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AGB Lifetime

AGB stars turn H into He to build up an He layer, and He into
C at the base of the He layer

energy release per unit mass 5×1018 erg g−1

thermal equilibrium

Ṁc =
L

Q
≈ 1.2×10−11 L

L¯
M¯/yr

we obtain a core growth rate of

dMc

Mc − 0.5 M¯
= 7.2×10−7 yr−1 dt

assuming a starting mass of Mc,0 and a maximum final mass
of the Chandrasekhar mass MCh we obtain

τAGB < 1.4×106yr × ln

(
MCh − 0.5 M¯
Mc,0 − 0.5 M¯

)
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Planetary Nebula (PN) Formation

eventually all extended red giant envelope is lost by stellar
winds

star gets very hot (30, 000 K)

blows a fast hot superwind that evacuates bubble around it

formation of “ring”-shaped “planetary” nebula

eventually burning in shell stops when mass of shell drops
below 10−3 . . . 10−4 M¯

lower mass stars make lower mass WDs

more lower mass stars, therefore more lower-mass remnants
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Core Contraction and Degeneracy

Schönberg-Chandrasekhar limit only valid for ideal gas

for degenerate gas instead we need to use

Ps,max . K1

(
3Mc

4πRc
3

)5/3

occurs for stars below about 2M¯

gradual appearance of the red giant

hydrogen shell forms and burns outward

quiet evolution at first

eventually ignition of helium under degenerate conditions

thermonuclear runaway: helium flash

nuclear power of 1011 L¯ - the luminosity of an entire galaxy
or a supernova, but invisibly inside the star
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Low-Mass Stars and the Horizontal Branch

after core helium flash, low-mass stars (0.7− 2 M¯) undergo
contraction and cooling of the envelope

this is similar to contraction from the Hayashi line during star
formation, only in reverse

stars of different initial mass have comparable core mass at
the time of helium flash, but different envelope mass

formation of horizontal branch (HB) in the HRD,
L ∼ 50− 100 L¯

highest envelope masses are to the right, are red

lifetime on HB is about 108 yr

mass loss of star on the HB ⇒ mass in the H envelope drops
⇒ change of position on HB
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ZAHB = Zero-Age
Horizontal Branch
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RR Lyrae Stars

stars on the blue side of the HB have mostly radiative
envelopes

they are pulsationally unstable with periods of a few hours

they form the class of the RR Lyrae varibale stars
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1M¯ Star
s1          3657   5.92904631975509E+15   c12(  46)= 5.0000E+13                                                         
 R = 5.8865E+10   Teff = 6.0010E+03  L = 3.2017E+33   Iter = 4                                                          
 Dc = 8.4509E+01   Tc = 1.3568E+07  Ln = 6.9981E+31   Jm = 1065   Etot = -3.064E+48                                     

0 .2 .4 .6 .8 1
10-1010-910-810-710-610-510-410-310-210-11
101102103104105106107108

 Interior Mass (solar masses)ρ 
(g

/c
c)

   
S

 (
E

-3
 e

rg
/g

/s
) 

  P
 (

E
+

11
 e

rg
/c

c)

ρ ρ ρ ρ ρ ρ ρ ρ

P P P P P P P
PS S S

S S S
S

S

Lν Lν Lν Lν Lν Lν Lν

Lν

,,,,,,,...................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.

104

105

106

107

108

109

 T
 (K

)   R
 (E

+
6 cm

)   

T T T T T T T T

R R R R R R R

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1
.001

.01

.1

1

E
le

m
en

ta
l M

as
s 

F
ra

ct
io

n

H H H H H H H H

He He He He He He He He

C C C C C C CN

O O O O O O O O

Ne Ne Ne Ne Ne Ne Ne NeFe Fe Fe Fe Fe Fe Fe Fe,,,,,,,...................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1          5924   1.19279046319755E+17   c12( 170)= 5.0000E+13                                                         
 R = 6.4748E+10   Teff = 6.1490E+03  L = 4.2700E+33   Iter = 4                                                          
 Dc = 1.3960E+02   Tc = 1.5364E+07  Ln = 9.9358E+31   Jm = 1065   Etot = -3.133E+48                                     

0 .2 .4 .6 .8 1
10-1010-910-810-710-610-510-410-310-210-11
101102103104105106107108

 Interior Mass (solar masses)ρ 
(g

/c
c)

   
S

 (
E

-3
 e

rg
/g

/s
) 

  P
 (

E
+

11
 e

rg
/c

c)

ρ ρ ρ ρ ρ ρ ρ
ρ

P P P P P P P
PS S S S S

S
S

S

Lν Lν Lν Lν Lν Lν Lν

Lν

................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.

104

105

106

107

108

109

 T
 (K

)   R
 (E

+
6 cm

)   

T T T T T T T T

R R R R R R R

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1
.001

.01

.1

1

E
le

m
en

ta
l M

as
s 

F
ra

ct
io

n

H H H H H H H H

3He

3He

3He

He
He He He He He He He

C C C C C C
N N

N

O O O O O O O O

Ne Ne Ne Ne Ne Ne Ne NeFe Fe Fe Fe Fe Fe Fe Fe................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1          8283   2.37229046319755E+17    h1(   1)= 5.0000E+13                                                         
 R = 7.8172E+10   Teff = 6.1625E+03  L = 6.2790E+33   Iter = 4                                                          
 Dc = 3.8793E+02   Tc = 1.8948E+07  Ln = 2.3528E+32   Jm = 1065   Etot = -3.145E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1          9000   2.73079046319755E+17    h1(  15)= 5.0000E+13                                                         
 R = 8.7507E+10   Teff = 6.0990E+03  L = 7.5491E+33   Iter = 4                                                          
 Dc = 7.0173E+02   Tc = 1.9194E+07  Ln = 3.3273E+32   Jm = 1065   Etot = -3.125E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         10000   3.23079046319755E+17    h1( 104)= 5.0000E+13                                                         
 R = 1.3686E+11   Teff = 5.2777E+03  L = 1.0353E+34   Iter = 20                                                         
 Dc = 2.0603E+04   Tc = 2.5443E+07  Ln = 7.2279E+32   Jm = 1065   Etot = -2.286E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         12000   3.39633267713764E+17    h1( 237)= 1.7329E+12                                                         
 R = 5.1935E+11   Teff = 4.7468E+03  L = 9.7564E+34   Iter = 9                                                          
 Dc = 1.4287E+05   Tc = 3.2047E+07  Ln = 7.0989E+33   Jm = 1152   Etot = -3.572E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         20000   3.42284314894917E+17    h1( 334)= 2.4888E+11                                                         
 R = 1.1679E+12   Teff = 4.4147E+03  L = 3.6915E+35   Iter = 45                                                         
 Dc = 2.6638E+05   Tc = 3.8555E+07  Ln = 2.6640E+34   Jm = 1209   Etot = -5.959E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         40000   3.43191108933479E+17    h1( 543)= 7.2247E+09                                                         
 R = 6.4611E+12   Teff = 3.5540E+03  L = 4.7450E+36   Iter = 55                                                         
 Dc = 6.3972E+05   Tc = 6.4071E+07  Ln = 3.4113E+35   Jm = 1280   Etot = -1.415E+49                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         60000   3.43270726435647E+17    h1( 654)= 2.3072E+09                                                         
 R = 1.1486E+13   Teff = 3.2298E+03  L = 1.0229E+37   Iter = 18                                                         
 Dc = 9.1800E+05   Tc = 7.7676E+07  Ln = 7.3675E+35   Jm = 1316   Etot = -2.014E+49                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         61000   3.43271244956504E+17   dtt( 116)= 1.1754E+05                                                         
 R = 1.1535E+13   Teff = 3.2278E+03  L = 1.0290E+37   Iter = 3                                                          
 Dc = 1.9875E+05   Tc = 2.9235E+07  Ln = 1.7736E+33   Jm = 1327   Etot = -8.754E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         67000   3.45143220266257E+17   dtt(   1)= 1.3309E+11                                                         
 R = 7.2707E+11   Teff = 4.8186E+03  L = 2.0306E+35   Iter = 401                                                        
 Dc = 1.5985E+04   Tc = 1.2474E+08  Ln = 7.5804E+33   Jm = 1283   Etot = -6.849E+48                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1         69000   3.47399842558824E+17    h1( 756)= 1.5462E+10                                                         
 R = 7.5145E+12   Teff = 3.4846E+03  L = 5.9320E+36   Iter = 108                                                        
 Dc = 1.2119E+06   Tc = 1.1626E+08  Ln = 3.5339E+35   Jm = 1356   Etot = -2.510E+49                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

1M¯ Star
s1        100000   3.47442853045117E+17    h1( 868)= 7.1264E+08                                                         
 R = 2.1668E+13   Teff = 2.8474E+03  L = 2.1989E+37   Iter = 16                                                         
 Dc = 2.2492E+06   Tc = 8.7445E+07  Ln = 1.5750E+36   Jm = 1398   Etot = -3.672E+49                                     
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Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 35: Low-Mass Stars



Recap
Planetary Nebula Formation

Low-Mass Stars

Degenerate Helium Core Ignition
Evolution in the HRD
Internal Evolution of the Sun

Kippenhahn Diagram, 1M¯ Star
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