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観測



星間雲の観測方法
• 可視光

◦ 暗黒星雲（ダストのシルエット）

• 電波、遠赤外線の連続波
◦ ダストからの熱輻射
◦ ダストの柱密度と温度を反映

• 電波の分子輝線（例：CO, NH3, …)
◦ ガスの柱密度・密度・温度を反映
◦ 化学的な状態を反映

• ダスト
◦ 個体微粒子、星間ガスではサイズ 0.1μm以下
◦ ガスの1/100（質量比）

• 分子の存在比（水素分子の存在比 =1）
◦ 12CO: 10-4, 13CO: 10-6, C18O:  2x10-7,  H13CO+:  10-10, NH3: 2x10-8
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DSS2（可視光）

APEX（電波ダスト連続波）

Taurus filament B211, B213



1.85m Telescope CO(2-1) Orion Survey

5Nishimura A., et al. (2015), ApJS, 216, 18 



1.85m Telescope CO(2-1) Orion Survey

6Nishimura A., et al. (2015), ApJS, 216, 18 



1.85m Telescope CO(2-1) Orion Survey

7Nishimura A., et al. (2015), ApJS, 216, 18 



光学的厚みによる違い

8

光学的に厚い

光学的に薄い

<latexit sha1_base64="IeU/CnxJ887+9dqiH3baqXBHQbI="></latexit>

I(⌧) = I(0)e�⌧ +

Z ⌧

0
e�(⌧�t)S(t)dt

輻射輸送方程式の形式解 I 輻射強度
S ソース関数
t 光学的厚み

S が一定の場合

<latexit sha1_base64="dFIIENGy35d+25enAL4XfHazq74="></latexit>

⌧ � 1

<latexit sha1_base64="4zKtij9HcNtnF2nN5txhp0rEzAM="></latexit>

⌧ ⌧ 1

<latexit sha1_base64="Y4gCiEEBM6UkqelMYZ4pe9gmLJw="></latexit>

I = S

<latexit sha1_base64="1KmIKv7vH01TowniW/REiDRtgh8="></latexit>

I(0) = 0背景の放射がない場合

温度の関数

温度と柱密度 N の関数

<latexit sha1_base64="68gUjN0rlYdzHKaHp86mvnfzKX4="></latexit>

I(⌧) = I(0)e�⌧ + (1� e�⌧ )S

= S + e�⌧ (I(0)� S)

光学的に薄い輝線や連続波を用いると柱密度がわかる！

<latexit sha1_base64="svvQMDqQCI8NPpGJitK6jzFaRw0="></latexit>

I =

Z
⇢dsS ⇠ NS

<latexit sha1_base64="KM1ZKUmk35KvHZ2I0u3X78F9aq0="></latexit>

⌧ =

Z
⇢ds
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出典：相川祐理 日本惑星科学会誌 Vol. 14., No. 4, 2005



分子雲の基本形態はフィラメント

10

Herschel Gould Belt Survey 
Andre+ 2010
DOI: 10.1051/0004-6361/201014666 

Aquila Polaris

△☆ Class 0 原始星

不安定 安定



分子雲の３次元構造
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マウスでインタラクティブな可視化 [Website]

Zucker+ 2021
https://doi.org/10.3847/1538-4357/ac1f96

Atomic, diffuse molecular gas

Gaiaを利用して奥行き＋赤化

https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/3D_Cloud_Topologies/gallery.html
https://doi.org/10.3847/1538-4357/ac1f96


フィラメントの半値幅は 0.1 pc

Arzoumanian+ 2019
https://doi.org/10.1051/0004-6361/201832725 

12

https://doi.org/10.1051/0004-6361/201832725


フィラメントの半値幅は 0.1 pc

13

Arzoumanian+ 2019
https://doi.org/10.1051/0004-6361/201832725 

https://doi.org/10.1051/0004-6361/201832725


フィラメントへのガス降着

14
12CO(1-0) Palmeirim et al. 2013



フィラメント状分子雲における星形成

15

自己重力でフィラメント形成

フィラメントが分裂して分子雲コアが形成

分子雲コアが重力収縮して原始星が形成

0.1 pc



物理



星間ガスを司る物理

17
Credit:ESO/Bo Reipurth HH46/47

ESO 新技術望遠鏡、ALMA望遠鏡

磁場

圧力

乱流

自己重力

輻射

• 輻射
• 自己重力
• 圧力
• 磁場
• 乱流



輻射



輻射

• 分子雲の温度 10K
• 加熱と冷却がバランスしている
• 加熱

◦ 圧縮熱（重力エネルギー）、宇宙線、星からの輻射
• 冷却

◦ 分子輝線、
• CO (J=1-0) H2と衝突して回転遷移
E(J=1–0) = kB 5.5 K ➡ 10K で励起できる

• H2 は電気双極子を持たない。
四重極でエネルギー差は kB 540 K  ➡ 10K では励起できない

◦ ダスト熱輻射
• 気体分子とダストが衝突（高密度で有効）
• ダストが輻射
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Goldsmith (2001)
LVG model
doi:10.1086/322255

輻射：ライン冷却の効きかた
COライン放射：

低密度 (n < 105 cm-3)

ダストの熱輻射：
高密度 (n > 104 cm-3)

Contributions to the total gas cooling rate from various species as a 
function of H2 density. The kinetic temperature is 10 K, the velocity 
gradient is 1 km s-1 pc-1, and the fractional abundances are the 
undepleted standard values given in Table 1.

個数密度

冷
却

20



1次元球対称の輻射流体

Masunaga & Inutsuka (2000)
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

<latexit sha1_base64="vIZPKQb1Kh69hmd4tnfzh6SXT78="></latexit>

n(H2) = 2⇥ 10
10

cm
�3

分子雲コア 原始星

<latexit sha1_base64="qNLRLBf1HMNaXTdygLJ/iO5snVw="></latexit>

� = 5/3

<latexit sha1_base64="wIMTVnK2/7UkLJM78596KDqvfSY="></latexit>

� = 1
<latexit sha1_base64="RMdiQCAoaGuvGP25UfPQnFdI57E="></latexit>

p = ⇢�

21



自己重力



基本的なスケール 自己重力

23

時間スケール 自由落下時間

密度が与えられると、時間のスケールが決まる。

薄いガス雲 濃い
ガス雲

ゆっくり収縮
寿命が長い

速く収縮
寿命が短い



球対称ダストの自由落下

24

<latexit sha1_base64="AEDfVa7GdRWHSoIawKHBcO811a8="></latexit>

M =
4

3
⇡r30⇢0

<latexit sha1_base64="hsdoBRdR2j0iFz27GawwWpaWpYY="></latexit>⇢0 <latexit sha1_base64="C9PIMw+8dppzv2FpH8nKeu5EW6Q="></latexit>r0
<latexit sha1_base64="QeqBZ1fximmZna4lW/0LnMSKIdk="></latexit>

g = �GM

r2
= �4

3
⇡G⇢0r

3
0r

�2重力

<latexit sha1_base64="RucNX8bg64K5is2QZ8EkaS70+1o="></latexit>

d2r

dt2
= g運動方程式

<latexit sha1_base64="+anE7s5iXquHk+Vai5IpOYKzvZo="></latexit>

d2r

dt2
= �4

3
⇡G⇢0r

3
0r

�2

これを解く



球対称ダストの自由落下
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<latexit sha1_base64="EucgMnQ0IhgolnWdhQblzUCjj5g="></latexit>

⇣ +
1

2
sin 2⇣ =

✓
8

3
⇡G⇢0

◆1/2

t

r

r0
= cos2 ⇣

<latexit sha1_base64="+anE7s5iXquHk+Vai5IpOYKzvZo="></latexit>

d2r

dt2
= �4

3
⇡G⇢0r

3
0r

�2

初期条件

運動方程式

<latexit sha1_base64="b4O9JmGPAXWV1DHx+AK1fd2kNsE="></latexit>

t = 0

r = r0

解
板書を
します

<latexit sha1_base64="wUdt6bqFU30tBFHYj6+kK2Ys+Ag="></latexit>

r = 0 の時間は？
<latexit sha1_base64="j7VyAmko+fEAzsj8UZOHgDsJsSI="></latexit>

t↵ =

✓
3⇡

32G⇢0

◆1/2

自由落下時間



球対称ダストの自由落下の軌跡
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自由落下時間

27

<latexit sha1_base64="+r/1jy214ftfP2vMihefVgSEK8Y="></latexit>

n(H2) = 10
3
cm

�3 · · · t↵ = 10
6
yr

n(H2) = 10
5
cm

�3 · · · t↵ = 10
5
yr



自己重力
と圧力



基本的なスケール 自己重力と圧力

29

長さスケール

密度と温度（音速）が与えられると、長さと質量のスケールが決まる。
Jeans 安定性から求められる

薄いガス雲 濃い
ガス雲

ゆっくり収縮
寿命が長い
大きい
重い

速く収縮
寿命が短い
小さい
軽い

質量スケール

Jeans length

Jeans mass
<latexit sha1_base64="+1dW5vE54MpkgMiv9Hrgh+N8HDw="></latexit>

MJ =
4

3
⇡⇢

✓
�J

2

◆3

=
⇡5/2c3s

6G3/2⇢1/2



Jeans 安定性

30

<latexit sha1_base64="xM+EfkVnXxDezBQqq/rJSVMwuQU="></latexit>

@⇢

@t
+r · (⇢v) = 0

@v

@t
+ (v ·r)v = �1

⇢
rp�r�

r2� = 4⇡G⇢

<latexit sha1_base64="sfr3Bfc35AimEXJP+1L9ZljYK8g="></latexit>

⇢ = ⇢0 + ⇢1

⇢1 = �⇢ ei!t�ikx

基本方程式 線形解析

<latexit sha1_base64="sWkd/hqqoAvFjljg0HyAG5DMb9I="></latexit>

!2 = c2sk
2 � 4⇡G⇢0

分散関係

ω2 > 0（ωが実数）のとき
ゆらぎは安定

ω2 < 0（ωが虚数）のとき
ゆらぎは成長

<latexit sha1_base64="S3657dGdorOhcOEjQuqmS+fKW/c="></latexit>

⇢1 = �⇢ ei!t�ikx

= �⇢ e�te�ikx

ω2

k
kJ

<latexit sha1_base64="W3bCwvRCQQbmEdYJE2kxMyHAP6U="></latexit>

kJ =
(4⇡G⇢0)1/2

cs

�J =
2⇡

kJ
=

✓
⇡c2s
G⇢0

◆1/2

不安定 安定

Jeans Length（ジーンズ長）



Jeans 安定性
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<latexit sha1_base64="P2Lx4Rvz1Csn4Hq0QxwnADHnOX0="></latexit>

�J =

✓
⇡c2s
G⇢0

◆1/2

<latexit sha1_base64="SHPpY/e1CQ42toE6FAI+tXP97eo="></latexit>

MJ =
4

3
⇡⇢0

✓
�J

2

◆3

=
⇡5/2c3s

6G3/2⇢1/20

Jeans length

Jeans mass

ガス雲は Jeans length 以上のガス雲に分裂
ガス雲の最小単位
自己重力ガス雲の典型的大きさ
高密度ほどガス雲は小さい

Jeans length に含まれるガスの質量
ガス雲の典型的質量
高密度ほどガス雲は軽い

星は分子雲
より小さい



Jeans length

32

分子雲
分子雲コア 星周円盤

エンベロープ



Jeans mass

33

分子雲
分子雲コア 星周円盤

エンベロープ



Jeans length, Jeans mass
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<latexit sha1_base64="aVIU+vU2sZmsTCSnKccYPNYDtxA="></latexit>

n(H2) = 10
3
cm

�3 �J = 0.68 pc MJ = 9.46M�

n(H2) = 10
4
cm

�3 �J = 0.22 pc MJ = 2.99M�

n(H2) = 10
5
cm

�3 �J = 0.068 pc MJ = 0.946M�

n(H2) = 10
6
cm

�3 �J = 0.022 pc MJ = 0.299M�

n(H2) = 10
7
cm

�3 �J = 1411 au MJ = 0.0946M�

n(H2) = 10
8
cm

�3 �J = 446 au MJ = 0.0299M�

n(H2) = 10
9
cm

�3 �J = 141 au MJ = 0.00946M�

n(H2) = 10
10

cm
�3 �J = 44.6 au MJ = 0.00299M�

n(H2) = 10
11

cm
�3 �J = 14.1 au MJ = 0.000946M�

高密度
分子雲コア

ファースト
コア



おうし座分子雲と分子雲コア

● 原始星
● Tタウリ型星

H13CO+ core

＋ 原始星

名古屋大学 NANTEN

分子輝線 C18O
水素分子個数密度 105cm-3 程度水素分子個数密度 104cm-3 程度

再掲

35



基本的なスケール 自己重力と圧力

36

一様球
半径 R
質量 M
音速 cs

<latexit sha1_base64="dz5ZNyak5337vW2luO9aBEeo7mw="></latexit>

Egrav = �1

2

Z

V
⇢�dV = �16

15
⇡2G⇢2R5 = �3GM2

5R

� =
2

3
⇡G⇢

�
r2 � 3R2

�
重力ポテンシャル

全エネルギー
<latexit sha1_base64="zVu8uorKohx0wDbK1hRMHzEYjMU="></latexit>

Etot = Eth + Egrav

=
3c2sM

2
� 3GM2

5R

一旦、重力が勝つと勝ち続ける→ 重力崩壊

<latexit sha1_base64="B1DJ3rkHNu1qahoAs8PBxhhJQa8="></latexit>

Eth =
1

� � 1

Z

V
PdV =

1

5/3� 1

4⇡R3⇢c2s
3

= 2⇡⇢c2sR
3 =

3c2sM

2
熱エネルギー

重力エネルギー

※ここから Jeans length と Jeans massを求めることもできる。
※本来はビリアル定理から出発する。外圧の効果も入る。

一旦勝つとは？
次頁以降で



Bonner-Ebert sphere

37

自己重力を持った等温ガス雲の球対称な平衡解

<latexit sha1_base64="LfIJQtuEB4zzvB/lkP04Ip1WCDQ="></latexit>

1

⇢

dp

dr
+

d�

dr
= 0

p = c2s⇢

1

r2
d

dr

✓
r2

d

dr
�

◆
= 4⇡G⇢

<latexit sha1_base64="ZPS6beNJWxmzbKG33+nJpCifDCw="></latexit>

d2w

dz2
+

2

z

dw

dz
= e�w

基礎方程式

Lame-Emden 方程式

<latexit sha1_base64="qvCILEq8VrGCVab22tKLeETnJAE="></latexit>

z =
csp

4⇡G⇢c
r, w = � ln

⇢

⇢c

境界条件
<latexit sha1_base64="5WfC8T2dGiM99uSMlt2em86Bl1k="></latexit>

z = 0（原点）で
<latexit sha1_base64="S3sd0V2Q7mtTgUMcPaAankPAgps="></latexit>

w = 0 (⇢ = ⇢c),
dw

dz
= 0

✓
d⇢

dr
= 0

◆

中心から外に向かって数値積分
<latexit sha1_base64="QzmZoIEk1bzNbKkotnTpa+LR1NU="></latexit>

dy

dz
+

2y

z
= e�w

dw

dz
= y

<latexit sha1_base64="OjdVAQwI/zmo65LiIUmsOQiYGyc="></latexit>⇢c は中心密度



z

Bonner-Ebert sphere 解のかたち

38

数値積分

<latexit sha1_base64="CXSkf/JFA9O9T1DnrTzoOOgrdfY="></latexit>

⇢ =
c2s

2⇡Gr2

SIS

外圧
<latexit sha1_base64="0q4YyYnb2aRuX0xUgaKk7GAHYYY="></latexit>pext

雲の半径

密度

半径

<latexit sha1_base64="RsaswNffYW55/k4NxeExtdLAY3A="></latexit>

zcr = 6.45



BE球 ガス雲の外圧を考える

39

どれが安定？

どれが不安定？



BE球 質量と中心密度の関係

40

密度コントラスト

質量

不安定安定

中心密度を増すと
重すぎて支えられない

中心密度を増しても
支えられる

Critial Bonnor-Ebert Sphere
最大質量 Jeans mass に近い

16



Bok globule は BE 球でフィット可能

41
z ガス雲の半径（無次元化）

近赤外画像

Kandori+ 2005 doi:10.1086/444619



Bok globule 球対称の近似は妥当か？

42

Kandori+ 2005
doi:10.1086/444619



星ありコア B335

43

Harvey et al. (2001)
doi:10.1086/324076

Inside-out collapse
Bonnor-Ebert sphere
どちらでもフィットできる

Gålfalk & Olofsson 2007
DOI: 10.1051/0004-6361:20077889 



自己重力
と圧力

（フィラメント版）



フィラメントの物理

45

<latexit sha1_base64="RluVuIln8+9bQgSzgAcJjsIwXkA="></latexit>

1

r

d

dr

✓
r
d�

dr

◆
= 4⇡G⇢

ポアソン方程式 <latexit sha1_base64="d0QHLD+I2wvv49Zjzfq9V56uV+8="></latexit>

Mline =

Z r

0
2⇡r⇢dr

重力加速度

圧力勾配

線密度（単位長さあたりの質量）

初期に圧力で支えられないガス雲は
収縮しても圧力で支えられない

<latexit sha1_base64="oGHyCIWpKkGgkfXM26XDlkojYAc="></latexit>

�1

⇢

dp

dr
= �c2s

⇢

d⇢

dr
⇠ c2s

r

磁場では支えれるかな？
→演習問題

重力と圧力を比べる（半径方向）

<latexit sha1_base64="7Adn0/a0oqpfJHXA0ZGuflPFsas="></latexit>

gr = �d�

dr
= �4⇡G

r

Z r

0
r⇢dr = �2GMline

r



フィラメントの物理（臨界線密度）

46

もっと定量的に

等温で無限に長いフィラメントの平衡解 (Stod́olkiewicz 1963;Ostriker 1964)
<latexit sha1_base64="QgXHypIQjkoNyq+3wR+jDAzM2kg="></latexit>

⇢(r) = ⇢c


1 +

⇣
r

H

⌘2
��2

, H =

✓
2c2s
⇡G⇢c

◆1/2

<latexit sha1_base64="Ms4ufUBtMkmm1cn6G/is1l2szlw="></latexit>

Mline =

Z r

0
2⇡r⇢dr

= 2⇡H2
⇢c

Z x

0
x(1 + x

2)�2
dx

= ⇡H
2
⇢c

x
2

1 + x2

! ⇡H
2
⇢c (x ! 1)

<latexit sha1_base64="samsuNAIUzKWyQW0HplHgLE+fLo="></latexit>

�c
2
s

⇢

d⇢

dr
= � c

2
s

H

�
1 + x

2
�2 d

dx

�
1 + x

2
��2

=
4c2s
H

x

1 + x2

<latexit sha1_base64="c9k3ExyYC4JhHnaST6oCPKph/sQ="></latexit>

⇡H
2
⇢c >

2c2s
G

<latexit sha1_base64="YGgz6QiWStHYJCA5lQgZPwPa1tQ="></latexit>

Mline >
2c2s
G

(= Mline,cr)

<latexit sha1_base64="Wtc3uICmZjeCYDPtIEJ2ukI2im0="></latexit>

gr = �4⇡G

r

Z r

0
r⇢dr

= �4⇡GH⇢c

x

Z x

0
x(1 + x

2)�2
dx

= �2⇡GH⇢c
x

1 + x2

重力加速度

圧力勾配

重力＞圧力

線密度が臨界
線密度を超え
ると重力収縮
する

線密度の計算 Inutsuka & Miyama (1997) 



分子雲の基本形態はフィラメント

47

Herschel Gould Belt Survey 
Andre+ 2010
DOI: 10.1051/0004-6361/201014666 

Aquila Polaris

△☆ Class 0 原始星

不安定 安定

臨界線密度で
規格化した線密度

再掲



磁場



星間磁場 銀河スケール
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Plank 衛星による全天偏光観測 353 GHz (Adam et al. 2016)
色：ダスト分布
流線：磁場



銀河磁場 系外銀河

50M51 6cm 偏光＋HST (Fletcher et al. 2011)

Edge-on irregular galaxy NGC 4631 (total and 
polarized intensity), observed with the Effelsberg
telescope at 8 GHz (3.6 cm wavelength).
Optical background image: Misti Mountain 
Observatory
© M. Krause (MPIfR Bonn)



ダストによる偏光
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出典： Lazarian 2007

偏光観測から磁場の方向を見積もる（視線に垂直成分）

背景星の偏光
可視・近赤外 ダスト熱輻射の変更

サブミリ波



星間磁場 分子雲スケール

52

可視・赤外の偏光
フィラメントに垂直な磁場

Palmeirim et al. 2013



分子雲コアの磁場
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JCMT BISTRO Survey
Liu et al. 2019
https://doi.org/10.3389/fspas.2019.00066

The Starless Core ρ Ophiuchus C

ダストの熱輻射の偏光から求めた磁場の向き

グレー：850μm continuum
黄色： P/δP > 2, シアン: P/δP > 3
δP：偏光の不定性

https://doi.org/10.3389/fspas.2019.00066


分子雲コアの磁場 砂時計型
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Girart et al. 2006
DOI: 10.1126/science.1129093

背景： 877 μm ダスト連続波

偏光ベクトル

磁場ベクトル
赤：観測
灰：放物線フィット

https://doi.org/10.1126/science.1129093


分子雲コアの磁場
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Figure 3. Magnetic field orientation maps. The total intensity of the 850 μm 
continuum from the GBS project is shown in gray scale. The total intensity is also 
shown in contour levels, starting from 250 mJy beam-1 and continuing at steps of 
80 mJy beam-1. Vectors are from the POL-2 data with δP < 5%. The yellow and 
cyan vectors correspond to data with P/δP > 2 and P/δP > 3, respectively. A 
reference 10% vector is shown in the lower right corner. A black dashed circle 
shows the central region of 3' radius.

The Starless Core ρ Ophiuchus C

JCMT BISTRO Survey
Liu et al. 2019
http://dx.doi.org/10.3847/1538-4357/ab0958

877 μm ダスト連続波

http://dx.doi.org/10.3847/1538-4357/ab0958


基本的なスケール 自己重力と磁場
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一様球
半径 R
質量 M
磁場 B

<latexit sha1_base64="dz5ZNyak5337vW2luO9aBEeo7mw="></latexit>

Egrav = �1

2

Z

V
⇢�dV = �16
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⇡2G⇢2R5 = �3GM2
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� =
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3
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�
r2 � 3R2
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<latexit sha1_base64="gxHEgP9FPavIULKbM6EZjf5C3EQ="></latexit>

Emag =

Z

V

B2

8⇡
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B2

8⇡

4

3
⇡R3 =

�2
B

6⇡2R

�B = ⇡R2B

重力ポテンシャル

磁束

全エネルギー

磁気エネルギー

重力エネルギー

※ビリアル定理を使うとこの係数は3になる。
表面の効果があるため。

<latexit sha1_base64="ES1zaGtaGFfpGbOJDbs97arzUeQ="></latexit>

Etot = Emag + Egrav

=
�2

B

3⇡2R
� 3GM2
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基本的なスケール 自己重力と磁場

57

一様球
半径 R
質量 M
磁場 B

全エネルギー

初期に磁場で支えられないガス雲は
収縮しても磁場で支えられない

<latexit sha1_base64="KLybPuRCSqTX5gNqTRWnRCydr5w="></latexit>

Mcr =
1

2⇡
G�1/2�B = 0.159G�1/2�B

臨界質量は

数値計算による安定性解析（Tomisaka 1988)

<latexit sha1_base64="mwSqHnNcWMZB0ST9D493Bb0LPOI="></latexit>

M > Mcr

<latexit sha1_base64="kgQ3PGooOi9MJeobkYEavXlsMDk="></latexit>

M < Mcr

Magnetically super-critical

Magnetically sub-critical

<latexit sha1_base64="ES1zaGtaGFfpGbOJDbs97arzUeQ="></latexit>

Etot = Emag + Egrav

=
�2

B

3⇡2R
� 3GM2

5R

<latexit sha1_base64="OB6Ra8aNMmQ5wI8BiQ6hOgG4NF0="></latexit>

Mcr =

p
5

3⇡
G�1/2�B = 0.237G�1/2�B



平衡解にもとづく解析

Tomisaka et al. 1988  doi:10.1086/166923

不安定安定

Supercritical

Subcritical

Critical Bonnor-Ebert sphere 中心密度

ガ
ス
雲
の
質
量

b0はガス雲外側のガス圧/磁気圧
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現実の分子雲は臨界値付近
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柱密度

Supercritical

Subcritical

<latexit sha1_base64="IJoEuENRFZu3vgWNJIYD7FDC6fI="></latexit>

µ =
(M/�B)

(M/�B)cr

質量と磁束の比を
臨界値で規格化

●はZeeman効果、★はChandrasekhar-Fermi法、△は下限値を表す。



星間雲の磁場強度 ゼーマン効果

60

柱密度 密度

臨界
値

ゼーマン効果は磁場の視線成分 Blos を測定する

B tot
の上
限（
統計
によ
る予
測）

Crutcher & Kemball 2019
https://doi.org/10.3389/fspas.2019.00066

https://doi.org/10.3389/fspas.2019.00066


星形成のモードと磁場

磁場強度は？

弱い
Supercritical

強い
Subcritical

★
Dynamical collapse
速い
～自由落下時間

★
Ambipolar diffusion
遅い
～AD時間

61



磁場の散逸機構

∂B
∂t

= ∇× v×B( )

−∇× η∇×B( )

+∇×
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&
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)
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+∇×
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4πγρnρi
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+
,
-

.
/
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Induction equation

advection

Ohmic dissp.

Hall effect

ambipolar diff.
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Ambipolar diffusion, Hall effect, Ohmic 
dissipation

63

356 M. W. Kunz and S. A. Balbus

The induction equation is (see, for example, Balbus & Terquem

2001):

∂B

∂t
= ∇ ×

[

v× B −
4πηJ

c
−

J × B

nee
+

(J × B) × B

cγρiρ

]

. (3)

Here,η is the resistivity, c is the speed of light, J is the current density,

ne is the electron density, e is the magnitude of the electron charge,

γ is the electron–ion drag coefficient and ρ i is the ion mass density.

Numerical values of η and γ are (Draine, Roberge & Dalgarno 1983;

Balbus & Terquem 2001)

η = 234
(

n

ne

)

T 1/2 cm2 s−1, γ = 2.75 × 1013 cm3 s−1 g−1,

where n is the number density of the neutrals and T is the tempera-

ture. Finally, for future reference, we define the Alfvén velocity in

the usual way:

vA =
B

√
4πρ

. (4)

The terms on the right-hand side of equation (3) correspond re-

spectively to Faraday induction, ohmic resistivity, Hall electromo-

tive forces (HEMFs) and ambipolar diffusion. The relative ratio

of the ambipolar to Hall terms is given by (Balbus & Terquem

2001)

A

H
∼

(

1013

n

)1/2 (

T

103

)1/2 (

vA

cs

)

, (5)

where cs is the isothermal sound speed. Assuming that the final two

factors are each about 0.1, we see that a neutral density below about

109 cm−3 brings us into the ambipolar diffusion regime (see Fig. 1),

and we shall assume that this restriction is satisfied. We retain the

resistivity in Section 3, however, to illustrate the simple relation

of ambipolar diffusion to ohmic dissipation for the case of axial

field geometry, and in the Appendix, where both Hall and ohmic

terms are included in the derivation of a very general dispersion

relation.

Figure 1. Regions of ambipolar (A), Hall (H), and ohmic (O) dominance.

Numbers are taken from equations (24) and (25) from Balbus & Terquem

(2001), assuming vA/cs = 0.1. Note that there is no explicit dependence on

radius, central mass or ionization fraction. The region of ambipolar domi-

nance of interest is the left-most wedge.

3 A X I A L F I E L D S A N D WAV E N U M B E R S

3.1 Stability

We consider first the local stability of a differentially rotating disc

threaded by a weak vertical field, B = BeZ , in the presence of am-

bipolar diffusion. We use standard cylindrical coordinates (R, φ,

z) with the origin at the disc centre, and consider plane wave per-

turbations that depend only on z. Linearized quantities (indicated

by δ notation) are proportional to exp (σ t − ikz), where k is the

vertical wave number. In the Boussinesq limit, this corresponds to

fluid displacements in the plane of the disc, so vertical structure

is unimportant. Under these circumstances, pressure, density, ver-

tical velocity and vertical magnetic field perturbations all vanish.

The two-fluid version of this problem has been considered by Blaes

& Balbus (1994); we shall compare the results of our single-fluid

treatment with those of these authors.

Stability is most easily assessed by working in the limit σ → 0,

assuming that the stable–unstable transition is bridged by a σ = 0

solution. The linearized equations of motion are

−2'δvφ −
ik B

4πρ
δBR = 0, (6)

κ2

2'
δvR −

ik B

4πρ
δBφ = 0, (7)

where κ is the epicyclic frequency defined by

κ2 = 4'2 +
d'2

d ln R
. (8)

The linearized induction equations are

k2η′δBR − ik Bδvr = 0, (9)

k2η′δBφ −
d'

d ln R
δBR − ik Bδvφ = 0, (10)

where

η′ ≡ η +
v2

A

γρi

(11)

is the ohmic resistivity modified by ambipolar diffusion.

Solving the above system of equations, we find that

κ2k2η′2 + v2
A

(

d'2

d ln R
+ k2v2

A

)

= 0. (12)

This is the desired marginal stability condition. It is easily shown that

the left-hand side should be negative for instability. The instability

criterion is then

k2v2
A < −

d'2

d ln R

(

1 +
κ2η′2

v4
A

)−1

, (13)

a more restrictive condition than the classical MRI.

It is often the case that ohmic resistivity is small compared with

ambipolar diffusion, which was the limit assumed by Blaes & Balbus

(1994). If we take η → 0, η′ → v2
A/γ ρ i, the instability criterion

becomes

k2v2
Ai < −

d'2

d ln R

(

γ 2ρiρ

κ2 + γ 2ρ2
i

)

, (14)

where we have introduced the ion Alfvén velocity

vAi ≡ vA

(

ρ

ρi

)1/2

. (15)

C© 2004 RAS, MNRAS 348, 355–360

Kunz & Balbus 04Number density

Temperature

Ambipolar diffusion Hall effect Ohmic dissipation

ガス雲のスケールでは AD が効く



Ambipolar diffusion 両極性拡散
磁場の散逸よりも自由落下のほうが早い

Nakano+ 2002 doi:10.1086/340587

ファーストコア

等温エンベロープ

64



乱流



乱流 サイズ-線幅関係

66

Larson (1981)

音速

いくつか存在する Larson’s Law のひとつ

超音速乱流の存在を示唆

<latexit sha1_base64="kqQ9/AQiEjqDR5oQSwSJj3/njnY="></latexit>

� / L0.38
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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

67

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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乱流による速度勾配は観測される回転と整合的

68

P(k) ∝ k-4

P(k) ∝ k-3

P(k) ∝ k-2

視線速度分布
Burkert & Bodenheimer 00



乱流は回転の起源 ー概念図ー
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原始星

分子雲コア



超音速乱流
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乱流＞圧力

乱流による構造形成（フィラメント）→ 自己重力で束縛 → 分子雲コア → 星形成

乱流 + 自己重力 + 等温ガス
Matsumoto+ 2015
doi:10.1088/0004-637X/801/2/77

青い点：星と軌跡



確率密度関数(PDF)は対数正規分布

71

乱流 弱
星形成 静

乱流 強
星形成 活発

幅が広い幅が狭い

星形成べ
き
分
布

Matsumoto+ 2015  doi:10.1088/0004-637X/801/2/77



衝突流によってさらに星形成が活発に

72Matsumoto+ 2015  doi:10.1088/0004-637X/801/2/77



自己重力+乱流+磁場+アウトフロー
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Appel et al. 2021
arXiv:2109.13271



PDFは対数正規分布＋べき分布
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Appel et al. 2021
arXiv:2109.13271



自由落下時間あたりの星形成率の比較

75

Federrath 2015
doi:10.1093/mnras/stv941

47% 25%

8% 4%

銀河系の星形成率は
数 M⦿/yr

（10-100倍おそい！）



この分野で残された話題

• 乱流の起源
◦ 大質量星からのフィードバックや超新星爆発
◦ 熱的不安定性
◦ 銀河回転との関連は手付かず

• 磁場は重要なのか
◦ 磁場強度の観測（現在は強い磁場しか測れない）

• 大質量星形成（あとの時間に言及予定）
• 銀河系スケールの星形成への接続

◦ 棒状バルジと星形成
◦ HI雲（原子雲）とH2雲（分子雲）の接続

• ダスト
◦ 分子雲ごとにダスト（ガス・ダスト比、ダストサイズ）に違いはある
か？ 成長の環境依存性
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おまけ



Virial定理
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MHDの運動方程式
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Virial定理（一様等温球の場合）

79
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J = 角運動量

圧力の表面積分

磁場の表面積分は無限遠で0



一様等温球の場合の各種エネルギー
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