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1 @[5Q

1.1 @[Q,NQ+

• M`N'hQ,NrKGb"k

⊲ DkwKhkQ!&J>s@rHC?KQ,—LV78"u@"y,s>"
,w"3mJJ|)~K

⊲ EHd X~

⊲ Ke<HjN

⊲ btrAokH0

• G7N@[Q,''h+iNQ,

⊲ J<EW+'E'HNOeg$Khk[}

– DkwHEHJ0O[HsIO=KO+J$

– O$Fb"u$Nfi.NFA,"kJ,r=KFAK

– 7Nr'9JH9GV_kW3HO"7NN[JC?ljd"[JC?
*}axrQ,9k3HG"k

⊲ J<gQ+

– OeNEOr6jZCFg$w0XPkNKOg-J(Mk.<rW
9k

– uV,Nc7Fb"90K$}G-J$

– G<?,?/5shlFb"9YFOeKwjV9o1KOT+J$
3Hb"k

1.2 t9NQ,L

• ++1Ng-5Jk>Bs960”≈ 0.27◦K&++1N@k5J@[jt1.37kWm−2K&

NOeNl/N95 J3.16 × 107secKO

• @[O7NN?0J0Qk9→l<@<,wK⇒ @[^GNw%D = 1.496×
1013cm

⇒



















>B R⊙ = 6.96 × 1010cm
AL M⊙ = 1.989 × 1033g
wY L⊙ = 3.85 × 1033erg/s Jerg = 10−7JK
-z9Y Teff = 5777K

⊲ @k5JluminosityKL⊙HOeG,j7?V\maHjC/UiC/9W

Jbolometric fluxKFbol

L⊙ = 4πD2Fbol

Fbol =

∫

∞

0
Fνdν

1http://solarwww.mtk.nao.ac.jp/helioseismology/Komaba2009/
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= 1: GaNgJ@[Q,QR1&tFN

LN?,N h&3& SOHO RNG SDO

>N SOLAR-A
Solar and Heliospheric
Observatory SOLAR-B

Solar Dynamics Obser-
vatory

|FQ F$JNASA/ESAK |FQ\$ FJNASAK

GAe2 1991/ 8nJ2001/ 12
nQ,*;"2005/ 9n
g$wFM~K

1995 / 12 n 2006 / 9 n 23 | 2009 /)J=jK

0; bY 500kmA800km"
0;9PQ 31 Y"~|
98 ,

Lagrange @ L1Jhalo
orbit N~|s 178 |K

bYs 680km"~| 98
,N@[1|K0;

E_0;

Q, SXTJSoft X-ray Tele-
scope"pX~>s@KJ
I"4DNk\!oGU
l"!=Nr@Ks?

MDI/SOIJMichelson
Doppler Imager/Solar
Oscillations Investiga-
tionKJI 12 2NQ,
!orQ$F@[*}X
4LKo?kQ,rT
JCF$k

SOTJSolar Optical
Telescope"@[wX'
l>s@K"XRTJX-
ray Telescope"X~>s
@K"EISJEUV Imag-
ing Spectrometer"Kg
0#|,wuVKN3D
Nk\!oG@['lN
@$J_/9r"we+
i3mJ^G1~Q,

HMIJHelioseismic and
Magnetic ImagerKJI
3DNk\!oG@[N
@$J_+kJ=]r&
f

Fν O"k~Ht νGNUiC/9J1LLQr1L~VKLa9k1L~
Ht"?jN(Mk.<KG"9Y T NuN|MNlg

Fν ∝ Bν =
2hν3/c2

exp(hν/kT )− 1

Jh = 6.626× 10−27erg · sOPlanckjt"k = 1.38× 10−16erg/KOBoltz-
mannjtK

⊲ uN|M'~HtKhi:"wr04K[}9kJ?M7J$K*NJa
uNKN/9k|M

⊲ B]KO Fν OBil?OOG7+,lJ$NG"FbolO>\O,lJ$#

∆Fbol/Fbol ∼ a few per cent

⊲ Stefan-BoltzmannN!'JuN|MNlgK

L⊙ = 4πR2
⊙σT 4

eff

R⊙: @[>B"σ = 5.67 × 10−5erg · cm−2 · K−4 · s−1: Stefan-Boltzmann
jt"Teff : -z9YJ≈V=L9YWK

• |M9Z/Hk ⇒ =XH."-z9Y Teff"=LEO⇔g$bGk

⊲ @[J0N1Nlg"Teff b3&dCFhak>J$

⊲ eG&Xj&`&=N>JVb0WHFVKNjPALfr X"Y"ZH7
F Z ≈ 0.018 — ?@7"Asplund et al(2004)' Z = 0.0126

⊲ [}~OI&7FPhk+

– [}&6p&is@`&)</

– [}GLQ"[}8t

· 1LNQ"?jN[}NNtr n"RHDN[}NN[}GLQr
σH9kH[}8tO α = nσ
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^ 1: M9J9YKP9kXtBν(T )JeK@[N|M9Z/HkJ<K

· [}8t,ljN~"UMN/YO I(x) = I0e
−αxGQ=

· ?Q+3Tx l = 1/α

· 7P7P opacity κ,Holk#)Yr ρH7F α = κρ

– wX*|_&wX*<5

τ =

∫

α(x)dx

· V+(kWNO τ ∼ 1Nlj

– 9Y&6RbNERN(Mk.<`L⇒CjNH9G[}8t,g-
$3H,"k

• (PfN|M-5GNH.fKhk/e,j⇒ /p∼ 4.6Gyr

• Ke<HjN&UiC/9

⊲ @[f4tNK?~Jp-p chainKG/89kER?Ke<HjN

⊲ Homestake"SuperKamiokande"SNOJI

• =LNy,s>J←u@&'l=$&ICWi<.YyK

⊲ φr^YH7FJPOeK+>~| Trot(φ) ≈ [26.9 + 5.2 sin2 φ]day

• =LG/3kt9Nh0=]"h0~|"@[wJAL|PK

2 @[Nbt=$HJ=

2.1 @[bGk

• K;g(Mk.<r.;H9k"+JEON<K"k,9eN=$

⊲ 1930/ee>"BetheiKhk#19$*e>"Kelvin*OEO(Mk.<
Nr|,.;@H9kH@[Oi|/xY7+1+J$3Hr+P7F$?
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^ 2: @[=LNy,s>

= 2: 1N9Z/Hk?

9Z/Hk? 9Y C'*J[}~

O 30,000 – 50,000 E%Xj&`

B 10,000 – 30,000 f-Xj&`"eG

A 7500 – 10,000 eG+E%b0

F 6000 – 7500 eG"+k7&`"b0

G 5000 – 6000 +k7&`

K 3500 – 5000 +k7&`"b0

M 2500 – 3500 @=A?s

• J=bGkJevolutionary modelK'gOsJmain sequenceKJ,+iNJ=N
;ZrI&NN|LX*bGk'@[N;H*G-b<IN60trpCG<

?K=$hjO

⊲ Hertzsprung-Russel^JHR^K''H@k5HNX8

– 1Nyi"dPyi

– w%N1LVQ<;/W(pc)' /~k9,1CQKJkw%

⊲ 1V@N}LKhk6O1NB8

⊲ SHiC/? HenyeyHiC/rPFgOsJeG3FJ,KXJZero-Age
Main Sequence, ZAMS)

⊲ SHiC/GO14N,P.G.6j"=XH.lM#f4tN9Y, ∼
107K r[(kH"eGNK3F,O^k

⊲ JeO=XH.,Q=JVJ=WK

⊲ eGL3FJ,→Xj&`3FJ,→Xj&`L3FJ,→V'p1X

⊲ GeOV'p1→ AL|P→Planetary-nebula Nuclei(PN)→r'd1"
H$&;Zr)kHM(ilF$k
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^ 3: HR^

2.2 o9N?$`91<k

• V?$`91<kWHO)

• >BR"ALM"@k5 LN1

• 0m<PkJOX*?$`91<k

τdyn ≈

√

R3

GM
≃ 1.6 × 103

(

R

R⊙

)3/2 ( M

M⊙

)−1/2

sec

• 0m<PkJ.*?$`91<kJKelvin-Helmholtz time scaleK

τth ≈
GM2

RL
≃ 3× 107

(

M

M⊙

)2 ( R

R⊙

)−1 ( L

L⊙

)−1

yr

• J=N?$`91<kJeGNK3FNlg"1LAL"?jN?~. q =
6.3 × 1018erg/gK

τnucl ≈
qM

L
≃ 1011

(

M

M⊙

)(

L

L⊙

)−1

yr

• Je+i
τdyn ≪ τth ≪ τnucl

⊲ J=N?$`91<krdjK7F$k~KO""kVVNOX*&.*
JPis9O]?lF$kHM(Fh$Jcf. `E*axK

⊲ ^?"τdyn ≪ TrotJNG"@[N+>OVY$WHM(Fh/"ePNb

GkGh$3HKJk

2.3 @[Nbt=$

• =$HO
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= 3: eGNK;g?~#@[N@k5N 99%O p-p chain,/;

p-p chain
branch reaction branching rate

p + p→2 H + e+ + ν 99.75
p + e− + p→2 H + ν 0.25
2H + p→3 He + γ

p-p I 3He +3 He→4 He + 2p 86
3He +4 He→7 Be + γ

p-p II 7Be + e− →7 Li + ν 14
7Li + p→ 24He

p-p III 7Be + p→8 B + γ
8B→8 Be∗ + e+ + ν 0.015
8Be∗ → 24He

CNO cycle
12C + p→13 N + γ
13N→13 C + e+ + ν
13C + p→14 N + γ
14N + p→15 O + γ
15O→15 N + e+ + ν
15N + p→12 C

⊲ "k~V t"lj rGN5O P (r, t)")Y ρ(r, t)"9Y T (r, t)"1LAL"
?jN(sHmT< s(r, t)"=XH. {Xi(r, t)}

⊲ (Mk.<.L Lr(r, t)J>B rNeLr1L~VKLk(Mk.<K

• uV}x0y+i P = P (ρ, T, {Xi})"s = s(ρ, T, {Xi}),o+CF$kH9k
H unknown O

⊲ P"ρ"T"sN&A 2D

⊲ {Xi}"?@7
∑

i Xi = 1 JJ1KOX"Y"Z N&A 2DK

⊲ Lr

• uV}x0J0Kb"@[r=.9k*AN-AH7FK?~Khk.8.(
ε(ρ, T, {Xi})"opacity κ(ρ, T, {Xi})J1/κρ, photon mean free pathKJIN
N1,,WJmicrophysicsK

• ^?"P.Khk."waxd"5GNH6axKD$FbNk,W,"k
JmacrophysicsK

• bt=$N}x0

⊲ AL]8N0JduQtMrN3~HWCFbh$K

dMr

dr
= 4πr2ρ

Mr :f4+i>B rNeLbK^^lkAL

⊲ ?0L]8N0JEe5?UK

dP

dr
= −

GMrρ

r2

⊲ (Mk.<]8N0

T
∂s

∂t
= ε−

dLr

dMr

ε : nuclear energy generation rate (−neutrino loss)

6



⊲ (Mk.<"wN0J(Mk.<,IsJz(G.lk+r"9Y{[G
=7?bNK

∇ ≡
d ln T

d ln P
=

{

∇rad |M?U

∇conv P.?U

P.TBjN?aNroO"GbJ1KO∇ > ∇ad J@[GO r/R⊙
>
∼ 0.7

GP.TBjK#}[$NGO∇ad = 1− γ−1JγOf.fK#

– |M?UNlg

Lr = −4πr2 c

κρ

d

dr

(

aT 4

3

)

JaO|M)Yjt"σ = ac/4NX8,"kK+i

∇rad =
3

16πacG

κLrP

MrT 4

– P.?UNlg"P.Nz(,h1lP

∇conv = ∇ad

@,lLKO.gw%}@Jmixing length theoryKrQ$k#.NW
G,w% l = αHPJHP : pressure scale heightK0$?eK~OH.
6CF.rdjhj9kH7F

∇conv = ∇ML(α)

J\YO3NVANOOr[(kK#

⊲ =XH.NQ=Jεk'?~ kKhk energy generation rate"qik'?~ kK
*1k5G iN1LALv?jKr|5lk(Mk.<K

∂Xi

∂t
=
∑ εk

qik
−
∑ εk′

qik′

– GaNbGkGO"diffusionJconcentration diffusiond gravitational
settlingKN`bC(k

– DiffusionN?$`91<k ∼ 1013yr

– Diffusionrhj~l?bGkGO"f4tN He,}C7"P.Xf
NHeO:/9k

• i|M--&MdjH7FNJ=W;JJ1JlgK
-&ro

⊲ Mr = Lr = 0 at r = 0

⊲ ρ = 0, T = Teff at r = R

i|ro

⊲ X = XZAMS"Y = YZAMS"Z = ZZAMS at t = 0

• I&dCF8`@[bGkJa8`*J>jKpE/J=bGkKrW;9k+

⊲ i|roO>\*KOT@@,"@[=LGOK?~O/3iJ$NG"Q
,*Kha?Z/XOZAMSJhQoiJ$bNH9kH"XZAMS"YZAMS"

ZZAMSN&A1D@1Jc(PXZAMSK,$j

⊲ kIXZAMSH α, free parameter
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⊲ "k~@GN=$O"OX*&.*JPis9r>j7FW;9kJshooting
!"Henyey!K

⊲ t = t⊙GR = R⊙"L = L⊙KJkMKXZAMSH αrhak

• Sj"kj}: ?0L]8N0+iJ}[$Nr>jKEO(Mk.< EgravH

.(Mk.< EthNVKO

Egrav = −

∫ M

0

GMr

r
dMr = −3

∫ M

0

P

ρ
dMr = −3(γ − 1)Eth

NX8,"k#4(Mk.< EtotalO

Etotal = Egrav + Eth = −(3γ − 4)Eth

⊲ 1,+{uVK"k?aKO γ > 4/3

⊲ +{uVK"k1G Etotalr:/5;kH EthO}C9kJVEO.OX*

f.,iWK

2.4 !5rO*bGkW;

jouVJ∂/∂t = 0KGbt=$N}x0r9,= e.g.

dP

dr
→

Psurf − Pc

R− 0
∼ −

Pc

R

• Ee5?U
Pc

R
∝

M

R2

M

R3
→ Pc ∝

M2

R4

• (Mk.<]8:

ε = ε0ρT n,

{

n = 4 T <
∼ 107K(p-p chain)

n = 18 T >
∼ 107K(CNO cycle)

rHCF
M

R3
T n

c ∝
L

M
→ L ∝

M2

R3
T n

c

• ."wJ|M?UNlgK:

κ = κ0ρ
pT q,

{

p = 1, q = −3.5 T <
∼ 107K(Kramers)

p = q = 0 T >
∼ 107K(electron scattering)

rHCF

L ∝
R3p+4T 4−q

c

Mp+1

• AL]8:
M

R
∝ R2ρc → ρc ∝

M

R3

• }[$NNuV}x0JµO?Q,RLK:

P =
ρkT

µmH
→ Pc ∝

MTc

R3
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^ 4: Christensen-DalsgaardNModel SNtL#
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• JerH_go;F"c(P

⊲ ALH>BNX8

R ∝M
p+q+n−1
3p+q+n+3 ≃

{

M1/13 low T, n = 4, p = 1, q = −3.5
M0.8 high T, n = 18, p = q = 0

⊲ ALHwYNX8

L ∝M
(2n+3)p−q+3n+9

3p+q+n+3 ≃

{

M5.5 low T, n = 4, p = 1, q = −3.5
M3 high T, n = 18, p = q = 0

⇒ALNg-J1xw?,;$

2.5 B]N@[bGk

• Christensen-DalsgaardNmodel S
(http://astro.ifa.au.dk/ j̃cd/solar models)

⊲ $ofk8`bGkNRHD#tMW;NkLH7F@ilF$k

⊲ HeHltNmetalN diffusionrM8

⊲ @[N|M(Mk.<NXsIO r/R⊙ < 0.3G8.

⊲ 0&Jr/R⊙
>
∼ 0.7KOP.X

⊲ f4a/G;.,:/9kNO)

2.6 D5lF$kdj

• @[Ke<HjNdj

⊲ @[f4NK?~G8.5lkER?Ke<HjNNUiC/9NQ,M
,}@MN>,xY→=_GOrh)

• Z5Gg3dj

⊲ @[=LN LiNL,@[ONH.fKSYF/J$ (× ∼ 10−2)

⊲ J0O Bed Bbg37F$kHWolF$?,"=_GO[\m9NO
ObHM(ilF$k

⊲ LiO 2MKxYGK3F→P.XNltG LirCq)

• @[N0*=$HJ=

⊲ p.*P.&Q?0L"w&@[wH3liNJ=KZ\9FA

– Faint young sun paradox
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