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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？
• …



4-1. 輻射輸送の方程式から始めて、


・平板近似


・拡散近似


を用いて、恒星内部の輻射によるエネルギー輸送の式を導け


(その際、平均opacityはどのように定義するべきかを説明すること)
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太陽の内部構造

エネルギー輸送

・内側は放射

・外側は対流



Figure 9.8. Occurrence of convective regions (gray shading) on the ZAMS in terms of fractional mass coor-
dinate m/M as a function of stellar mass, for detailed stellar models with a composition X = 0.70, Z = 0.02.
The solid (red) lines show the mass shells inside which 50% and 90% of the total luminosity are produced. The
dashed (blue) lines show the mass coordinate where the radius r is 25% and 50% of the stellar radius R. (After
Kippenhahn &Weigert.)

of the star when M approaches 100M!. This is mainly related with the fact that at high mass, ∇ad is
depressed below the ideal-gas value of 0.4 because of the growing importance of radiation pressure.
At 100M! radiation pressure dominates and ∇ad ≈ 0.25.

In low-mass stars the pp-chain dominates, which has a much smaller temperature sensitivity.
Energy production is then distributed over a larger area, which keeps the energy flux and thus ∇rad
low in the centre and the core remains radiative (see the 1M! model in Fig. 5.4). The transition
towards a more concentrated energy production at M > 1.2M! is demonstrated in Fig. 9.8 by the
solid lines showing the location of the mass shell inside which most of the luminosity is generated.

Convective envelopes can be expected to occur in stars with low effective temperature, as dis-
cussed in Sec. 7.2.3. This is intimately related with the rise in opacity with decreasing temperature
in the envelope. In the outer envelope of a 1M! star for example, κ can reach values of 105 cm2/g
which results in enormous values of ∇rad (see Fig. 5.4). Thus the Schwarzschild criterion predicts a
convective outer envelope. This sets in for masses less than ≈ 1.5M!, although the amount of mass
contained in the convective envelope is very small for masses between 1.2 and 1.5M!. Consistent
with the discussion in Sec. 7.2.3, the depth of the convective envelope increases with decreasing Teff
and thus with decreasing M, until for M < 0.35M! the entire star is convective. Thus these very
low-mass stars lie on their respective Hayashi lines.

9.3 Evolution during central hydrogen burning

Fig. 9.9 shows the location of the ZAMS in the H-R diagram and various evolution tracks for different
masses at Population I composition, covering the central hydrogen burning phase. Stars evolve away
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まとめ

• 恒星の構造を決める方程式


• 静水圧平衡＋連続の式


• 状態方程式


• エネルギー輸送 (輻射・対流)


• エネルギー生成 (核融合)


• 対流


• エネルギー輸送の重要な要素


• 物質混合にも重要


• |星の温度勾配| > |断熱温度勾配|のとき不安定


• 光度が高い、opacityが高いときに不安定になる


