
Section 9.

進化した星

9.1 赤色巨星


9.2 林の禁止領域



http://astronomy.nmsu.edu/geas/lectures/lecture23/slide04.html

Hertzsprung-Russel diagram (HR図)

Temperature (K)

Luminosity (Lsun)

White dwarfs

Main 
sequence

Red giants

ツッコミを入れる練習

http://astronomy.nmsu.edu/geas/lectures/lecture23/slide04.html


Section 9.

進化した星

9.1 赤色巨星


9.2 林の禁止領域



−5  0  5  10
 4

 6

 8

 10

log ρc

lo
g 

T c

radiation

ideal gas degenerate
NR ER

−5  0  5  10
 4

 6

 8

 10

log ρc

lo
g 

T c
0.1

1.0

10

100

MCh

Figure 8.2. The equation of state in the logTc – log ρc plane (left panel), with approximate boundaries between
regions where radiation pressure, ideal gas pressure, non-relativistic electron degeneracy and extremely rela-
tivistic electron degeneracy dominate, for a composition of X = 0.7 and Z = 0.02. In the right panel, schematic
evolution tracks for contracting stars of 0.1 – 100 M! have been added.

pressure is important: the larger the mass of a star, the more important is the radiation pressure.
Furthermore, the relative importance of radiation pressure does not change as a star contracts, because
the track runs parallel to the boundary between ideal gas and radiation pressure.1

As the density increases, stars with M < MCh approach the region where non-relativistic electron
degeneracy dominates, because the boundary between ideal gas and NR degeneracy has a steeper
slope than the evolution track. Inside this region, equating relation (8.1) to the NR degenerate pressure
gives:

KNR
ρc

1/3

µe5/3 = CGM
2/3 → ρc =

(

CG
KNR

)3

µe
5M2 (8.4)

When degeneracy dominates the track becomes independent of Tc, and the star moves down along a
track of constant ρc. This is the ρc,max we found from the Pc, ρc diagram. The larger the mass, the
higher this density. (When the electrons become relativistic at ρc ∼> 106 g/cm3, the pressure increases
less steeply with density so that the central density for a degenerate star of mass M is in fact larger
than given by eq. 8.4).

Equations (8.3) and (8.4) imply that, for a star with M < MCh that contracts quasi-statically, Tc
increases as ρc1/3 until the electrons become degenerate. Then a maximum temperature is reached,
and subsequently the star cools at a constant density when degenerate electrons provide the pressure.
The schematic evolution tracks for 0.1 and 1.0 M! given in Fig. 8.2 show this behaviour. This can
be compared to eq. (7.41) for homologous contraction (Sec. 7.4.3), which indicates that the slope of
an evolution track in the logT – log ρ plane is equal to ( 4

3 − χρ)/χT . This equals 1
3 for an ideal gas,

but changes sign and becomes negative once χρ > 4
3 . When degeneracy is almost complete, χρ = 5

3
and χT → 0 such that the slope approaches infinity. The maximum temperature is reached when the

1It is easy to show for yourself that the evolution track for a star in which radiation pressure dominates would have the
same slope of 1

3 in the logT , log ρ plane. However, such stars are very close to dynamical instability.
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コアが収縮 => 外層は膨張

表面温度が下がる => 「赤色巨星」
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Figure 10.2. Evolution track in the Hertzsprung-Russell diagram of a 5M! star of initial composition X =
0.7, Z = 0.02. See text for details. The evolution track in the left panel was computed without convective
overshooting. The right panel shows a comparison between this track and the evolution of the same star
computed with moderate overshooting (αov = lov/HP ≈ 0.25; dashed line), illustrating some of the effects
discussed in Sec. 9.3.4.

2 M!) on the other hand. Therefore we discuss these two cases separately, starting with the evolution
of higher-mass stars because it is relatively simple compared to low-mass stars. We use two detailed
stellar evolution sequences, for stars of 5 M! and 1 M! respectively, as examples for the general
evolutionary behaviour of stars in these two mass ranges.

10.2.1 Hydrogen-shell burning in intermediate-mass and massive stars

Fig. 10.2 shows the evolution track of a 5 M! star of quasi-solar composition (X = 0.7,Z = 0.02)
in the H-R diagram, and Fig. 10.3 shows some of the interior details of the evolution of this star as
a function of time from the end of central hydrogen burning. Point B in both figures corresponds
to the start of the overall contraction phase near the end of the main sequence (when the central H
mass fraction Xc ≈ 0.03) and point C corresponds to the exhaustion of hydrogen in the centre and the
disappearance of the convective core. The hatched regions in the ‘Kippenhahn diagram’ (lower panel
of Fig. 10.3) show the rapid transition at point C from hydrogen burning in the centre to hydrogen
burning in a shell.

The H-exhausted core initially has a mass of about 0.4 M! which is below the Schönberg-Chandra-
sekhar limit, so the star initially remains in TE and the first portion of the hydrogen-shell burning
phase (C–D) is relatively slow, lasting about 2 × 106 yr. The temperature and density gradients be-
tween core and envelope are still shallow, so that the burning shell initially occupies a rather large
region in mass. This phase is therefore referred to as thick shell burning. The helium core gradually
grows in mass until it exceeds the S-C limit and the contraction of the core speeds up. The envelope
expands at the same time, exemplifying the ‘mirror principle’ discussed above. This becomes more
clear in Fig. 10.4 which shows the radial variations of several mass shells inside the star. After point
C the layers below the burning shell contract while the layers above expand, at an accelerating rate
towards the end of phase C–D. As a result the temperature and density gradients between core and
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Figure 10.3. Internal evolution of a 5M! star of
initial composition X = 0.7, Z = 0.02. The pan-
els show various internal quantities as a function
of time, from top to bottom:
(a) Contributions to the luminosity from hydro-
gen burning (red line), helium burning (blue)
and gravitational energy release (orange; dashed
parts show net absorption of gravitational en-
ergy). The black line is the surface luminosity.
(b) Central mass fractions of various elements
(1H, 4He, 12C, 14N and 16O) as indicated.
(c) Internal structure as a function of mass coor-
dinate m, known as a ‘Kippenhahn diagram’. A
vertical line through the graph corresponds to a
model at a particular time. Gray areas are con-
vective, lighter-gray areas are semi-convective.
The red hatched regions show areas of nuclear
energy generation, where εnuc > 10 L/M (dark
red) and εnuc > 2 L/M (light red). The letters
B. . . J indicate the corresponding points in the
evolution track in the H-R diagram, plotted in
Fig. 10.2. See text for details.

envelope increase, and the burning shell occupies less and less mass (Fig. 10.3c). The latter portion of
hydrogen-shell burning is therefore referred to as thin shell burning. Most of the time between C and
D is spent in the thick shell burning phase at relatively small radii and logTeff > 4.05. The phase of
expansion from log Teff ≈ 4.05 to point D at logTeff ≈ 3.7 occurs on the Kelvin-Helmholtz timescale
and takes only a few times 105 yrs. A substantial fraction of the energy generated by shell burning is
absorbed by the expanding envelope (dashed yellow line in Fig. 10.3a), resulting in a decrease of the
surface luminosity between C and D.

The rapid evolution on a thermal timescale across the H-R diagram from the end of the main
sequence to Teff ≈ 5000K is characteristic of all intermediate-mass stars. The probability of detecting
stars during this short-lived phase is very small, resulting in a gap in the distribution of stars in the
H-R diagram known as the Hertzsprung gap.

As point D is approached the envelope temperature decreases and the opacity in the envelope rises,
impeding radiative energy transport. The envelope grows increasingly unstable to convection, starting
from the surface, until at D a large fraction of the envelope mass has become convective. During
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Figure 10.4. Radial variation of various mass
shells (solid lines) in the 5M! (Z = 0.02) star of
Fig. 10.3, during the early post-main sequence
evolution. Each line is labelled with its mass co-
ordinate m in units of M!; the top-most curve
indicates the total radius R. Gray areas indicate
convection and red cross-hatched areas have in-
tense nuclear burning (εnuc > 10 L/M). Letters
B. . . E correspond to those in Fig. 10.3.

phase D–E the star is a red giant with a deep convective envelope. The star is then located close to the
Hayashi line in the H-R diagram, and while it continues to expand in response to core contraction,
the luminosity increases as the effective temperature remains at the approximately constant value
corresponding to the Hayashi line. The expansion of the star between D and E still occurs on the
thermal timescale, so the H-shell burning phase of intermediate-mass stars on the red-giant branch is
very short-lived.

At its deepest extent at point E, the base of the convective envelope is located at mass coordinate
m = 0.9M! which is below the maximum extent of the former convective core during central H-
burning (about 1.25M! at the start of the main sequence). Hence material that was formerly inside
the convective core, and has therefore been processed by hydrogen burning and the CNO-cycle, is
mixed throughout the envelope and appears at the surface. This process is called dredge-up and
occurs about halfway between D and E in Fig. 10.2. Dredge-up on the red giant branch also occurs in
low-mass stars and we defer its discussion to Sec. 10.2.3.

The helium cores of intermediate-mass stars remain non-degenerate during the entire H-shell
burning phase C–E, as can be seen in Fig. 10.1. These stars develop helium cores with masses larger
than 0.3M!, the minimum mass for helium fusion discussed in Ch. 8. In the 5M! star at point E the
helium core mass is 0.6M! when a central temperature of 108 K is reached and helium is ignited in
the core. The ignition of helium halts further core contraction and envelope expansion and therefore
corresponds to a local maximum in luminosity and radius. Evolution through helium burning will be
discussed in Sec. 10.3.1.

10.2.2 Hydrogen-shell burning in low-mass stars

Compared to intermediate-mass stars, low-mass stars (with M ∼< 2M!) have small or no convective
cores during central hydrogen burning, and when they leave the main sequence their cores are rel-
atively dense and already close to becoming degenerate (see Fig. 10.1). In stars with M ∼< 1.1M!
the transition from central to shell hydrogen burning is gradual and initially Mc/M < 0.1 so the star
can remain in thermal equilibrium with an isothermal helium core. By the time the helium core has
grown to ≈ 0.1M, its density is large enough that electron degeneracy dominates the pressure and the

146

半径

質量

A: 水素燃焼


B: 水素燃焼の終わり => コア収縮


C: 水素殻燃焼 => 膨張


D: 外層で対流が発達


E: ヘリウム燃焼の開始 エネルギー生成
対流領域



textbook by Pols

A

B
C

D

E

F

G H

J

3.63.84.04.2

2.5

3.0

3.5

4.0

log Teff(K)

lo
g 

(L
 / 

L s
un

)

5 Msun (Z = 0.02)

std

ovs

3.63.84.04.2

2.5

3.0

3.5

4.0

4.5

log Teff (K)

lo
g 

(L
 / 

L s
un

)

5 Msun (Z = 0.02)

Figure 10.2. Evolution track in the Hertzsprung-Russell diagram of a 5M! star of initial composition X =
0.7, Z = 0.02. See text for details. The evolution track in the left panel was computed without convective
overshooting. The right panel shows a comparison between this track and the evolution of the same star
computed with moderate overshooting (αov = lov/HP ≈ 0.25; dashed line), illustrating some of the effects
discussed in Sec. 9.3.4.

2 M!) on the other hand. Therefore we discuss these two cases separately, starting with the evolution
of higher-mass stars because it is relatively simple compared to low-mass stars. We use two detailed
stellar evolution sequences, for stars of 5 M! and 1 M! respectively, as examples for the general
evolutionary behaviour of stars in these two mass ranges.

10.2.1 Hydrogen-shell burning in intermediate-mass and massive stars

Fig. 10.2 shows the evolution track of a 5 M! star of quasi-solar composition (X = 0.7,Z = 0.02)
in the H-R diagram, and Fig. 10.3 shows some of the interior details of the evolution of this star as
a function of time from the end of central hydrogen burning. Point B in both figures corresponds
to the start of the overall contraction phase near the end of the main sequence (when the central H
mass fraction Xc ≈ 0.03) and point C corresponds to the exhaustion of hydrogen in the centre and the
disappearance of the convective core. The hatched regions in the ‘Kippenhahn diagram’ (lower panel
of Fig. 10.3) show the rapid transition at point C from hydrogen burning in the centre to hydrogen
burning in a shell.

The H-exhausted core initially has a mass of about 0.4 M! which is below the Schönberg-Chandra-
sekhar limit, so the star initially remains in TE and the first portion of the hydrogen-shell burning
phase (C–D) is relatively slow, lasting about 2 × 106 yr. The temperature and density gradients be-
tween core and envelope are still shallow, so that the burning shell initially occupies a rather large
region in mass. This phase is therefore referred to as thick shell burning. The helium core gradually
grows in mass until it exceeds the S-C limit and the contraction of the core speeds up. The envelope
expands at the same time, exemplifying the ‘mirror principle’ discussed above. This becomes more
clear in Fig. 10.4 which shows the radial variations of several mass shells inside the star. After point
C the layers below the burning shell contract while the layers above expand, at an accelerating rate
towards the end of phase C–D. As a result the temperature and density gradients between core and
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Figure 10.3. Internal evolution of a 5M! star of
initial composition X = 0.7, Z = 0.02. The pan-
els show various internal quantities as a function
of time, from top to bottom:
(a) Contributions to the luminosity from hydro-
gen burning (red line), helium burning (blue)
and gravitational energy release (orange; dashed
parts show net absorption of gravitational en-
ergy). The black line is the surface luminosity.
(b) Central mass fractions of various elements
(1H, 4He, 12C, 14N and 16O) as indicated.
(c) Internal structure as a function of mass coor-
dinate m, known as a ‘Kippenhahn diagram’. A
vertical line through the graph corresponds to a
model at a particular time. Gray areas are con-
vective, lighter-gray areas are semi-convective.
The red hatched regions show areas of nuclear
energy generation, where εnuc > 10 L/M (dark
red) and εnuc > 2 L/M (light red). The letters
B. . . J indicate the corresponding points in the
evolution track in the H-R diagram, plotted in
Fig. 10.2. See text for details.

envelope increase, and the burning shell occupies less and less mass (Fig. 10.3c). The latter portion of
hydrogen-shell burning is therefore referred to as thin shell burning. Most of the time between C and
D is spent in the thick shell burning phase at relatively small radii and logTeff > 4.05. The phase of
expansion from log Teff ≈ 4.05 to point D at logTeff ≈ 3.7 occurs on the Kelvin-Helmholtz timescale
and takes only a few times 105 yrs. A substantial fraction of the energy generated by shell burning is
absorbed by the expanding envelope (dashed yellow line in Fig. 10.3a), resulting in a decrease of the
surface luminosity between C and D.

The rapid evolution on a thermal timescale across the H-R diagram from the end of the main
sequence to Teff ≈ 5000K is characteristic of all intermediate-mass stars. The probability of detecting
stars during this short-lived phase is very small, resulting in a gap in the distribution of stars in the
H-R diagram known as the Hertzsprung gap.

As point D is approached the envelope temperature decreases and the opacity in the envelope rises,
impeding radiative energy transport. The envelope grows increasingly unstable to convection, starting
from the surface, until at D a large fraction of the envelope mass has become convective. During
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Figure 10.4. Radial variation of various mass
shells (solid lines) in the 5M! (Z = 0.02) star of
Fig. 10.3, during the early post-main sequence
evolution. Each line is labelled with its mass co-
ordinate m in units of M!; the top-most curve
indicates the total radius R. Gray areas indicate
convection and red cross-hatched areas have in-
tense nuclear burning (εnuc > 10 L/M). Letters
B. . . E correspond to those in Fig. 10.3.

phase D–E the star is a red giant with a deep convective envelope. The star is then located close to the
Hayashi line in the H-R diagram, and while it continues to expand in response to core contraction,
the luminosity increases as the effective temperature remains at the approximately constant value
corresponding to the Hayashi line. The expansion of the star between D and E still occurs on the
thermal timescale, so the H-shell burning phase of intermediate-mass stars on the red-giant branch is
very short-lived.

At its deepest extent at point E, the base of the convective envelope is located at mass coordinate
m = 0.9M! which is below the maximum extent of the former convective core during central H-
burning (about 1.25M! at the start of the main sequence). Hence material that was formerly inside
the convective core, and has therefore been processed by hydrogen burning and the CNO-cycle, is
mixed throughout the envelope and appears at the surface. This process is called dredge-up and
occurs about halfway between D and E in Fig. 10.2. Dredge-up on the red giant branch also occurs in
low-mass stars and we defer its discussion to Sec. 10.2.3.

The helium cores of intermediate-mass stars remain non-degenerate during the entire H-shell
burning phase C–E, as can be seen in Fig. 10.1. These stars develop helium cores with masses larger
than 0.3M!, the minimum mass for helium fusion discussed in Ch. 8. In the 5M! star at point E the
helium core mass is 0.6M! when a central temperature of 108 K is reached and helium is ignited in
the core. The ignition of helium halts further core contraction and envelope expansion and therefore
corresponds to a local maximum in luminosity and radius. Evolution through helium burning will be
discussed in Sec. 10.3.1.

10.2.2 Hydrogen-shell burning in low-mass stars

Compared to intermediate-mass stars, low-mass stars (with M ∼< 2M!) have small or no convective
cores during central hydrogen burning, and when they leave the main sequence their cores are rel-
atively dense and already close to becoming degenerate (see Fig. 10.1). In stars with M ∼< 1.1M!
the transition from central to shell hydrogen burning is gradual and initially Mc/M < 0.1 so the star
can remain in thermal equilibrium with an isothermal helium core. By the time the helium core has
grown to ≈ 0.1M, its density is large enough that electron degeneracy dominates the pressure and the
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Figure 10.2. Evolution track in the Hertzsprung-Russell diagram of a 5M! star of initial composition X =
0.7, Z = 0.02. See text for details. The evolution track in the left panel was computed without convective
overshooting. The right panel shows a comparison between this track and the evolution of the same star
computed with moderate overshooting (αov = lov/HP ≈ 0.25; dashed line), illustrating some of the effects
discussed in Sec. 9.3.4.

2 M!) on the other hand. Therefore we discuss these two cases separately, starting with the evolution
of higher-mass stars because it is relatively simple compared to low-mass stars. We use two detailed
stellar evolution sequences, for stars of 5 M! and 1 M! respectively, as examples for the general
evolutionary behaviour of stars in these two mass ranges.

10.2.1 Hydrogen-shell burning in intermediate-mass and massive stars

Fig. 10.2 shows the evolution track of a 5 M! star of quasi-solar composition (X = 0.7,Z = 0.02)
in the H-R diagram, and Fig. 10.3 shows some of the interior details of the evolution of this star as
a function of time from the end of central hydrogen burning. Point B in both figures corresponds
to the start of the overall contraction phase near the end of the main sequence (when the central H
mass fraction Xc ≈ 0.03) and point C corresponds to the exhaustion of hydrogen in the centre and the
disappearance of the convective core. The hatched regions in the ‘Kippenhahn diagram’ (lower panel
of Fig. 10.3) show the rapid transition at point C from hydrogen burning in the centre to hydrogen
burning in a shell.

The H-exhausted core initially has a mass of about 0.4 M! which is below the Schönberg-Chandra-
sekhar limit, so the star initially remains in TE and the first portion of the hydrogen-shell burning
phase (C–D) is relatively slow, lasting about 2 × 106 yr. The temperature and density gradients be-
tween core and envelope are still shallow, so that the burning shell initially occupies a rather large
region in mass. This phase is therefore referred to as thick shell burning. The helium core gradually
grows in mass until it exceeds the S-C limit and the contraction of the core speeds up. The envelope
expands at the same time, exemplifying the ‘mirror principle’ discussed above. This becomes more
clear in Fig. 10.4 which shows the radial variations of several mass shells inside the star. After point
C the layers below the burning shell contract while the layers above expand, at an accelerating rate
towards the end of phase C–D. As a result the temperature and density gradients between core and
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Figure 10.3. Internal evolution of a 5M! star of
initial composition X = 0.7, Z = 0.02. The pan-
els show various internal quantities as a function
of time, from top to bottom:
(a) Contributions to the luminosity from hydro-
gen burning (red line), helium burning (blue)
and gravitational energy release (orange; dashed
parts show net absorption of gravitational en-
ergy). The black line is the surface luminosity.
(b) Central mass fractions of various elements
(1H, 4He, 12C, 14N and 16O) as indicated.
(c) Internal structure as a function of mass coor-
dinate m, known as a ‘Kippenhahn diagram’. A
vertical line through the graph corresponds to a
model at a particular time. Gray areas are con-
vective, lighter-gray areas are semi-convective.
The red hatched regions show areas of nuclear
energy generation, where εnuc > 10 L/M (dark
red) and εnuc > 2 L/M (light red). The letters
B. . . J indicate the corresponding points in the
evolution track in the H-R diagram, plotted in
Fig. 10.2. See text for details.

envelope increase, and the burning shell occupies less and less mass (Fig. 10.3c). The latter portion of
hydrogen-shell burning is therefore referred to as thin shell burning. Most of the time between C and
D is spent in the thick shell burning phase at relatively small radii and logTeff > 4.05. The phase of
expansion from log Teff ≈ 4.05 to point D at logTeff ≈ 3.7 occurs on the Kelvin-Helmholtz timescale
and takes only a few times 105 yrs. A substantial fraction of the energy generated by shell burning is
absorbed by the expanding envelope (dashed yellow line in Fig. 10.3a), resulting in a decrease of the
surface luminosity between C and D.

The rapid evolution on a thermal timescale across the H-R diagram from the end of the main
sequence to Teff ≈ 5000K is characteristic of all intermediate-mass stars. The probability of detecting
stars during this short-lived phase is very small, resulting in a gap in the distribution of stars in the
H-R diagram known as the Hertzsprung gap.

As point D is approached the envelope temperature decreases and the opacity in the envelope rises,
impeding radiative energy transport. The envelope grows increasingly unstable to convection, starting
from the surface, until at D a large fraction of the envelope mass has become convective. During
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Figure 10.4. Radial variation of various mass
shells (solid lines) in the 5M! (Z = 0.02) star of
Fig. 10.3, during the early post-main sequence
evolution. Each line is labelled with its mass co-
ordinate m in units of M!; the top-most curve
indicates the total radius R. Gray areas indicate
convection and red cross-hatched areas have in-
tense nuclear burning (εnuc > 10 L/M). Letters
B. . . E correspond to those in Fig. 10.3.

phase D–E the star is a red giant with a deep convective envelope. The star is then located close to the
Hayashi line in the H-R diagram, and while it continues to expand in response to core contraction,
the luminosity increases as the effective temperature remains at the approximately constant value
corresponding to the Hayashi line. The expansion of the star between D and E still occurs on the
thermal timescale, so the H-shell burning phase of intermediate-mass stars on the red-giant branch is
very short-lived.

At its deepest extent at point E, the base of the convective envelope is located at mass coordinate
m = 0.9M! which is below the maximum extent of the former convective core during central H-
burning (about 1.25M! at the start of the main sequence). Hence material that was formerly inside
the convective core, and has therefore been processed by hydrogen burning and the CNO-cycle, is
mixed throughout the envelope and appears at the surface. This process is called dredge-up and
occurs about halfway between D and E in Fig. 10.2. Dredge-up on the red giant branch also occurs in
low-mass stars and we defer its discussion to Sec. 10.2.3.

The helium cores of intermediate-mass stars remain non-degenerate during the entire H-shell
burning phase C–E, as can be seen in Fig. 10.1. These stars develop helium cores with masses larger
than 0.3M!, the minimum mass for helium fusion discussed in Ch. 8. In the 5M! star at point E the
helium core mass is 0.6M! when a central temperature of 108 K is reached and helium is ignited in
the core. The ignition of helium halts further core contraction and envelope expansion and therefore
corresponds to a local maximum in luminosity and radius. Evolution through helium burning will be
discussed in Sec. 10.3.1.

10.2.2 Hydrogen-shell burning in low-mass stars

Compared to intermediate-mass stars, low-mass stars (with M ∼< 2M!) have small or no convective
cores during central hydrogen burning, and when they leave the main sequence their cores are rel-
atively dense and already close to becoming degenerate (see Fig. 10.1). In stars with M ∼< 1.1M!
the transition from central to shell hydrogen burning is gradual and initially Mc/M < 0.1 so the star
can remain in thermal equilibrium with an isothermal helium core. By the time the helium core has
grown to ≈ 0.1M, its density is large enough that electron degeneracy dominates the pressure and the
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Figure 9.3. The position of the Hayashi lines in
the H-R diagram for masses M = 0.25, 0.5, 1.0, 2.0
and 4.0 M! as indicated. The lines are analytic fits
to detailed models computed for composition X =
0.7,Z = 0.02. The zero-age main sequence (ZAMS)
for the same composition is shown as a dashed line,
for comparison.
Note that the Hayashi lines do not have a constant
slope, as expected from the simple analysis, but
have a convex shape where the constant A (eq. 9.12)
changes sign and becomes negative for high lumi-
nosities. The main reason is our neglect of ionization
zones (where ∇ad < 0.4) and the non-zero supera-
diabaticity in the outer layers, both of which have a
larger effect in more extended stars.

Therefore the shape of the Hayashi line in the HRD is determined by how the opacity in the photo-
sphere depends on ρ and T . Since fully convective stars have very cool photospheres, the opacity is
mainly given by H− absorption (Sect. 5.3) which increases strongly with temperature. According to
eq. (5.34), a ≈ 0.5 and b ≈ 9 (i.e. κ ∝ T 9!) in the the relevant range of density and temperature, which
gives A ≈ 0.01 and B ≈ 0.14. Therefore (see Fig. 9.3)

• for a certain mass the Hayashi line is a very steep, almost vertical line in the HRD,

• the position of the Hayashi line depends on the mass, being located at higher Teff for higher
mass.

We can intuitively understand the steepness of the Hayashi line from the strong increase of H−
opacity with temperature. Suppose such a fully convective star would increase its radius slightly
while attempting to keep L constant. Then the temperature in the photosphere would decrease and
the photosphere would become much more transparent. Hence energy can escape much more easily
from the interior, in other words: the luminosity will in fact increase strongly with a slight decrease
in photospheric temperature.

The forbidden region in the H-R diagram

Consider models in the neighbourhood of the Hayashi line in the H-R diagram for a star of mass M.
These models cannot have ∇ = ∇ad throughout, because otherwise they would be on the Hayashi line.
Defining ∇̄ as the average value of d logT/d log P over the entire star, models on either side of the
Hayashi line (at lower or higher Teff) have either ∇̄ > ∇ad or ∇̄ < ∇ad. It turns out (after more tedious
analysis of the above equations and their dependence on polytropic index n) that models with ∇̄ < ∇ad
lie at higher Teff than the Hayashi line (to its left in the HRD) while models with ∇̄ > ∇ad lie at lower
Teff (to the right in the HRD).

Now consider the significance of ∇̄ ! ∇ad. If on average ∇̄ < ∇ad then some part of the star
must have ∇ < ∇ad, that is, a portion of the star must be radiative. Since models in the vicinity
of the Hayashi line still have cool outer layers with high opacity, the radiative part must lie in the
deep interior. Therefore stars located (somewhat) to the left of the Hayashi line have radiative cores
surrounded by convective envelopes (if they are far to the left, they can of course be completely
radiative).
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compared to radiative transport of energy (κcd ! κrad). Therefore we only need to consider the case
of a degenerate electron gas. In this case the following approximation holds

κcd ≈ 4.4 × 10−3
∑

i Zi5/3Xi/Ai
(1 + X)2

(T/107 K)2

(ρ/105 g/cm3)2 cm2/g. (5.35)

At high densities and low temperatures, the conductive opacity becomes very small because of the
large electron mean free path in a highly degenerate gas. This is why degenerate stellar regions are
highly conductive and rapidly become isothermal.

5.3.2 A detailed view of stellar opacities

In general, κ = κ(ρ,T, Xi) is a complicated function of density, temperature and composition. While
certain approximations can be made, as in the examples shown above, these are usually too simplified
and inaccurate to apply in detailed stellar models. An additional complication is that the Rosseland
mean opacity (eq. 5.24) is not additive: the opacity of a mixture of gases is not simply equal to the sum
of the opacities of its components. Instead, one first has to add the frequency-dependent opacities,
κν =

∑

i Xiκν,i and then integrate over ν to calculate the Rosseland mean.
In practical stellar structure calculations one usually interpolates in pre-computed opacity tables,

e.g. as calculated in the 1990s by the OPAL project. An example is shown in Fig. 5.2 for a quasi-solar
mixture of elements. One may recognize the various regions in the density-temperature plane where
one of the processes discussed above dominates. At low density and high temperature, κ has a constant
value given by electron scattering. Opacity increases towards higher ρ and lower T due to free-free
and bound-free absorptions. For T < 104 K opacity decreases drastically due to recombination of
hydrogen, the main opacity source here is the H− ion. At lower temperatures still, κ rises again
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Figure 5.2. Rosseland mean opacities as a function of T and ρ, for a mixture of elements representative of solar
abundances (X = 0.7,Z = 0.02), calculated by the OPAL project for high temperatures and by J. Ferguson for
low temperatures (log T < 3.8). The left panel shows curves of log κ (in cm2/g) versus temperature for several
values of the density, labelled by the value of log ρ (in g/cm3). The right panel shows contour lines of constant
log κ in the ρ-T plane, in steps of 1.0 between −4 and 5, over the region in temperature and density for which
the radiative opacity has been calculated. The thick lines are detailed structure models for main-sequence stars
of 1, 10 and 100 M%, as in Fig. 3.4.
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前主系列星の進化

Iben 1965
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comes a larger fraction of the total pressure and electron scattering replaces free-free and 
bound-free absorption as the main contributor to interior opacity; the adiabatic tempera- 
ture gradient in the convective core and the radiative gradient outside of this core ap- 
proach one another more closely so that the changes in structure accompanying varia- 
tions in the core mass become less radical. 

As in the case of M = 1.5 Mo, the point at which luminosity attains its final mini- 
mum, before increasing during the main hydrogen-burning stages, may be defined as the 

Fig. 17.—Paths in the Hertzsprung-Russell diagram for models of mass (M/Mo) = 0.5, 1.0, 1.25, 
1.5, 2.25, 3 0, 5.0, 9.0, and 15.0. Units of luminosity and surface temperature are the same as those in 
Fig. 1 
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まとめ
• 水素燃焼が終了


• コアの収縮・水素の殻燃焼 => 外層の膨張


• 外層が低温に => opacity増大 => 対流


• 外層が全て対流 => 林トラック (温度の下限値)


• 赤色巨星


• コアのヘリウム燃焼


• 外層の収縮 => 林ラインから離れる


• 水平分枝星・レッドクランプ


• コアのヘリウム燃焼が終了・ヘリウム殻燃焼


• 再び林ラインへ


• 漸近巨星分枝星 (Asymptotic giant branch, AGB)


