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低金属量環境での星形成はどこまで普遍的か？
大小マゼラン雲におけるALMAサブpcスケール

観測からの検証

徳田一起 (香川大学)
Topics
- 巨大分子雲と恐竜絶滅
- 大小マゼラン雲の原始星の誕生: アウトフロー
- 大小マゼラン雲のフィラメント状分子雲



恐竜絶滅・スノーボールアースについて

スノーボールアースの
想像図(Wikipediaより)

約6600万年前に起きた天体衝突の様子を描
いた想像図（Credit: Chase Stone）

=>共通して起こったこと
地球の寒冷化：原因は何か？実は研究者の間でも論争が絶えない



ほか

天文月報2018年2月号より



the Nebula winter model
Kataoka+ 2014

銀河面での星形成率が高い時期に地球は寒冷化する

星雲遭遇地球冷却モデル

✓ダスト粒子

✓大気中での宇宙線によるNOXの大量生
成

などによっても寒冷化・爆発的星形成=>超新星爆発の多発=>銀河宇宙線の増加=>地球の雲の増加
・Dark cloudに突入するのでダスト量の増加

Kataoka+13; 14



なぜマゼラン雲なのか？

① 視線方向上の重なりと距離の不定性を最小限に抑える

銀河系の観測

③ スターバーストの起源

Galactic 

Plane

LMC(~0.5 Z☉)

SMC(~0.2 Z☉)

30 Dor 
R136

Credit NASA / ESA / STSCI / E. SABBI / SCIENCE PHOTO LIBRARY

② 低金属量の実験場(0.2-0.5Zo) 

© Stéphane Guisard

銀河系でもなく、遠方銀河でもなく、



Madau et al. 2014

Gyr

The most active phase of star formation in cosmic history
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- 小マゼラン雲の金属量(Z~0.2 Z☉)で約100億年前に相当(e.g., Pei+1999; Madau+2014)
- 水素分子形成が困難になりはじめる金属量 (c.f., Krumholz+09)



Credit: 松下裕子

原始星アウトフロー: 分子雲コアから原始星への変遷

5桁以上の角運動量が星形成過程の間に除かれなければならない=>アウトフロー

Outflow 

Ejected from the disk

Prestellar core

星形成における角運動量問題と磁束問題*1

protostar
disk

Gravitational Collapse 

Magnetic field
Rotation

*1ちなみに真の意味で磁束問題は解決されていない(Tokuda+23, 関連講演=>村社さん)
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0.1 pcの解像度の観測=>複数原始星からのアウトフロー (Tokuda+19)
天文月報2022年12月

大マゼラン雲、すなわち銀河系の外で初めての捉えた産声



小マゼラン雲原始星アウトフローの初検出

探すのに相当苦労しました(LMCでの発見より7年越しの成果)
・ALMAのレビューワーの評価が良くない (星間化学をやりたいというプロポーザルを通した)
・そもそも大質量原始星がLMCより少ない
・COの強度がだいぶ弱い
・何ならSMCより10倍遠いM33の方が先にアウトフローが見つかった (Tokuda+20)
・Tokuda+22b以来、きちんとSMCの他の天体でも見つかる (Shimonishi+23; Tokuda+25)

Tokuda+22b

分子雲コアから原始星が誕生するメカニズムは
宇宙の歴史100億年(金属量0.2-1 Z☉)を通して普遍的



Omukai (2000) for a thorough discussion of this issue. The initial
ionization degree and H2 concentration are assumed to be the
values for uniform matter in the postrecombination universe:
y (e) ! 10"4, y (H2) ! 10"6. Initially, carbon is fully ionized
and helium and oxygen are neutral.

3. RESULTS

In this section, we first present the thermal and chemical evo-
lution for different initial values of the gas metallicity (x 3.1);
then, a reduced chemical model for low-metallicity clouds is
presented (x 3.2). Using the derived effective equation of state, we
discuss the fragmentation properties of prestellar clouds and es-
timate the typical mass scales of fragmentation in the Appendix.

3.1. Thermal and Chemical Evolution

3.1.1. Results for the Fiducial Cases

The temperature evolution for prestellar clouds for different
metallicities is shown in Figure 1. The cases with metallicities
½Z/H$ ! "1 (i.e., Z ! 0 metal-free case), "5, "3, and "1
(½Z/H$ ! "6, "4, "2, and 0) are indicated by solid (dashed)
lines. As an external radiation field, only the present-day (2.73K)
CMB is included, although its effect can be neglected except for
in the lowermost temperature regime in the ½Z/H$ ! 0 case. We
refer to this set of models as the fiducial cases hereafter. The
dotted lines indicate those of a constant Jeans mass. The dashed
line labeled ‘‘!J ! 1’’ shows the locationwhere the central part of
a cloud becomes optically thick to continuum radiation (eq. [20];
see discussion below). Before this condition ismet, i.e., to the left
of the line, clouds are still optically thin to the continuum.

The evolution of clouds with metallicity ½Z/H$ ! "(4 3) at
nH % 104"8 cm"3 is mostly affected by the improvements of the
model, namely, by the inclusion of HD cooling and the modifi-
cation of the collapse timescale. Conversely, both at lower and
higher metallicity values, the thermal evolution is hardly altered.

In Figure 2 we illustrate separately the contribution by each
processes to cooling/heating rates in the fiducial cases. For the
same cases, we also show the evolution of H2 and HD fractions
in Figures 3 and 4, respectively. In terms of major coolants, the
thermal evolution can be classified into the following three
metallicity ranges: (1) quasi-primordial clouds (½Z/H$P"6),
(2) metal-deficient clouds ("5P ½Z/H$P"3), and (3) metal-
enriched clouds ("2P ½Z/H$). For each of these ranges, we now
describe the evolution presented in Figures 1–4.
1. Quasi-primordial clouds (½Z/H$P"6).—The presence of

metals at metallicity levels as low as [Z/H$P"6 does not sig-
nificantly alter the thermal evolution in any density range. The
evolution of both temperature and chemical species follows closely
those of the metal-free case. Molecular hydrogen is always an
important cooling agent. HD hardly affects the overall evolution
despite contributing as much to the cooling as H2 at %105 cm"3

(see also Bromm et al. 2002).
To clarify the reasons for this trend, we first describe the

HD formation process. The abundance of HD is determined by
the equilibrium between the formation reaction (reaction D4 in
Table 1) and its inverse dissociation reaction (D6),

D4; D6: Dþ þ H2 $ Hþ þ HD: ð12Þ

The deuterium ionization degree is set by the equilibrium be-
tween reactions D1 and D2,

D1; D2: Dþ Hþ $ Dþ þ H: ð13Þ

The HD to H2 ratio is then

n(HD)

n(H2)
! kD4n(D

þ)
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Fig. 1.—Temperature evolution of prestellar clouds with different metallicities. Those with metallicities ½Z/H$ ! "1(Z ! 0),"5,"3, and"1 ("6,"4,"2, and 0)
are shown by solid (dashed) lines. Only the present-day CMB is considered as an external radiation field. The lines for constant Jeans mass are indicated by thin dotted
lines. The positions at which the central part of the clouds becomes optically thick to continuum self-absorption is indicated by the thin solid line (eq. [20]). The
intersection of the thin solid line with each evolutionary trajectory corresponds to the epoch when the cloud becomes optically thick to the continuum. To the right of this
line, the clouds are optically thick and there is little radiative cooling. [See the electronic edition of the Journal for a color version of this figure.]
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0: present day (Z ~1 Z☉)
1: マゼラン雲の金属量に近い (Z~ 0.1 Z☉)

Omukai et al. 2005

分子雲コア・フィラメントの密度
この付近で熱的な
振る舞いが1桁異なる

nH (cm-3)

T 
 (K

)

大小マゼラン雲は分子雲コア形成に至る前段階を観測的に検証できる

金属量によって変化する分子ガスの熱進化



Credit: Nagoya University Southern Observatories / Fukui et al. 2008

OrionA 13CO (2−1)E-Papillon 13CO (2−1)

N159E 13CO (2−1)N159 12CO (1−0)NANTEN survey in 12CO (1−0)

ALMA (~0."26) IRAM (~11")

ALMA (~1")
Mopra (~45")

2×103 2×103 2×103 1×105 1×105 1×106 1×106

30 Dor

E
W

S

Mopra22m(Wong+11) ALMA Cy1(Saigo+17)

ALMA Cy4(Fukui+19) Berné+14

(see also the first survey by Fukui+99)

ALMAの分解能~銀河系の分子雲(e.g., Orion)を単一鏡で観測

20年以上の歴史を持つ大マゼラン雲(          )の分子雲観測 
空間分解脳40 pc => 10 pc => 0.3 pc => 0.06 pc

Z~0.5 Z☉
D~50 kpc

The most massive GMC (N159)
=>M~106Mo



N159W-South (d~50 kpc) N159E-Papillon (d~50 kpc) Orion A (d~410 pc)

13CO (J = 2–1),  ALMA

CO pillars

13CO (J = 2–1), ALMA 13CO (J = 2–1), IRAM 30m

Filamentary structures (Mline ~100-1000 M☉ pc-1, width ~0.1 pc)
-head-tail hub-filament, pillar-like features

<0.1 pc resolution study in the LMC N159 

Berné+14Fukui+19Tokuda+19 

Resolution~0.06 pc



~50 pc

非常に大質量な双子分子雲の起源は？

N159W-South

N159E-Papillon

N159 in the Large Magellanic Cloud
Image Credit: NASA, ESA, Hubble Space Telescope



大マゼラン南東部(Molecular ridge)のHIガス衝突

Fukui+19 (original paper from Fukui+17)

e.g., Fujimoto & Noguchi 90; Fukui+17; Tsuge+19; 24

HI map
(Putman+98)

LMC

SMC

大小マゼラン雲の相互作用が銀河のガス分布を非対称にした

N159は空間的、速度的に最も圧縮を受けている場所に位置する



Cloud-
cloud
Collision

Hub-filament

MHD Simulations of colliding clouds (e.g., Inoue et al. 2018)

MHD shock likely induced massive (hub) filament formation 



N159E-Papillon 
(Paper I)

N159W-South 
(Paper II)

N159W-North 
(This work)

The most massive clump 
(Mgas ~104M☉)

~50 pc

Gray: filamentary clouds 
traced by 12CO/13CO

Black: dense gas
traced by C18O/1.3mm

Red: Ionized gas

Flow direction
Large-scale H I gas flow

Dense H I spots

~100 pc

N159 GMC

(b) ALMA resolved view(a) A possible gas flow in the past

Triggered filament/high-mass star formation by a large-scale HI gas flow 
around the N159 region (Fukui+19; Tokuda+19)=>Teardrops inflow model (Tokuda+22a)

Fukui+19

Tokuda+19

Tokuda+22 

(<0.1pc resolution)

Tokuda+22a
密度ムラを持った大スケールの衝突流が
ヘッドテイル構造を持った分子雲の形成を同時多発的に誘発



How is the dense gas around MYSO distributed throughout the LMC?

Lbol ~2 x 105 L☉

N159W-S                                   N159W-N        N159W-N

HCO+ (4-3) peak brightness temperature (K)
Tokuda+23

YSO

Lbol ~4 x 104 L☉
YSO



Interim Summary

Metallicity (Z☉)
~0.5 (LMC)~0.2 (SMC)
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~1 (MW)

104 L☉ 

105 L☉ Hub-filament 
(with intense gas collision/flow)

Filaments
Filament or 
not?

See Milky Way hub-filament 
studies (e.g., Kumar+20)



project code 2019.1.00534.S 2019.1.01770.S 2021.1.00518.S

PI Zahorecz, S. Tanaka, K. Zahorecz, S. 

Line 12CO(J=3-2) => ~104 cm-3 dense gas tracer in the SMC
(*Muraoka et al. 2017, Tokuda et al. 2021)

Array ALMA 12 m array
Spatial resolution ~0.1 pc

Beam size 0."45 × 0."34 0."44 × 0."36 0."32× 0."25 
rms noise levels ~0.3 K ~0.5 K ~0.4 K

小マゼラン雲(       ) の大質量原始星観測
*MAGOS

17 YSO fields in total
- 30% of the confirmed MYSOs in the SMC
- Luminosity: ~104 L☉ (M* ~20 M☉)

+: YSO (Oliveira+13) 
+: ALMA observed YSO (Oliveira+13 ) 

+: YSO (Ruffle+15) 

C: Herchel 350μm
R: Hα

Z~0.2 Z☉
D~62 kpc



FilFinder(Koch & Rosolowsky 2015) on 12CO(J=3–2) image

Filament (elongated structure) finding

Cross：MYSO



Radial intensity profile on the Spine

冪指数が-1より急勾配のものはフィラメントとする
(e.g., Arzoumanian et al. 2011;  Palmeirim et al. 2013）

Resolution MRS Resolution MRS
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Figure 6. The relation between the average column density (Nave

H2
) and velocity dispersion (ωv) along the spine. Panel

(a) visualizes the comparison between filaments and non-filaments in the SMC, while Panel (b) shows the comparison of the
properties of filaments associated with massive YSOs in the LMC (Tokuda et al. 2023). The dashed line shown in Panel (a)
is the result of a least-squares fitting applied only to the filamentary clouds. Note that the leftmost data point corresponds to
#18, and since the estimate of its linewidth has a large contribution from outflow (Tokuda et al. 2022b) than the others, it is
excluded from the fitting.

temperatures, while the non-filament category tends to have lower temperatures. Among the non-filaments, the one292

in the #13 field has a remarkably high temperature of 26 K. As can be seen in Figure 1, most of the present targets293

are distributed in Herschel-bright regions (shown in cyan), where there is a large amount of cold interstellar material.294

However, the #13 field is located in a bright red area, indicating that there is an optical H ii region, suggesting that it295

may be more a!ected by external heating from outside star formation than the others. In fact, the dust temperature296

map with a resolution of approximately 10-20 pc (Gordon et al. 2014; Takekoshi et al. 2017) shows a temperature of297

→26–32K around the YSO position, which is slightly higher than that in other regions. This indicates that not only298

the surrounding di!use gas but also the dense CO clouds are being heated due to an environmental e!ect, at least299

toward this source.300

In summary, the clouds with smoother distributions, which lack filamentary structures, have larger velocity widths.301

Comparing the filamentary structures between the Magellanic Clouds, we found that those in the SMC tend to have302

smaller velocity widths. Although there are some exceptions, the general trend across all observed fields is that the303

clouds with filaments have higher temperatures, while those without filaments have lower.304

4.2. Origin of the Diversity in the Presence or Absence of Filaments in the SMC305

4.2.1. Did Filamentary Structures Emerge with High-Mass Star Formation?306

It has become evident that →60% of the clouds in this study exhibit filamentary structures while others do not show307

such prominent features, and there are di!erences in the overall physical conditions, such as velocity dispersion and308

temperature, between the two categories. This may not be solely due to intrinsic physical di!erences but could also309

be attributed to di!erences in inclination angle. Even if all the clouds were filamentary, if some of their major axis are310

aligned along the line of sight, the filamentary features would be di”cult to distinguish observationally. However, if311

cylindrical structures are randomly oriented on the plane of the sky, the probability of observing those oriented close312

to their end faces decreases (c.f., Arzoumanian et al. 2011). Furthermore, if all filaments intrinsically have similar313

velocity gradients, ones aligned parallel to the line of sight are expected to show steep velocity gradients, but at least314

from the moment-1 maps (see Figure A2), such trends are not observed. Therefore, we proceed the discussion under315
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Figure 7. The histogram of the average brightness temperature of filamentary (purple) and non-filamentary (yellow) clouds.

the assumption that the di!erences between filamentary and non-filamentary structures are physical in nature rather316

than observational e!ects.317

One of the first naive questions is whether filaments emerged as initial conditions at the onset of high-mass star318

formation in all cases. It is necessary to rapidly form a massive dense core that eventually collapses into a high-mass319

star (Zinnecker & Yorke 2007; Fukui et al. 2021). A plausible formation mechanism is the interstellar magnetohydrody-320

namical shock compression driven by supersonically colliding flows (e.g., Inoue & Fukui 2013; Inoue et al. 2018; Fukui321

et al. 2021). Such colliding flows, aided by magnetic fields, can form filaments, including very massive ones whose322

line mass is one or two orders of magnitude higher than the thermal critical line mass, →10–20M→ pc↑1 at a typical323

cloud temperature of →10K (e.g., Inutsuka & Miyama 1992, 1997). According to numerical simulations, colliding324

clouds with a relative velocity exceeding tens of km s↑1 can form filamentary structures with line masses exceeding325

102 M→ pc↑1 (Abe et al. 2021), which is one order of magnitude greater than those typically observed in low-mass326

star-forming regions (e.g, André et al. 2014). Such extremely massive filaments appear to have multiple sub-filaments,327

i.e., hub-filament structures (e.g., Maity et al. 2024). The central ridge filament with the highest column density even-328

tually fragments into several →100M→ cores, leading to the formation of high-mass stars (e.g., Tokuda et al. 2019a;329

Fukui et al. 2019; Shimajiri et al. 2019). The filaments we identified in this SMC study also have high-line masses of330

102–103 M→ pc↑1 (see Table 2), consistent with the theoretical predictions expected from the above-mentioned collid-331

ing flows scenario. In addition to the presence of such massive filaments serving as indirect evidence of these drastic332

events, observational hints of colliding flows are emerging in the SMC based on H i (Nigra et al. 2008; Fukui et al.333

2020) and CO cloud observations (Neelamkodan et al. 2021). In any case, it is reasonable to consider that once these334

extremely massive filaments have formed, high-mass star formation naturally follows inside them.335

4.2.2. Filament evolutionary stage based on the cloud characteristics and associated YSOs336

This subsection discusses the ages of the filaments. Determining the exact age of the filaments themselves is337

challenging, but we can gain indirect hints from the properties of their associated YSOs. An important observational338

fact is that some objects with evident filamentary-structures are associated with outflows (#03, #18, and #33),339

suggesting that the protostars in these regions are in an earlier evolutionary stage, whose time scale is on the order of340

104 years after the protostar formation judging from the dynamical time of the flows. Only YSO #34 is an exception,341

showing its outflow but a non-filamentary shape. Unlike in more metal-rich environments, where CO can trace342

速度線幅で比べると、
- SMC: フィラメント < 非フィラメント
- SMC フィラメント < LMC フィラメント

(輝度)温度
=>概ね温度分布を反映
- SMC: フィラメント > 非フィラメント

フィラメントと非フィラメント間の物理量の違い

SMCのフィラメント分子雲は温度が高く線幅が細い



小マゼラン雲(~0.2 Z☉) の分子雲構造の形成と時間発展
Step1: ショック加熱と共にフィラ
メント形成(Inoue & Fukui13; 
Inoue+18)し、十分に冷えないた
め、高温状態が維持される

Step2: 温度の低下
Step3: 乱流が増加しフィラメント
構造を消失(ふわふわ)にさせる

t ~105 yr, (t0 =星形成の瞬間)

熱圧が乱流の発生を抑制
(see Kobayashi+23)

Colliding flow
✅

✅

ふわふわな分子雲の意義
- フィラメント分裂による小質量コア形成の抑制
- bottom-light IMFが実現される？(=>JWST等の研究が進めば検証可能?)

c.f., Chon+21



まとめ: 低金属量環境での星形成はどこまで普遍的か？

(2) 大マゼランの分子雲研究 (Fukui+15,19; Saigo+17; Tokuda+19, 22b, 23)
-銀河間相互作用が駆動するフィラメント形成=>大質量星形成
(ハブ)フィラメント形成は大質量原始星では普遍的に起こる

(3) 小マゼランの分子雲研究 (Tokuda+25)
- フィラメントを示さない(ふわふわな)分子雲も存在する

        熱的振る舞いや分子雲形成過程が関連か？

Metallicity (Z☉)
~0.5 (LMC)~0.2 (SMC)
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~1 (MW)

104 L☉ 

105 L☉ Hub-filament 
(with intense gas collision/flow)

FilamentsFilaments
=>smoothed clouds

Hub-filament?

(1) 原始星アウトフローは普遍的: 100億年通した共通の星形成

星形成のモードを変える原因は母体分子雲にあり



宇宙と気候変動についてその他参考になる図書


