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星の一生

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

寿命 
約1千万年

約10-100億年



実際の星の進化はどう理解されているか？



MESA code 
h5p://mesa.sourceforge.net/index.html

http://mesa.sourceforge.net/index.html
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Sirius B  
白色矮星

Sirius A  
(シリウス)

h0ps://kids.yahoo.co.jp/zukan/astro/winter/0001.html



Cat’s eye nebula 
 (J.P. Harrington and K.J. Borkowski, and NASA)



Helix nebula  
(NASA, ESA, and C.R. O'Dell)
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FIG. 2.ÈObservational support for the white dwarf mass-radius rela-
tion after Hipparcos, showing revised positions for the visual binaries and
including results from the common proper-motion systems.

presents the revised visual binary positions, asFigure 2
well as the results for the CPM pairs. These objects test the
mass-radius relation using the absolute minimum of physi-
cal assumptions. The physics underlying this Ðgure is
KeplerÏs third law, the gravitational redshift, and some
general assumptions regarding the ability of model atmo-
spheres to predict a value of the emergent Ñux There areHj.a considerably greater number of data points than present-
ed in although many of the additions are some-Figure 1,
what uncertain. The important binaries, Sirius B, Procyon
B, and 40 Eri B, are plotted with improved accuracy. Figure

repeats but also includes the Ðeld white dwarfs3 Figure 2,
from In addition to the physics underlyingTable 6. Figure

broadening theory must be included in the underlying2,
assumptions for Figure 3.

Our Ðrst conclusion is that the mass-radius relation is
now more Ðrmly supported on observational grounds. For
readers who like high-precision data points, Sirius B and 40
Eri B Ðt the theoretical relation quite precisely. For readers
who enjoy an abundance of data points, more thanFigure 3
quadruples the number of observed points, the majority of
which lie between 1 and 2 p from the Wood models. We
discuss the discrepant points below.

FIG. 3.ÈObservational support for the white dwarf mass-radius rela-
tion, showing the positions of the visual binaries, common proper-motion
systems, and Ðeld white dwarfs. The Ðeld white dwarf masses were derived
using published surface gravity measurements and radii based on Hip-
parcos parallaxes.

4.1. Tentative Suggestions of Iron-rich Cores
Procyon B, EG 50, and GD 140 (labeled in all lieFig. 3)

signiÐcantly below the mass-radius relation for the expected
carbon interior composition of white dwarfs. While the plot
on the mass-radius relation may disguise the robust charac-
ter of our result, a close look at and Figures andTable 7 3 4
shows the source of our suggestion that at least two of these
three stars have iron-rich cores.

The masses predicted by the zero-temperature carbon-
core mass-radius relation for GD 140 and EG 50, using the
radii from are considerable larger than the massesTable 6,
we observe, with 4 and 7 p deviations GD 140 is a(Fig. 3).
well-studied white dwarf with ample spectroscopic(BSL)
evidence suggesting that it is massive. EG 50 is a more
mysterious case. While at a similar temperature to GD 140,
a comparison of the optical spectra presented in showsBSL
that GD 140Ïs Balmer lines are wider and shallower than
EG 50Ïs, arguing that GD 140 is more massive. Our radii
from combined with published values of log g,Table 6,
result in masses of 0.50 ^ 0.02 for EG 50, andM

_0.79^ 0.02 for GD 140, further supporting this com-M
_parison. Ðnds higher spectroscopic masses, assuming aBSL

carbon core and log He \ [4 mass-radius relation, of 0.66
and 0.90^ 0.03 for EG 50 and GD 140, respectively.M

_Our radii, combined with this same mass-radius relation,
imply even higher masses of B0.8 (EG 50) and B0.95M

_(GD 140)M
_

(Fig. 4).
In essence, both EG 50 and GD 140 have radii that are

signiÐcantly smaller than predicted by their observed
masses, assuming the carbon-core mass-radius relation. The
only way we can see of explaining the observations is by
assume an iron, or an iron-rich, core composition. It is then
possible to Ðt the observed radii, masses, and surface gravi-
ties consistently. It is conceivable that GD 140 harbors a
core heavier than carbon. If, however, EG 50 is really a
garden variety white dwarf with an average mass, we Ðnd it
difficult to explain an iron core with current theories of
white dwarf formation.

We discuss the problematic situation of Procyon B
separately et al. Even though our dis-(Provencal 1997).
cussion does not incorporate the Hipparcos parallax, we

FIG. 4.ÈPredicted masses for our white dwarf sample based on the
model used. The top panel uses models with thick [log q(H)\ [4] surface
layers, and the second has log q(H)\ 0. The solid lines are white dwarf
cooling curves at constant mass, beginning at 0.4 and increasing byM

_10ths sequentially downward. The error bars mark the 1 p error positions
for our observed points.

Provencal et al. 1998

質量と半径の関係

R ~ M-0.3



重い白色矮星ほど半径小さい 
(普通の星と反対)

なぜ？



• 白色矮星 

• 縮退した電子の状態方程式 
 => 星の構造の基礎方程式の一部だけで解ける 

• 重い白色矮星ほど小さい (R ~ M-1/3) 

• 支えられる限界: チャンドラセカール限界質量 (~1.4 Msun)

まとめ：白色矮星



様々な疑問を物理を使って理解しよう

•なぜ星は「進化」するのか？
•なぜ質量で運命が変わるのか？
•なぜ星は爆発するのか？
•超新星の膨大なエネルギーはどこからきたのか？
•超新星はなぜ非常に明るくなるのか？
•なぜ中性子星合体は輝くのか？
•…



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



• ここまでの内容に関する質問があれば送って下さい 。 

• 皆さんの興味に応じて、 
星や宇宙に関する一般的な質問を送って下さい。 

来週の講義でお答えします。 

(時間がなければ後日に資料などでお答えします) 

この課題のみ、締め切りは9月24日 (金) 24:00
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