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超新星爆発

11.1 重力崩壊型超新星 

11.2 宇宙の元素の起源



さまざまな疑問を物理を使って理解しよう
• 星の中はどうなっているの？

• なぜ重い星の方が大きいの？

• なぜ星は明るく輝くの？

• なぜ重い星の方が明るいの？

• なぜ星は「進化」するの？

• なぜ質量で星の運命が変わるの？

• なぜ星は星でいられるの？

• なぜ一部の星は爆発するの？

• …



(C: Essay Web)

軽い星 赤色巨星
惑星状星雲

白色矮星

星間空間

重い星
赤色超巨星

超新星爆発
中性子星

ブラックホール図の大きさは天体の大きさと一致していません

1. 重い星の場合

約1千万年

* 太陽の10倍以上



水素 ヘリウム

約1千万年

図の大きさは天体の大きさと一致していません

炭素
酸素

ネオン
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中性子星「重力崩壊」

超新星爆発！
何がおきて、どうやって爆発するのか？



コンピュータシミュレーションの結果
（１次元球対称を仮定）

However, there is also negative feedback in the deleptonization
during collapse (Liebendörfer et al. 2002). Smaller electron cap-
ture rates keep the electron fraction high, which then leads to an
increase of the free proton fraction and consequently to electron
captures after all. The resultant electron fraction turns out to be
not significantly different as we see below.

It is also noticeable that the mass fraction of alpha particles
differs substantially and the abundance of nuclei is slightly re-
duced in model SH. This difference of alpha abundances in the
two models persists during the collapse and even in the post-
bounce phase. The nuclear species appearing in the central core
during collapse are shown in the nuclear chart (Fig. 4). The
nuclei in model SH are always less neutron-rich than those in
model LS by more than several neutrons. This is also due to the
effect of the symmetry energy, which gives nuclei closer to the
stability line in model SH. The mass number reaches up to !80
and!100 at the central density of 1011 g cm"3 ( filled circles) and
1012 g cm"3 (open circles), respectively. In the current simula-

tions, the electron capture on nuclei is suppressed beyond N ¼
40 due to the simple prescription employed here and a difference
in species does not make any difference. However, results may
turn out differently when more realistic electron capture rates are
adopted (Hix et al. 2003). It would be interesting to see whether
the difference found in two EOSs leads to differences in central
cores using recent electron capture rates on nuclei (Langanke &
Martinez-Pinedo 2003). Further studies are necessary to discuss
the abundances of nuclei and the influence of more updated elec-
tron capture rates for the mixture of nuclear species beyond the
approximation of single species in the current EOSs.
The profiles of lepton fractions at bounce are shown in Fig-

ure 5. The central electron fraction in model SH is Ye ¼ 0:31,
which is slightly higher than Ye ¼ 0:29 in model LS. The central
lepton fractions including neutrinos for models SH and LS are
rather close to each other, being YL ¼ 0:36 and 0.35, respec-
tively. The difference of lepton fraction results in a different size

Fig. 3.—Mass fractions in the supernova cores as a function of baryon mass
coordinate at the time when the central density reaches 1011 g cm"3. Solid,
dashed, dotted, and dot-dashed lines show mass fractions of protons, neutrons,
nuclei, and alpha particles, respectively. The results for models SH and LS are
shown by thick and thin lines, respectively.

Fig. 4.—Nuclear species appearing in supernova cores plotted on the nuclear
chart. Stable nuclei and the neutron drip line (Horiguchi et al. 2000) are shown
by open square symbols and a dashed line, respectively. Nuclear species at the
center of the core are marked by filled circles (!c ¼ 1011 g cm"3) and open
circles (!c ¼ 1012 g cm"3). The results for models SH and LS are shown by
thick and thin lines, respectively.

Fig. 2.—Radial positions of shock waves in models SH (thick lines) and LS (thin lines) as a function of time after bounce. The evolution at early (left) and late (right)
times is shown. Small fluctuations in the curves are due to a numerical artifact in the procedure for determining the shock position from a limited number of grid points.
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重力崩壊型超新星

星の一生の最期に何が起きるのか？
なぜ重力崩壊が起きるのか？

膨大なエネルギーはどこから？

なぜ爆発するのか？
なぜ爆発は「難しい」のか？



星の中の静水圧平衡

重力

圧力勾配

力は釣り合っている 
だけどそれは「安定」？



力学的安定性

安定 不安定

擾乱を与えても 
元の位置に戻る

擾乱を与えると 
成長する



main : 2016/2/29(10:57)

1.2 超新星とは何か 7
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図 1.4 重力崩壊型超新星の爆発メカニズムの概要．重い星の中心部にある鉄
コアの重力崩壊から始まり，密度・温度が高まる中で発生したニュー
トリノが閉じ込められたまま，コアバウンスが起こり衝撃波が発生し
て，星の爆発に至る．爆発の際には超新星ニュートリノが放出され，周
辺では元素合成が起こり，中心には中性子星が残される．

の伝搬とともに温度上昇による核反応が急激に起こり爆発的元素合成が行なわ
れる．
このシナリオの各要素を物理過程からスタートして概説して，爆発メカニズ
ムについての大枠を理解できるようにしたい，というのが本書の狙いである．
超新星の中身を理解するうえで難しい点は，大きく異なるスケールの対象を扱
うところにある．従って，各スケールでの物理過程を理解したうえで，どれく
らいの大きさ・時間・質量・エネルギー等のスケールなのかを把握できるよう
になるとよい．例えば，星がつぶれ始めてから爆発するまでが約 1秒，超新星
ニュートリノの放出が数 10秒程度，と短い時間に多くのことが起こっている．
この時間スケールは何で決まっているのだろうか．鉄コアの質量は太陽質量程

(C) 原子核から読み解く超新星爆発の世界 

住吉光介さん著



アメリカのグループの結果

A. Burrows



日本のグループの結果
Suwa et al. 2011



1次元の場合

2 Suwa et al. [Vol. ,

simulations (Burrows et al. 2006; Burrows et al. 2007a).
Although the additional energy input from sound appears
to be robust enough to explode even the most massive
progenitors (Burrows et al. 2007a), it remains a matter of
vivid debate and has yet to be confirmed by other groups.
Also exotic physics in the core of the PNS may have a
potential to trigger explosions (e.g., Sagert et al. 2009).
In this Letter, we present axisymmetric explosion mod-

els for a 13 M! progenitor model of Nomoto & Hashimoto
(1988) in support of the theory that neutrino-heating
aided by multi-D effects is able to cause supernova ex-
plosions. We choose the progenitor with a smaller iron
core (∼ 1.20M!), anticipating an explosion since the pro-
genitor mass lies between 11.2 M! (Buras et al. 2006)
and 15M! (Marek & Janka 2009). We perform 2D
core-collapse simulation with spectral neutrino transport
by the isotropic diffusion source approximation (IDSA)
scheme currently developed by Liebendörfer et al. (2009).
By comparing four exploding models with and without
rapid rotation to one non-exploding 1D model, we point
out that models that produce a north-south symmetric
bipolar explosion can lead to larger explosion energies
than for the corresponding unipolar explosions. Our re-
sults show that the explosion geometry is more likely to
be bipolar in models that include rotation.

2. Numerical Methods and Models

Our 2D simulations are performed using a newly de-
veloped code which implements spectral neutrino trans-
port using the IDSA scheme (Liebendörfer et al. 2009)
in a ZEUS-2D code (Stone & Norman 1992). Following
the spirit of the so-called ray-by-ray approach, the IDSA
scheme further splits the neutrino distribution into two
components, both of which are solved using separate nu-
merical techniques. Although it does not yet include
heavy lepton neutrinos such as νµ,ντ (ν̄µ, ν̄τ ) and the in-
elastic neutrino scattering with electron, the innovative
approach taken in the scheme saves a significant amount of
computational time compared to the canonical Boltzmann
solvers (see Liebendörfer et al. 2009 for more details).
Expecting a bigger chance to produce explosions (Marek
& Janka 2009), we employ the soft equation of state (EOS)
by Lattimer & Swesty (1991) with a compressibility mod-
ulus of K = 180 MeV. The self gravity is implemented by
solving the Poisson equation by the Modified Incomplete
Cholesky Conjugate Gradient (MICCG) method (Kotake
et al. 2003), but without relativistic corrections.
The simulations are performed on a grid of 300 loga-

rithmically spaced radial zones up to 5000 km. To test
the sensitivity with respect to angular resolution, the grid
is varied to consist of 64 or 128 equidistant angular zones
covering 0≤ θ ≤ π. For the neutrino transport, we use 20
logarithmically spaced energy bins reaching from 3 to 300
MeV.
All supernova calculations in this work are based on

the 13M! model by Nomoto & Hashimoto (1988). The
computed models are listed in the first column of Table
1, in which one calculation (model M13-1D) is conducted
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Fig. 1. Time evolution of Models M13-1D and M13-2D, vi-
sualized by mass shell trajectories in thin gray and orange
lines, respectively. Thick lines in red (for model M13-2D)
and black (model M13-1D) show the position of shock waves,
noting for 2D that the maximum (top) and average (bottom)
shock position are shown. The red dashed line represents the
position of the gain radius, which is similar to the 1D case
(not shown).

in spherical symmetry. Other models are 2D simulations
with or without rotation (indicated by rot) with different
numerical resolution in the lateral direction (64 or 128,
denoted by ”hr” (high resolution) in Table 1). For the ro-
tating models, we impose rotation on the progenitor core
with initially a constant angular frequency of Ω0=2 rad/s
inside the iron core with a dipolar cut off (∝ r−2) outside,
which corresponds to β ∼ 0.18% with β being the ratio of
the rotational to the gravitational energy. This rotation
rate is fairly large and may lead to a spiral mode of the
SASI (Yamasaki & Foglizzo 2008). In addition, this strong
rotation may induce a strong magnetic field due to wind-
ing and the magneto-rotational instability and produce a
jet-like outflow (Kotake et al. 2006). Although these ef-
fects could modify the dynamics of the postbounce phase,
the approximate treatment in this study (axisymmetry
without magnetic fields) does not allow us to investigate
them in this article.

3. Results

Figure 1 depicts the difference between the time evolu-
tions of model M13-1D (thin gray lines) and model M13-
2D (thin orange lines), visualized by mass shell trajecto-
ries. Until ∼ 100 ms after bounce, the shock position of
the 2D model (thick red line) is similar to the 1D model
(thick black line). Later on, however, the shock for model
M13-2D does not recede as for M13-1D, but gradually ex-
pands and reaches 1000 km at about 470 ms after bounce.
Comparing the position of the gain radius (red dashed
line) to the shock position of M13-1D (thick black line)
and M13-2D (thick red line), one can see that the ad-
vection time of the accreting material in the gain region
can be longer in 2D than 1D. This longer exposure of
cool matter in the heating region to the irradiation of
hot outstreaming neutrinos from the PNS is essential for
the increased efficiency of the neutrino heating in multi-D
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まだE ~ 1050 erg (１桁足りない)

現代宇宙物理学の最大の謎の１つ



超新星SN 1987A 最近100年で最も近い超新星 

 (銀河系のとなり、大マゼラン雲、50 kpc)



SN 1987Aから 
ニュートリノを検出

カミオカンデ

(C) ICRR



Tension between KAMIOKANDE and IMB data

FIG. 2. Contours of constant likelihood which correspond to

68.3%, 90%, and 95.4% confidence regions, and best-fit values for

T
!̄
e
and Eb . Upper panel: Kamiokande and IMB separately. Lower

panel: Joint analysis. Dashed lines mark the 68.3% confidence re-

gions of the separate fit.

Jegerlehner et al., 1996
needs more data with HK

0-13

Enu ~ 1053 ergが確認された！ 

=> ニュートリノ加熱 

メカニズムの基礎

Jegerlehner et al. 1996

* Observed energy  
(an$ electron neutrino) x 6



まとめ
• 星の力学的安定性 

• 力学的に安定な条件 adiaba9c index γ > 4/3 
(密度上昇に対して、圧力が十分に上がる) 

• 通常の星は安定：理想気体 γ = 5/3 

• 中立安定 (γ = 4/3)：輻射、超相対論な縮退電子  

• 不安定 (γ < 4/3)：吸熱反応など 

• 重力崩壊型超新星 

• 電子捕獲と鉄の光分解により暴走的に重力崩壊 (力学的不安定) 

• 重力崩壊 => バウンス => 衝撃波停滞  => ニュートリノ加熱 

• エネルギー源：重力エネルギー  
=> 一部がニュートリノによって外層に渡される (SN 1987A) 

• 詳細な爆発メカニズムは未だ解明されていない
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11.1 重力崩壊型超新星 

11.2 宇宙の元素の起源



「重力崩壊型」超新星 「核爆発型」超新星

親星 大質量星
短寿命

小・中質量星（連星）
長寿命

放出元素 主に親星の元素
(O, Mg, Caなど)

爆発時に合成する元素
(Si, Ca, Feなど)

私たちの身の回りの元素は星の中や超新星爆発で作られた
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時間

重元素量 Fe

重力崩壊型 核爆発型 (Ia)

時間

重元素量 Mg

重力崩壊型

最近生まれた星の方がMg/Fe比が低い

宇宙の「化学」進化



hOp://astronomy.swin.edu.au/cms/astro/cosmos/T/Thick+Disk

銀河系 過去の元素合成・放出の
歴史を反映している 
「銀河考古学」



銀河系の星の組成比 (Mg/Fe)
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is still not clear that multiple sites are required for r-process nucleosynthesis or what the sites for
these various mass ranges of n-capture elements observed in the halo stars might be.

7. EARLY GALACTIC NUCLEOSYNTHESIS

7.1. Some Trends with Metallicity

Large-sample surveys of halo stars with large metallicity ranges are providing new clues about the
nature and extent of n-capture nucleosynthesis in the early Galaxy. Abundance signatures of these
elements can help to identify the parameters of the first stars—long since gone—and the sites for
r- and s-process nucleosynthesis (Cowan & Sneden 2006). There are many ways to approach this
issue. We begin in Figure 14 by contrasting the abundance behavior as a function of metallicity
of the α element Mg and the n-capture element Eu. Only large stellar samples are employed for
these correlations; the literature sources are listed in the figure caption.
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Figure 14
[Mg/Fe] and [Eu/Fe] abundances as a function of [Fe/H] metallicity for halo and disk stars. For this figure
the data have been taken only from large-sample surveys: Fulbright (2000); Reddy et al. (2003); Cayrel et al.
(2004); Cohen et al. (2004); Simmerer et al. (2004); Barklem et al. (2005, red points); Reddy, Lambert &
Allende Prieto (2006); François et al. (2007). In both panels the dotted lines represent the Solar abundance
ratios. In panel b, the solid red line is a least-square fit to the Eu data, and the two dashed black lines indicate
the approximate extent of the Eu/Fe data (similar to Cowan & Thielemann 2004).
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is still not clear that multiple sites are required for r-process nucleosynthesis or what the sites for
these various mass ranges of n-capture elements observed in the halo stars might be.

7. EARLY GALACTIC NUCLEOSYNTHESIS

7.1. Some Trends with Metallicity

Large-sample surveys of halo stars with large metallicity ranges are providing new clues about the
nature and extent of n-capture nucleosynthesis in the early Galaxy. Abundance signatures of these
elements can help to identify the parameters of the first stars—long since gone—and the sites for
r- and s-process nucleosynthesis (Cowan & Sneden 2006). There are many ways to approach this
issue. We begin in Figure 14 by contrasting the abundance behavior as a function of metallicity
of the α element Mg and the n-capture element Eu. Only large stellar samples are employed for
these correlations; the literature sources are listed in the figure caption.
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Figure 14
[Mg/Fe] and [Eu/Fe] abundances as a function of [Fe/H] metallicity for halo and disk stars. For this figure
the data have been taken only from large-sample surveys: Fulbright (2000); Reddy et al. (2003); Cayrel et al.
(2004); Cohen et al. (2004); Simmerer et al. (2004); Barklem et al. (2005, red points); Reddy, Lambert &
Allende Prieto (2006); François et al. (2007). In both panels the dotted lines represent the Solar abundance
ratios. In panel b, the solid red line is a least-square fit to the Eu data, and the two dashed black lines indicate
the approximate extent of the Eu/Fe data (similar to Cowan & Thielemann 2004).
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Ia型超新星の方がdelay $meが長い
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is still not clear that multiple sites are required for r-process nucleosynthesis or what the sites for
these various mass ranges of n-capture elements observed in the halo stars might be.

7. EARLY GALACTIC NUCLEOSYNTHESIS

7.1. Some Trends with Metallicity

Large-sample surveys of halo stars with large metallicity ranges are providing new clues about the
nature and extent of n-capture nucleosynthesis in the early Galaxy. Abundance signatures of these
elements can help to identify the parameters of the first stars—long since gone—and the sites for
r- and s-process nucleosynthesis (Cowan & Sneden 2006). There are many ways to approach this
issue. We begin in Figure 14 by contrasting the abundance behavior as a function of metallicity
of the α element Mg and the n-capture element Eu. Only large stellar samples are employed for
these correlations; the literature sources are listed in the figure caption.
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Figure 14
[Mg/Fe] and [Eu/Fe] abundances as a function of [Fe/H] metallicity for halo and disk stars. For this figure
the data have been taken only from large-sample surveys: Fulbright (2000); Reddy et al. (2003); Cayrel et al.
(2004); Cohen et al. (2004); Simmerer et al. (2004); Barklem et al. (2005, red points); Reddy, Lambert &
Allende Prieto (2006); François et al. (2007). In both panels the dotted lines represent the Solar abundance
ratios. In panel b, the solid red line is a least-square fit to the Eu data, and the two dashed black lines indicate
the approximate extent of the Eu/Fe data (similar to Cowan & Thielemann 2004).
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is still not clear that multiple sites are required for r-process nucleosynthesis or what the sites for
these various mass ranges of n-capture elements observed in the halo stars might be.

7. EARLY GALACTIC NUCLEOSYNTHESIS

7.1. Some Trends with Metallicity

Large-sample surveys of halo stars with large metallicity ranges are providing new clues about the
nature and extent of n-capture nucleosynthesis in the early Galaxy. Abundance signatures of these
elements can help to identify the parameters of the first stars—long since gone—and the sites for
r- and s-process nucleosynthesis (Cowan & Sneden 2006). There are many ways to approach this
issue. We begin in Figure 14 by contrasting the abundance behavior as a function of metallicity
of the α element Mg and the n-capture element Eu. Only large stellar samples are employed for
these correlations; the literature sources are listed in the figure caption.
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Figure 14
[Mg/Fe] and [Eu/Fe] abundances as a function of [Fe/H] metallicity for halo and disk stars. For this figure
the data have been taken only from large-sample surveys: Fulbright (2000); Reddy et al. (2003); Cayrel et al.
(2004); Cohen et al. (2004); Simmerer et al. (2004); Barklem et al. (2005, red points); Reddy, Lambert &
Allende Prieto (2006); François et al. (2007). In both panels the dotted lines represent the Solar abundance
ratios. In panel b, the solid red line is a least-square fit to the Eu data, and the two dashed black lines indicate
the approximate extent of the Eu/Fe data (similar to Cowan & Thielemann 2004).
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超新星 中性子星合体

M. Weiss NASA

rプロセス元素の起源天体

宇宙で起きていることは確実  
(1つの銀河で100年に1回)

rプロセスを起こすの
は難しいか？

rプロセスは起きる
宇宙でどれくらい起きている？ 
一回でどれくらい元素を作る？ 

（重力波＋電磁波で測られ始めた）
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is still not clear that multiple sites are required for r-process nucleosynthesis or what the sites for
these various mass ranges of n-capture elements observed in the halo stars might be.

7. EARLY GALACTIC NUCLEOSYNTHESIS

7.1. Some Trends with Metallicity

Large-sample surveys of halo stars with large metallicity ranges are providing new clues about the
nature and extent of n-capture nucleosynthesis in the early Galaxy. Abundance signatures of these
elements can help to identify the parameters of the first stars—long since gone—and the sites for
r- and s-process nucleosynthesis (Cowan & Sneden 2006). There are many ways to approach this
issue. We begin in Figure 14 by contrasting the abundance behavior as a function of metallicity
of the α element Mg and the n-capture element Eu. Only large stellar samples are employed for
these correlations; the literature sources are listed in the figure caption.
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Figure 14
[Mg/Fe] and [Eu/Fe] abundances as a function of [Fe/H] metallicity for halo and disk stars. For this figure
the data have been taken only from large-sample surveys: Fulbright (2000); Reddy et al. (2003); Cayrel et al.
(2004); Cohen et al. (2004); Simmerer et al. (2004); Barklem et al. (2005, red points); Reddy, Lambert &
Allende Prieto (2006); François et al. (2007). In both panels the dotted lines represent the Solar abundance
ratios. In panel b, the solid red line is a least-square fit to the Eu data, and the two dashed black lines indicate
the approximate extent of the Eu/Fe data (similar to Cowan & Thielemann 2004).
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r-process元素 
- Mgよりもばらつき大 

=> 重力崩壊型超新星 

　よりもレアな天体



元素の起源と宇宙の化学進化：まとめ

• 元素の起源 

• ビッグバン元素合成: H, He, Li 

• 宇宙線による破砕反応: Li, Be, B 

• 恒星内部: C-Fe 
(AGB星、重力崩壊型超新星、核爆発型超新星) 

• 中性子捕獲: > Fe 
s-process: 低・中質量星 (AGB星) 
r-process: 中性子星合体 or 超新星 

• 銀河系の星の観測による検証



さまざまな疑問を物理を使って理解しよう
• 星の中はどうなっているの？

• なぜ重い星の方が大きいの？

• なぜ星は明るく輝くの？

• なぜ重い星の方が明るいの？

• なぜ星は「進化」するの？

• なぜ質量で星の運命が変わるの？

• なぜ星は星でいられるの？

• なぜ一部の星は爆発するの？

• …



この講義の目標

• これまで学んできた物理を総合的に用いて、 
恒星の性質と進化を理解する

• 天文学研究を行うのに必要な恒星進化論の基礎を理解する

３年間物理を頑張った人へのご褒美 
物理を使って、宇宙を生き生きと理解する



宇宙物理学 
天体物理学

力学 電磁気学

量子力学

熱力学 統計力学

流体力学 原子核物理学

相対論

1,2セメ

3セメ 5,6セメ

2,3セメ

7セメ

4,7セメ4,5セメ

4セメ

恒星物理学II (7セメ)



レポート課題 5

1. 宇宙に存在する様々な天体のサイズと質量を調べて、 

      2次元平面に書き込む 

2. 以下などをやってみて、考察する 

   -  原子と原子核も書き込む 

   - 一定密度の線を引いてみる 

   - ブラックホールの線を引いてみる (相対論) 

   - 不確定性原理の限界線を引いてみる (量子力学) 
   - …


