and there is a slight velocity shift
along and across the arc. The arc-like structure of HCO+(J =
3–2) on 1000 AU scale can be considered as a consequence of
the dynamical interaction between the small dense cores and
the surrounding gas on that scale. The typical velocity of the
arc-like structure is ∼0.5 km s−1 with respect to the systemic
velocity, and it is comparable to the dynamical velocity on that
scale, e.g., the Kepler velocity for a mass of 0.1 M% and a radius
of 1000 AU is 0.3 km s−1.

Similar arc-like structures have been reported in the previous
numerical simulations of the turbulent fragmentation models
(Bate et al. 2002; Goodwin et al. 2004; Offner et al. 2008), where
turbulence promotes fragmentation of cloud cores during the
collapse and dynamical interaction of the fragments provide arcs
or spiral arms in the envelopes. This indicates that in MC27 the

turbulence plays an important role in undergoing fragmentation
in the central part of the cloud core, which is different from
the classic scenarios of fragmentation in massive disks (Larson
1987; Boss 2002; Machida et al. 2008). The driving source of the
turbulence may be the complex velocity structure in the larger
scale surrounding gas observed in the previous observation
(Tobin et al. 2011). A possible scenario is an interaction of cloud
cores, which are formed by the fragmentation of a filamentary
cloud. The filamentary structures in many interstellar clouds are
revealed by the recent Herschel observations (Andrè et al. 2013),
and the interaction of the cloud cores is a natural consequence
of fragmentation of the filamentary cloud (Inutsuka & Miyama
1997).

3.4. Possible Site of Multiple Star Formation

All of these facts above indicate that there are many regions
with different evolutionary states even just within ∼1000 AU.
There is a very low-luminosity source with a very compact out-
flow, and there are at least two high-density cores detected both
in dust continuum emission and H13CO+(J = 3–2), indicating
a possible formation site of multiple stars with separations of a
few hundred AU. There are also a few lower-density cores as
shown in the HCO+(J = 3–2) data. Some gas components are
dynamically interacting as seen in HCO+(J = 3–2), and the
compact outflow has an indication of interaction with the sur-
rounding gas. These complex spatial and velocity structures
indicate that the initial condition of low-mass star formation is
highly dynamical. The dynamical interaction of the gas may
be also important for the determination of the stellar mass.
Actually, the lack of intensity enhancement in the observed

5

理論 観測 HCO+ (J=3‒2)
Matsumoto+ 15 Tokuda+ 14

�v ' ±0.5 km s�1



まとめ
理論と観測が
直接比較可能。
新しい時代の到来。
・星形成はダイナミック
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おうし座分子雲で観測されたファーストコア候補天体（原始星直前の天体）

Credit: ALMA (ESO/NAOJ/NRAO), Tokuda et al. ESA/Herschel

遠赤外線連続波 (Hershel)

電波観測 (ALMA)

B213

B211

B7

再掲
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HOPS400 A, B

HOPS404

Karnath+ 2020
https://doi.org/10.3847/153
8-4357/ab659e

短いアウトフロー
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https://doi.org/10.3847/1538-4357/ab659e


アウトフロー・
ジェット



アウトフロー・ジェット

27

分子雲コアはいろいろ捨てないと、星になれない。

捨てるもの１： 熱エネルギー
捨てる人：輻射

捨てるもの２： 角運動量
捨てる人：アウトフロー・ジェット・磁気制動

捨てるもの３： 磁束
捨てる人：磁気散逸 (AD, HE, OD)

角運動量問題

磁束問題



アウトフロー (B335)
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12CO ALMA
Bjerkeli+ 2019
doi:10.1051/0004-6361/201935948

SCUBA 850μm
Wolf+ 2003
doi:10.1086/375622

2500 au 200 au

vLSR から ± (2 ‒ 6) km/s



ジェット HH212
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ALMA, Lee+ 2017 
doi:10.1038/s41550-017-0152



アウトフローに内包されたジェット HH211
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Lee+ 2018
https://doi.org/10.1038/s41467-018-07143-8
Hiran+ 2010
https://doi.org/10.1088/0004-637X/717/1/58

SiO
ALMA

Class 0 protostar

CO
SMA

https://doi.org/10.1038/s41467-018-07143-8
https://doi.org/10.1088/0004-637X/717/1/58


ファーストコア→セカンドコア

Outflow jet

first 
core

Second 
core

v~5 km/s v~50 
km/s

360 A
U

町田正博、犬塚、松本 (2008)

アウトフロー
広いオープニングアングル

ジェット
コリメートした高速流
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アウトフロー・ジェットの統一モデル

Machida et al. 2008
32



2種類の加速機構

オーム散逸
磁場強度：弱
磁場形状：垂直

磁気遠心力風
ファーストコアから

磁気圧駆動
セカンドコアから

ファーストコア

セカンドトコア

33



磁場の散逸過程の重要性

Nakano+ 02 

• 高密度では tB < tff

• ファーストコアでは tff < tdy
• （圧力サポート）

• ゆえに tB < tdy

• 天体の進化において磁場の
散逸は重要

ファーストコア等温エンベロープ
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ジェット・アウトフロー加速メカニズムの分類

• 磁気遠心力風
◦ 磁場が強い場合
◦ Blandford & Payne (1982)
◦ Pudritz & Norman (1986)

• 磁気圧加速 (Tower jet)
◦ 磁場が弱い場合
◦ Shibata & Uchida (1985)
◦ Lynden-bell (1996)

次の図

実験！
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有効ポテンシャル（回転＋重力）
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磁気遠心力風の加速機構

60°

高

低 低

Blandford & Payne 1982
doi:10.1093/mnras/199.4.883

Pudritz & Norman 1986
doi:10.1086/163924
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磁気圧で加速されるジェット

Kato et al. (2004)
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ALMAでアウトフローの加速機構が見えた
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Blue/red: 12CO
Green: continuum
Vectors indicate foot points

±(2.5‒10)km/s

TMC1A, ALMA
Bjerkeli+ 2016
https://doi.org/10.1038/nature20600

ガスの角運動量とエネルギーから
foot point を割り出す

https://doi.org/10.1038/nature20600


磁気遠心力風
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分子雲・分子雲
コアとの接続



Class 0 天体の比角運動量

41

乱流

Gaudel+ 2020
doi:10.1051/0004-6361/201936364

速度勾配の方向のズレ

落下

乱流

サ
イ
ズ
線
幅
関
係

L1448-NB GF9-2 

C18O moment 1 maps
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Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co
locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )i ii2 2 !2j p km s . (2)obs N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs
the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then

Size-linewidth relation

42

Heyer+04
doi:10.1086/425978
c.f., Larson 81 
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Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co
locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )i ii2 2 !2j p km s . (2)obs N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs
the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then
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分子雲コアから星が生まれる。
星形成効率は一定と整合する。



星形成効率
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アウトフローが分子雲コアを散逸
質量降着が終了→星の質量が決定

Machida+ 2012
doi:10.1111/j.1365-2966.2011.20336.x



この分野で残された話題

• 星形成の始動条件
◦ 観測的に分子雲コアの収縮条件を確立

• 分子雲コアの形成と散逸
◦ なんとなく理解しているが… 

• ファーストコアの確認
◦ 現状は候補天体どまり

• ジェットとアウトフローの加速機構
◦ 独立な加速機構を観測で確認したい

• 原始星円盤の観測的研究
◦ 惑星形成と関連

• 円盤から原始星への質量降着
◦ シナリオにもとづく理論モデルはある
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