Equations of Stellar Structure
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Opacity
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Opacity Mechanisms

electron scattering ®
bound-bound = line formation
bound-free = photoionization

free-free

energy: = myv? =E
@ —v | 2 ¢

e momentum: m,v =E/c

— v = 2c!
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Figure 2 Rosseland-mean opacities from the OP and OPAL for the S92
mix.
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Solar matter density p [g/cm’]

(Data Source: http://www.sns.ias.edu/~jnb/SNdata/Export/BP2004 /bp2004stdmodel.dat)
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Convection

T +dT
P4+dP -g----- @
p+dp
star dr
T’P’p ________ T)P;p

T + 6T
p+op

fluid
element

if 6p > dp, element will
sink = stable

otherwise, element will
continue to rise =
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Equations of Stellar Structure

d_P: _GM(r)p P.M,p
dr r?

aMm p— y

ar P P
dL

- = 4tr4p (e — €,) L,p
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ar 3kLp T.L o
dr 16mac r? T3

equation of state: P(p,T,X,Y)






Upper main sequence:

Very high mass:

P ~ pT, Kk ~ constant
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Lower main sequence: P ~ pT, K~ pT~7/?

L ~ 15[11/2 R—l/z
~ M> if T~ constant
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Solar Energy Production

Kelvin-Helmholtz time scale

txg ~ En/L
GME
ZRQL@
~ 1.6x107yr

~y

Luminosity per unit mass

;—C; ~ 2x10™* W/kg - 3x10'3 J/kg



Main Sequence nuclear reactions

lH 1H
Proton-proton chain
Oﬁv
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2H+1H - 3,He jf
Y

32He + 32He —> 42He + 2 (11H)

4 (1\H) —» 4He +2e* + 2v_+ 24 MeV

Y Gamma Ray
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Proton-proton chain

4p — “*He + 2¢* + 2v, + 2v + KE

I

I

Amc? = 1.02 MeV  0.52 MeV 24.17 MeV
25.71 MeV / local
2e* + 2e 2 4y
extra 1.02 MeV
escapes
local

total energy released = 26.73 MeV
total local heating 26.21 MeV



Proton-proton chain

4p — “*He + 2¢* + 2v, + 2v + KE

total energy released = 26.73 MeV

total local heating = 26.21 MeV

total mass of hydrogen = 4my = 6.68 x 10747 kg
total mass lost = 4.58 X 1072 kg (0.7%)
total local heating = 420 x 10712

energy/mass = 6.28 x 101* J/kg
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H+ H— TH+e" +,
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Main Sequence nuclear reactions

CNO cycle

‘He

2C + LH - N +y "

P "
@3\%@
A

N R
3G+ TH > N+ w1
14N + 1.H — 15,0 +y @O o
“N
S g
'H

157N + 11H —> 126C + 42He

O Proton Y Gamma Ray
O Neutron V  Neutrino

4 (11H) —> 42He +2 e+ + 2Ve+ 24 |\/|eV (O Positron




LiLo]

0.0 Myr

10°

10° -

10 -

107" A

1073 -

1073 .

10° 10*

TIK]

103

E L] L T ] ] T T T ‘l L] i
3 120M, 3
W77 ———— 85M, 3
106 - (,/ll v — 60Mg =
: / — 3
E 40Méﬁg’v' e -
Lol ST 7/ \/ .
- 15M3 .
S AeE 3
iy ; MK :
& 000 - /’ -
= = =
8 - SM¢ 3
c C ]
E " 4
2 100 3 3Mo E
[ NG :
10F X E
: 1.5M, 3
E Z2=0.02 o4 :
s 1.25Me%(; )
1 E M, 3
; 0.8M 3

l A A L l l L L A l A

60000 20000 10000 6000

effective temperature T, (K)






0 Gyr

0.8

0.6

| O
o
| ©
o
o}
< S
o
| N
o
o
T I ' _ _ ©
22222 8
N © ~ 1 N O
— —
OIN) L
| 0
o
| ©
o
o}
< $
o
| N
o
| ©
o
— = i \ T
o o | _ _
— — o - =
— — e
wd/b) d

!
o

©
o
A ‘X uonisodwod

4

o

N
o

<
o

0.4
R/R o

0.2

0.0

0.8

0.6

0.4

0.2

R/R o



1.0

| @
o
| ©
o
| <
o
| N
o
o
w T T T 0
o LN o LN o
ﬁWJ ~ — —
OIN) L
©
< =
—
| @
o
| ©
o
| <
o
| O
o
©
1 | 1 0
o o o o
LN o LN
— —

R/R o

R/R o

T _ /_ T
© @ ©v &g o Q9
-~ ©o o o o o
A ‘X uonisodwod
I I I I
© ® VW « N O
-~ O o o o o

/1 " ° /N

1.0

0.2 04 06 0.8

0.0

1.0

0.6 0.8

0.4

0.2

0.0

R/R o

R/R o



10 Gyr

1000
800 -
E 600 -
2
a 400 A
200 A k
0 | I
0.0 0.5 1.0 1.5
R/R o
154, — non-burning He core
o .
= Lo [— H burning shell
=109
=
=
1.0 1.5

R/R o

20

15 A

10 -

T (MK)

0.5 1.0
R/R o

1.5

composition X, Y

0.5 1.0
R/R o

1.5



10°
102
10!
10°
1071
1072

p (g/cm?3)

1073 T T
0.0 0.5 1.0 1.5

R/R o

non-burning He core

— H burning shell

0.5 4|
|

0.0 0.5 1.0 1.5
R/R o

.0 0.5

1.0
R/R o

1.5

c o o o+~
AN (@) (00) o
] I ]
]

composition X, Y

o
N
1

o
o

O
o

0.5

1.0
R/R o

1.5




N - (N
o)
o
S~
o
- —
T T T o - T T T T
n o mn o o S © S ™N o
— — o o o o o
OIN) L A ‘X uonisodwod
- N
o)
o
S~
o
- —
1 1 O 1 1 |
ST i ™ N —
— m m °7/1 ‘° /N

(cwid/b) d



Hydrogen-burning Nonburning
shell envelope

Nonburning
helium “ash”



