
Section 8.

星の安定性

8.1 力学的安定性


8.2 熱的安定性



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？

• …



Section 8.

恒星の安定性

8.1 力学的安定性


8.2 熱的安定性



(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
マグネシウム

ケイ素鉄



He

H

コアの収縮

（本当はもっと極端）

1000

0.5 力学的な崩壊 (tdyn)ではなく


準静的な収縮 (tKH)



中性子星「重力崩壊」

準静的な収縮 (tKH)ではなく、


力学的な崩壊・落下 (tdyn)



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



星のコアの収縮：準静的な進化

鉄コアの崩壊：動的な落下

何が違うの？
そもそも星は安定？



力学的に不安定な状況

鉄コア

高密度 => 電子捕獲


高温度 => 光分解

<latexit sha1_base64="vEHiYBYJGTSJPvIz8iPVnt4ytFM="></latexit>

56Fe + e ! 56Mn+ ⌫e

潰すほど圧力源の電子が減る

潰すほどエネルギーが使われる

<latexit sha1_base64="MhVrrufFi0OUlhHSlajp2T1KJAQ="></latexit>

56
Fe + � ! 13

4
He + 4n

γef < 4/3



3.5 Ionization

We have so far implicitly assumed complete ionization of the gas, i.e. that it consists of bare atomic
nuclei and free electrons. This is a good approximation in hot stellar interiors, where T > 106 K
so that typical energies kT are much larger than the energy needed to ionize an atom, i.e. to knock
off a bound electron. In the cooler outer layers of a star, however, we need to consider the partial
ionization of the elements. In this case quasi-static changes of the state variables (ρ and T ) will lead
to changes in the degree of ionization. This can have a large effect on the thermodynamic properties
of the gas, e.g. on γad and ∇ad.

In LTE the number densities of ionized and neutral species are determined by the Saha equation

nr+1
nr

ne =
ur+1
ur

2(2πmekT )3/2

h3
e−χr/kT (3.66)

where nr and nr+1 indicate the number densities of r and r+1 times ionized nuclei, χr is the ionization
potential, i.e. the energy required to remove the r-th bound electron, and ur and ur+1 are the partition
functions. The partition functions depend on T but can in most cases be approximated by the statistical
weights of the ground states of the bound species. (This equation can be derived from statistical
mechanics, e.g. see K&W Chapter 14.1.)

3.5.1 Ionization of hydrogen

As an example, we consider the simple case where the gas consists only of hydrogen. Then there
are just three types of particle, electrons and neutral and ionized hydrogen, with uH = u0 = 2 and
uH+ = u1 = 1. We write their number densities as n+ and n0 so that

n+
n0
ne =

(2πmekT )3/2

h3
e−χH/kT (3.67)

where χH = 13.6 eV. The gas pressure is given by Pgas = (n0 + n+ + ne) kT and the density is
ρ = (n0 + n+)mu. The degree of ionization is defined as

x =
n+

n0 + n+
(3.68)

so that Pgas can be written in terms of the degree of ionization

Pgas = (1 + x)RρT (3.69)

We can then rewrite Saha’s equation as

x2

1 − x2
=
(2πme)3/2

h3
(kT )5/2

Pgas
e−χH/kT (3.70)

We see that the degree of ionization increases with T , as expected since more atoms are broken up by
the energetic photons. However, x decreases with gas pressure (or density) when T is kept constant,
because this increases the probability of recombination which is proportional to ne. From eq. (3.69)
we see that the mean molecular weight µ = 1/(1 + x) decreases as hydrogen becomes ionized (one
atomic mass is divided over two particles).

To estimate the effect on the thermodynamic properties of the gas, we note that in the case of par-
tial ionization the internal energy has a contribution from the available potential energy of recombina-
tion. Per unit volume this contribution is equal to n+ χH, so per unit mass it equals n+ χH/ρ = x χH/mu.
Thus

u =
3
2
Pgas
ρ
+ x

χH

mu
= 3
2 (1 + x)RT + x

χH

mu
. (3.71)
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イオン化 (部分電離状態)

Sahaの式
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Figure 3.5. The adiabatic temperature gradient ∇ad plotted against temperature. The left panel shows the
effect of partial ionization for the simple case of a pure hydrogen gas, for three values of the density (10−4,
10−6 and 10−8 g/cm3). When hydrogen is partially ionized, ∇ad is decreased below its ideal-gas value of 0.4.
The circles indicate the points where the degree of ionization x = 0.5, close to the minimum of ∇ad. As the
density increases, a higher temperature is needed to reach the same ionization degree. The right panel shows
how ∇ad varies with temperature in a detailed stellar model of 1M#, between the surface (at T ≈ 6000K) and
the centre (at T ≈ 1.5 × 107 K). Apart from the hydrogen ionization zone around 104 K, a second depression
of ∇ad around 105 K is seen which is due to the first 4He ionization zone. The second He ionization zone is
merged with H ionization because it occurs at similar temperatures and densities. Note that the region where
T < 106 K comprises only the outer 1% of the mass of the Sun. (The dotted line shows how ∇ad would vary
with T in this model if the composition were pure hydrogen, as was assumed in the left panel.)

A small increase in temperature increases the degree of ionization, which results in a large amount of
energy being absorbed by the gas. In other words, the specific heat of a partially ionized gas will be
much larger than for an unionized gas, or for a completely ionized gas (in the latter case x = 1 so that
the second term in eq. (3.71) becomes a constant and therefore irrelevant).

Now consider what happens if the gas is adiabatically compressed. Starting from neutral hydro-
gen, for which ∇ad = 0.4, the temperature initially increases as T ∝ P0.4. Further compression (work
done on the gas) increases u, but when partial ionization sets in most of this energy goes into raising
the degree of ionization (second term of eq. 3.71) and only little into raising the temperature (first
term). In other words, T increases less strongly with with P, and therefore ∇ad < 0.4. A detailed
calculation (e.g. see K&W Chapter 14.3) shows that under typical conditions ∇ad reaches a minimum
value of ≈ 0.1 when x ≈ 0.5. As the gas becomes almost fully ionized, ∇ad rises back to 0.4. The
variation of ∇ad with temperature for a pure hydrogen gas is shown in the left panel of Fig. 3.5 for
different values of the density.

The decrease of ∇ad in partial ionization zones can induce convection in the outer layers of stars,
as we shall see in Ch. 5. Similarly it can be shown that γad decreases in partial ionization zones, from
5
3 to γad ≈ 1.2 when x ≈ 0.5. This has consequences for the stability of stars, as we shall also see.
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Lecture note by Pols

中性 イオン化イオン化に

エネルギーが使われる

一部の温度帯だけなので、

星全体が不安定にはならない

（変光星では重要）



セファイド変光星

https://astro-dic.jp/cepheid/
シリーズ現代の天文学「恒星」

不安定帯



Section 8.

恒星の安定性

8.1 力学的安定性


8.2 熱的安定性



(C: Essay Web)

軽い星

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

　　　赤色巨星

* 太陽の10倍以下

惑星状星雲

2. 軽い星の場合

約10-100億年



水素 ヘリウム

約10-100億年

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

酸素
炭素

白色矮星

何も起きない



対になって 
存在する星

白色矮星

David A. Hardy



酸素炭素
鉄
ケイ素

「核爆発」

超新星爆発！



普通の星の場合は核融合が起きることでバランスしている

白色矮星はなぜ核融合で爆発するのか？



縮退した状態での核融合が関わる現象

恒星進化

ヘリウムフラッシュ：低質量のコアHe燃焼


白色矮星

Ia型超新星：星全体の爆発


古典新星：星表面の爆発


David A. Hardy



1 Msunの星の進化



まとめ

• 力学的安定性


• 力学的に安定な条件 adiabatic 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 (大質量星の鉄コア)


• 熱的安定性


• 状態方程式の温度依存性が小さい時に不安定


• 縮退下の核融合は不安定


• 縮退した星のコア、白色矮星


