
Sec$on 2. 
恒星の構造と性質 (1)

2.1 運動方程式 

2.2 太陽の中心温度



(C) JAXA/ISAS

太陽

日本の一年の消費電力 = 2 x 1019 J = 2 x 1026 erg 
日本が107 年 = 1000万年かけて使うエネルギーを1秒で放射

太陽の明るさ 
 = 4 x 1026 J/s (= W) = 4 x 1033 erg/s

そもそもなぜこんなに明るいの？？



B. 原子核反応A. 化学反応

https://www.britannica.com/science/chemical-reaction

(例) C＋ O2 -> CO2 (例)  H + H + H + H -> He

太陽はなぜ明るく輝くのだろう？

原子や分子がくっつく 
= 原子核は変わらない

原子核が変わる 
= 新しい元素ができる

太陽を約100億年 
輝かせることができる



H
He

核融合

水素

水素原子核 4つ　＞　ヘリウム原子核
0.7％重い

1.007 kg の水素　➡　1kg のヘリウム

E ＝ mc2 ＝ 0.007 kg × （3×108 m/s）2

＝ 6×1014 ジュール

ヘリウム

1.007 kg 1.000 kg

エネルギー源: E = mc2 

A. Einstein



本当にそんなことが起きるの？ 
どうやって？？ 

元素の種類が変わるのを間近で見たことがある人は 

ほとんどいないはず！



質量と半径の関係 (主系列星)

R ~ M0.7
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Figure 1.3. Mass-luminosity (left) and mass-radius (right) relations for components of double-lined eclipsing
binaries with accurately measured M, R and L.

1.2 Stellar populations

Stars in the Galaxy are divided into different populations:

• Population I: stars in the galactic disk, in spiral arms and in (relatively young) open clusters.
These stars have ages ∼< 109 yr and are relatively metal-rich (Z ∼ 0.5 − 1Z#)

• Population II: stars in the galactic halo and in globular clusters, with ages ∼ 1010 yr. These stars
are observed to be metal-poor (Z ∼ 0.01 − 0.1Z#).

An intermediate population (with intermediate ages and metallicities) is also seen in the disk of the
Galaxy. Together they provide evidence for the chemical evolution of the Galaxy: the abundance
of heavy elements (Z) apparently increases with time. This is the result of chemical enrichment by
subsequent stellar generations.

The study of chemical evolution has led to the hypothesis of a ‘Population III’ consisting of the
first generation of stars formed after the Big Bang, containing only hydrogen and helium and no
heavier elements (‘metal-free’, Z = 0). No metal-free stars have ever been observed, probably due to
the fact that they were massive and had short lifetimes and quickly enriched the Universe with metals.
However, a quest for finding their remnants has turned up many very metal-poor stars in the halo,
with the current record-holder having an iron abundance XFe = 4 × 10−6XFe,#.

1.3 Basic assumptions

We wish to build a theory of stellar evolution to explain the observational constraints highlighted
above. In order to do so we must make some basic assumptions:

• stars are considered to be isolated in space, so that their structure and evolution depend only on
intrinsic properties (mass and composition). For most single stars in the Galaxy this condition
is satisfied to a high degree (compare for instance the radius of the Sun with the distance to its
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Lecture Note by Pols 

「主系列星」 
重い星の方が 
半径が大きい 

なぜ？



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？
• …



核融合 
クーロン障壁 E ~ (Z1Z2e2)/r ~ 106 eV (MeV) 

ガスの典型的なエネルギー E ~ kT ~ 103 eV (keV) <= 107 K

Textbook by Pols

=> トンネル効果が必要

Nuclear structure effects on the cross-section

A typical thermonuclear reaction proceeds as follows. After penetrating the Coulomb barrier, the
two nuclei can from an unstable, excited compound nucleus which after a short time decays into the
product particles, e.g.

X + a→ C∗ → Y + b .

Although the lifetime of the compound nucleus C∗ is very short, it is much longer than the crossing
time of the nucleus at the speed of light (∼ 10−21 s). Therefore by the time it decays, the compound
nucleus has no ‘memory’ of how it was formed, and the decay depends only on the energy.

The decay can proceed via different channels, e.g. C∗ → X + a, → Y1 + b1, → Y2 + b2, . . . , →
C + γ. In the first case the original particles are reproduced, the last case is a decay to a stable energy
level of C with γ-emission. In the other cases the particles b1, b2, etc. may be protons, neutrons
or α-particles. (Reactions involving electron and neutrino emission do not proceed via a compound
intermediate state, since the necessary β-decays would be prohibitively slow.) In order for a certain
energy level of C∗ to decay via a certain channel, the conservations laws of energy, momentum,
angular momentum and nuclear symmetries must be fulfilled. The outgoing particles obtain a certain
kinetic energy, which – with the exception of neutrinos that escape without interaction – is quickly
thermalised, i.e. shared among the other gas particles owing to the short photon and particle mean
free paths in the stellar gas.

The energy levels of the compound nucleus play a crucial role in determining the reaction cross-
section, see Fig. 6.2. Let Emin be the minimum energy required to remove a nucleon from the ground
state of C to infinity, analogous to the ionization energy of an atom. Energy levels below Emin corre-
spond to bound states in an atom; these can only decay by γ-emission which is relatively improbable.
These ‘stationary’ energy levels have long lifetimes τ and correspondingly small widths Γ, since
according to Heisenberg’s uncertainty relation

Γ =
!

τ
. (6.16)
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Figure 6.2. Schematic depiction of the combined nuclear and Coulomb po-
tential, shown as a thick line. The potential is dominated by Coulomb repul-
sion at distances r > rn, and by nuclear attraction for r < rn. An incoming
particle with kinetic energy E at infinity can classically approach to a distance
rc. The horizontal lines for 0 < r < rn indicate energy levels in the compound
nucleus formed during the reaction. The ground state is at energy −Emin; the
quasi-stationary levels with E > 0 are broadened due to their very short life-
times. If the incoming particles have energy E′ corresponding to such a level
they can find a resonance in the compound nucleus (see text).
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まとめ

• 恒星の内部
• 力のつりあい：静水圧平衡 <= 力学

• 理想気体の状態方程式 <= 熱力学

• 太陽の中心温度は約107K (1000万度)

• 核融合にはトンネル効果が必要
• 核融合が107Kで起きるとすると、 

星の半径は質量に比例する



レポート課題 1 

現象の「タイムスケール」は一般的に 
　t = Q / (dQ/dt) 
と表すことができる(Qは何らかの物理量) 

1-1. Kelvin-Helmholtzタイムスケールを説明せよ 

1-2. 太陽の場合のKelvin-Helmholtzタイムスケールを概算せよ 

1-3. 自由落下時間 (free-fall $mescale) を説明せよ 

1-4. 太陽の場合の自由落下時間を概算せよ 

1-5. 太陽の場合のsound crossing $meを概算せよ


