
星形成ゼミ
担当：SFN#327 (1-6) 

2020/04/17 
竹村英晃（総研大D1）



1. Energy Optimization in Extrasolar Planetary Systems: The Transition from Peas-
in-a-Pod to Runaway Growth 

2. Lithium-rotation connection in the newly discovered young stellar stream Psc-
Eri (Meingast 1) 

3. Dynamics of Planetary Systems Within Star Clusters: Aspects of the Solar 
System’s Early Evolution 

4. Dynamical evolution of fractal structures in star-forming regions 

5. Magnetorotational Instability in Diamagnetic, Misaligned Protostellar Discs 

6. The origin of s-process isotope heterogeneity in the solar protoplanetary 
disk



4
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• 星団のN体計算を行い、Qパラメータを調べ、力学進化を調べる 
• フラクタル次元、ビリアル比を変える 
• IC 348、NGC 1333、ONCの観測結果と比較する 

• 観測したQパラメータと、理想的な星の分布とは直接比較するべきではない 
• 中心集中しているかどうかの判別はできる 
• 初期条件を少し制限できる（ビリアル比について）

http://arxiv.org/pdf/2002.11140


イントロダクション
• 星団内の星の密度（ポテンシャル）は星惑星形成に大きな影響を与える 
• 連星系や惑星系、原始惑星形成円盤を不安定にしたり、破壊したりする 

• シミュレーションと比較してその環境効果を明らかにするために、星形成領域の性質
（星の空間分布、どの程度集中しているか）を調べる必要がある

評価方法

• 星の密度マップ 
• 二点相関関数 
• minimum spanning tree（スパニングツリー）

wikipedia

輪ができないように星を繋ぎ、その長さの和を最小にする

線分の長さの平均： m

全ての星とそれ以外の星を繋いだ線分の長さの平均： s

Q =
m
s

Qパラメータ：

Q ≥ 0.8

Q ≤ 0.8

・・・スムーズな動径密度分布、中心集中している

・・・substructureが存在している



プロットm − s

Q ≥ 0.8

Q ≤ 0.8

γ：動径密度分布のべき D：フラクタル次元

• スムーズな密度分布を与えたときと、substructureを作ったときとで明らかに分布が異な
り、両者の間にギャップがある。 

• 観測データと理想的な密度分布が合わないケースがある（Cha I, Taurus, ONC）

●：密度分布から計算をした値、★：観測データ



初期条件、セットアップ

年齢 星の数 半径

フラクタル次元

ビリアル比

• 質量分布はMaschbergerのIMF 

• 　 

• フラクタル次元から星の空間分布を決定 

• 近くの星が似た速度を持つように、各星
の値を決め、初期条件のビリアル比を持

つようにスケールする 

• 10Myrまで計算し、0.01MyrごとにQ
パラメータを計算（2次元に射影して、

Qパラーメタを求める） 

• 10回計算を行う

0.1M⊙ ≤ M* ≤ 50M⊙

D↘：substructureを作る 
D↗：均一な分布を作る



IC 348 (D=2.0, α=0.3)

領域の半径で規格化

領域の面積で 
規格化

(
NA

N − 1 )
−1

(A /π)−1/2

領域の決め方

カットオフ

星の分布

中心集中する分布に進化



IC 348のその他の結果とまとめ8 E. C. Da↵ern-Powell & R. J. Parker

Figure 5. Evolution of m and s over 10 Myr for an IC 348-like region, with initial D = 1.6 and ↵ = 0.3. Ten realisations of the region
are shown for both a circular and convex hull normalisations. The current values of m and s for IC 348 (age ⇡ 3� 6 Myr) are shown as
a yellow star. The evolution is similar to the corresponding simulations with initial D = 2.0.

Figure 6. Evolution of m and s over 10 Myr for an IC 348-like region, with initial D = 3.0 and ↵ = 0.3. Ten realisations of the region
are shown for both circular and convex hull normalisations. The current values of m and s for IC 348 (age ⇡ 3� 6 Myr) are shown as a
yellow star.

3.3.1 Constraints placed on the ONC

None of our sets of simulations are in agreement with current
observations of the ONC, as no realisations reach a high
enough value of m at any point in their evolution to be
consistent with observations.

This is likely in part due to the lane of dust across the
centre of the ONC (shown in figure 3 of Hillenbrand 1997),
as the Q-parameter can be a↵ected by significant amounts
of extinction (Parker & Meyer 2012). This dust lane likely
excludes a significant number of the central stars and gives
a false e↵ect of more substructure.

We have tested this by excluding a band of stars for

a smooth and centrally concentrated ONC-like region, as
shown in Figure 10. This tends to increasem and s by ⇡ 0.04
and ⇡ 0.08 respectively, moving the simulations closer to the
observed values for the ONC.

Finally, we note that the ONC is one component in
a much larger star-forming region, and it is often unclear
where the edge of this cluster lies in relation to other stars
in the Orion region. Determining the Q-parameter in star-
forming regions with overlapping populations is notoriously
problematic, and is worth bearing in mind when interpreting
our results. It is also possible that the dynamical evolution
of the ONC has been influenced by its surrounding envi-

MNRAS 000, 1–12 (2019)
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3.3.1 Constraints placed on the ONC

None of our sets of simulations are in agreement with current
observations of the ONC, as no realisations reach a high
enough value of m at any point in their evolution to be
consistent with observations.

This is likely in part due to the lane of dust across the
centre of the ONC (shown in figure 3 of Hillenbrand 1997),
as the Q-parameter can be a↵ected by significant amounts
of extinction (Parker & Meyer 2012). This dust lane likely
excludes a significant number of the central stars and gives
a false e↵ect of more substructure.

We have tested this by excluding a band of stars for

a smooth and centrally concentrated ONC-like region, as
shown in Figure 10. This tends to increasem and s by ⇡ 0.04
and ⇡ 0.08 respectively, moving the simulations closer to the
observed values for the ONC.

Finally, we note that the ONC is one component in
a much larger star-forming region, and it is often unclear
where the edge of this cluster lies in relation to other stars
in the Orion region. Determining the Q-parameter in star-
forming regions with overlapping populations is notoriously
problematic, and is worth bearing in mind when interpreting
our results. It is also possible that the dynamical evolution
of the ONC has been influenced by its surrounding envi-
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Dynamical evolution of fractals 9

Figure 7. Evolution of m and s over 10 Myr for an IC 348-like region, with initial D = 2.0 and ↵ = 1.5. Ten realisations of the region
are shown for both circular and convex hull normalisations. The current values of m and s for IC 348 (age ⇡ 3� 6 Myr) are shown as a
yellow star.

Figure 8. Evolution of m and s over 10 Myr for an NGC 1333-like region, with initial D = 2.0 and ↵ = 0.3. Ten realisations of the
region are shown for both circular and convex hull normalisations. The current values of m and s for NGC 1333 (age ⇠ 1 Myr) are shown
as a yellow star. The evolutionary path is similar to the corresponding IC 348 simulations.

ronment (i.e the gravitational potential of the Orion cloud),
something not included in these simulations.

4 DISCUSSION

4.1 Evolutionary Trends

All subvirial regions simulated here evolved from their ini-
tial conditions towards the area of the m� s plot that cor-
responds to a smooth centrally concentrated region. This
transition takes ⇠ 1 Myr, which is in agreement with ob-
servations of the timescales within which dynamical inter-

actions tend to erase substructure in young star-forming re-
gions (Jaehnig et al. 2015). When a cut-o↵ boundary is used
in the analysis, after reaching this area of the plot at ⇠ 1
Myr, each realisation then evolves up along the Q = 0.8 line
- becoming less centrally concentrated for the rest of the 10
Myr simulation.

4.1.1 E↵ect of Initial Substructure

For regions that begin substructured, dynamical evolution
takes them across the m � s plot gap as they transition
from fractal to smooth and centrally concentrated. However,

MNRAS 000, 1–12 (2019)

D=1.6, α=0.3

D=3.0, α=0.3

D=2.0, α=1.5

• 重力的に束縛されているときには
中心集中する分布に進化する。 

• 重力的に束縛されていないときに
はQ=0.8の線を超えない。 

• NGC 1333の結果も同様の傾向を
持つが、NGC 1333の観測データ
を再現するのには数Myrかかる。 

• ONCの領域を再現することはでき
なかった。
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http://arxiv.org/pdf/2002.02155

• 6つの種類の鉄隕石の解析を行い、パラジウムの同位体の組成を調べた。 
• 近くの熱に強い（溶けにくい）元素よりも、パラジウムは同位体ごとの組成の差が小さい。 
• この結果より、岩石小惑星と惑星の各元素の同位体の組成を説明するモデルを構築した。

http://arxiv.org/pdf/2002.02155


イントロダクション
• 各元素の同位体の組成が地球と隕石とで異なる。 
• 原始惑星系円盤内で異なる組成を持つダストがあることを反映している。 

• その組成の違いは原始惑星系円盤の中で生じるものであると考えられてきた。 
• これまでに個別の元素の同位体比を説明するモデルがいくつか考えられてきたが、全
ての元素の同位体比を説明するモデルはなかった。
溶けにくい元素（Zr、Mo、Ru） 
→隕石の母体が形成された距離が太陽から遠くなるほど、割合が小さくなる。 
sプロセス起源の元素の同位体の分布が不均一であることで説明できる。

（比較的）溶けやすい元素（Cd、Te） 
→太陽からの距離が変わっても、ほとんど違いが見られない。 
融点の違いが元素の組成の違いを生じさせていると考えられる。

• PdはCd、TeとZr、Mo、Ruがそれぞれ揮発する温度の間で揮発するので、元素の
揮発性とsプロセス元素の組成比の違いを調べることができる。 
• 鉄隕石には親鉄元素（Ru、Pd、Mo）が豊富に含まれる。



隕石中のPdの同位体の組成ARTICLES NATURE ASTRONOMY

meteorites relative to Earth based on isotope yields of s-process  
models20 (Fig. 1). When plotting Mo, Ru and Pd isotope data together 
(Fig. 2), we find a linear relationship that traces the processes that 
generated the nucleosynthetic heterogeneities in planetary bodies.

Mixing ISM-grown dust with stardust. The linear correlation 
observed for samples from different bodies in our Solar System 

(Fig. 2) provides evidence for mixing between two isotopically dis-
tinct reservoirs, with at least one clearly distinct from the bulk Solar 
System composition. Here, we propose that these two reservoirs 
are stardust (isotopically anomalous) and ISM dust, whose isotopic 
composition closely resembles average Solar System composition. 
We argue that this stardust fraction mainly carries an s-process com-
position, because stardust with solar p- and r-process composition 
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Fig. 1 | The nucleosynthetic Pd isotope composition of iron meteorites. a, The nucleosynthetic composition of the IAB, IIAB, IID, IVA and IVB groups 
(Table 1). b–d, Graphs for ε102Pd (b), ε104Pd (c) and ε106Pd (d) versus ε110Pd normalized to 108Pd/105Pd for the analysed meteorite groups after correction for 
cosmic ray exposure. Panels c and d also include the Pd data for the IVB group from ref. 19 (IVB*). The primary nucleosynthetic source of each is isotope 
(p-, s- or r-process) is stated above the mass in a. Long-dashed lines depict an s-process mixing line, whereas short dashed lines reflect r-process mixing 
lines calculated using ref. 20. All data agree well with the trend predicted by the s-process mixing lines. The results favour an s-process deficit in iron 
meteorites relative to the Earth over an r-process excess, based on ε102Pd. Our value for the IVB group overlaps within uncertainty with the value reported 
in ref. 19. The origin denotes the composition of the terrestrial isotope standard NIST SRM 3138. Error bars for data points reflect either two standard errors 
of the mean or two standard deviations of the εiPd intercept of a regression against ε196Pt (see Table 1).
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ε（元素）＝隕石の組成比ー文献値

*宇宙線の効果は補正済み

sプロセス由来の 
元素が少ない



隕石中のPd、Mo、Ruの比

sプロセス由来の元素が多い
2つの元素組成（同位体）が異なるダストの起源がある

＆
Incomplete condensation + high metallicity AGB stars



元素の同位体の組成を説明する新たなモデル ARTICLESNATURE ASTRONOMY

well as the negative shift in ε92Mo without changing the slope of the 
ε92Mo–ε100Mo correlation (Extended Data Fig. 4) in agreement with 
meteorite data11. This can be attributed to a compositional change 
in the material infalling to the protoplanetary disk with time and/or 
by thermal processing30,31, with complete homogenization between 
the two reservoirs (carbonaceous and non-carbonaceous) prohib-
ited by the formation of Jupiter’s core55,56. Therefore, a change in the  

composition of the infalling material is a viable addition to the 
model presented here (Fig. 3).

Conclusions
Our study represents a novel attempt to combine the nucleosyn-
thetic variations identified in planetary bodies with data for preso-
lar grains, results from astronomical observations on the origin and 
evolution of dust, and state-of-the-art nucleosynthetic models to 
explain the origin of planetary isotopic heterogeneity in our Solar 
System. We present a model that can simultaneously explain the 
origin of two prevalent nucleosynthetic features observed in rocky 
bodies: the subdued isotope variations in more volatile elements 
and heavier (Z ≥ 56) elements.

Methods
Samples. A total of 24 meteorites from the IAB, IIAB, IID, IIIAB, IVA and IVB  
iron meteorite classes were selected for Pd isotope analyses (Extended Data Fig. 1;  
Supplementary Table 1). Platinum isotope data were collected from the same 
sample aliquots and are published in refs. 50,59,60, except new Pt isotope data for the 
IVB iron meteorites Tlacotepec and Hoba, the IVA iron meteorite Muonionalusta 
and the IID iron meteorite Rodeo (Supplementary Table 1). Four samples from 
the IID iron meteorite Carbo were analysed to evaluate the e!ects of cosmic ray 
exposure (CRE). "ese samples were taken from a cross section through Carbo 
and the CRE magnitude of each sample, inferred from o!sets in ε182W/184W and 

Dust and gas

Gas phase

Stardust

AGB star Explosive nucleosynthesis
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Fig. 3 | A cartoon illustrating dust formation and evolution as proposed in 
our model (not to scale). Stardust forms in different stellar environments 
with ongoing nucleosynthesis and retains the unique isotope composition 
of its formation site. The trace element composition of AGB stardust 
depends on the condensation temperature of individual elements and 
is depleted in volatile elements compared with the bulk Solar System 
s-process component. Stardust in the Solar System mainly originates 
from low mass AGB stars that produce grains with an s-process isotope 
composition (red squares). In particular, Solar System stardust is sourced 
from high metallicity AGB stars that produce fewer heavy elements 
(Z!≥!56) compared with the average Solar System composition. Dust from 
other stellar environments (blue triangles), for example, supernovae, 
contribute only a minor fraction to stardust. In dense molecular clouds, 
dust condenses from the homogenized gas phase onto pre-existing 
grains forming ISM dust/ice mantles around stardust (dark grey). Due 
to gravitational instabilities a part of the molecular cloud collapses and 
forms a protoplanetary disk surrounding a protostar. Thermal gradients 
in the protoplanetary disk preferentially destroy ISM mantles in regions 
closer to the Sun (yellow regions), which results in a relative enrichment 
of stardust, predominantly carrying an s-process composition in the 
lighter elements (Z!<!56). It is possible that the composition of infalling 
material also changed with time and/or thermal processing30,31,55. Complete 
homogenization between the inner and outer Solar System is blocked by 
the formation of Jupiter’s core55,56, which leads to two compositionally 
slightly different reservoirs.
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Fig. 4 | The s-process yield of elements relative to Mo and normalized to 
CI chondrites for a 3!Mʘ AGB star with varying initial metallicities. The 
s-process yield of the elements Zr (96%*), Ru (37%*), Pd (53%*) and 
Cd (70%*), relative to Mo (58%*), are largely unaffected by the initial 
metallicity of AGB stars. The s-process yields of the heavier elements 
Ba (89%*), Nd (57%*), Hf (61%*), W (65%*), Os (12%*) and Pt (7%*) 
decrease as the initial metallicity increases. The AGB stellar yields were 
taken from the FRUITY database57 for non-rotating stars with an initial mass 
of 3!Mʘ, and the CI values are from ref. 58. These trends are independent of 
the initial mass and are present in all current AGB datasets (see Extended 
Data Fig. 5). The asterisk denotes the estimated s-process contribution to 
the solar abundance from ref. 20.
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二種類のダスト（stardust、
ISM dust）

AGB星起源

それ以外 
（超新星爆発など）

stardust

ISM dust 氷（揮発性のマ
ントル）

木星ができることにより、 
二種類の隕石の起源ができる
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