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Fates of Intermediate and Massive Stars

NOTE

exact mass ranges depend
on uncertainties in stellar
physics (mixing, mass loss,
nuclear cross sections, etc.)

they also depend on
metallicity and on initial
rotation rate of star
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Core Helium Ignition

The Red Giant Phase

1 After end of central hydrogen burning massive stars contract
and ignite helium and later burning stages till they build up an
iron core. That core eventually collapse sand a supernova
results while a neutron star or black hole is left behind.

2 Stars of lower mass eventually become degenerate and
contraction is halted. They end their evolution before the
nuclei are fused all the way to iron. The result are white dwarf
stars - made of Ne+O+M or C+O.

3 In the lightest stars even helium becomes degenerate before
helium burning is ignited.
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Core Helium Ignition

The Schönberg-Chandrasekhar Limit

Low mass stars have a radiative core.

hydrogen first depletes in the center, then increasingly further
out

this leads to the gradual build-up of a non-degenerate helium
core of increasing mass.

a critical limit exists above which this core no longer can
sustain the pressure against the overlaying envelope layers, the
The Schönberg-Chandrasekhar Limit.
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Derivation of the Schönberg-Chandrasekhar Limit (1)

Assume a core of mass Mc, radius Rc, volume Vc, mean
molecular weight µc, temperature Tc, surface pressure Ps at
its outer boundary

The partial virial theorem then is∫ Vc

0
P dV = PsVc +

α

3

GMc
2

Rc

for an ideal gas this becomes∫ Vc

0
P dV =

∫ Vc

0

RTρ

µ
dV =

RTc

µc

∫ Vc

0
ρ dV =

R
µc

TcMc

Using Vc = 4π
3 Rc

3 we obtain

Ps(Rc) =
3

4π

RTc

µc

Mc

Rc
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Derivation of the Schönberg-Chandrasekhar Limit (II)

in the limit of Ps = 0 we have a radius of

R0 =
α

3

G

R
Mcµc

Tc

a maximum pressure can be derived from dPs/dRc = 0

R1 =
4αG

9R
Mcµc

Tc

for a core radius Rc < R0 the core would collapse under its
own gravity ⇒ helium ignition

for a core radius Rc > R1, Ps is smaller than its maximum,
Ps,max

Ps,max = C1
T 4

c

Mc
2µc

2
, C1 =

R4

πα3G 3

37

45
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Derivation of the Schönberg-Chandrasekhar Limit (III)

using the relation

Pc >
GM2

8πR4

for a small core, Rc ¿ R we approximate envelope pressure
from

Penv >
GM2

8πR4

R0 < R < R1 for 0 < Ps < Ps,max

to obtain an equilibrium configuration, Ps,max needs to be
larger than the minimum pressure of the envelope

Ps,max = C1
T 4

c

Mc
2µc

2
≥ GM2

8πR4
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Derivation of the Schönberg-Chandrasekhar Limit (IV)

using the homolgy relation

Tc ∝
µenvG

R
M

R

we can eliminate Tc and R and obtain

Mc

M
. C2

(
µenv

µc

)2

, C2 ∼ 0.37

with µenv ≈ 0.75, µc ≈ 1.33 one finds M/Mc . 0.12.
⇒ beyond that limit the core starts contacting.

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 33: The Red Giant Phase



Recap
Low-Mass and Intermediate-Mass Stars

Core Helium Ignition
The Herzsprung Gap
Evolution of a 8 M¯ Star

The Hertzsprung Gap

Stars more massive than ∼ 2 M¯ have a convective core that
is bigger than the Schönberg-Chandrasekhar limit. It contacts
immediately after core hydrogen depletion until a stable
temperature and density gradient is established.

then shell hydrogen burning sets is

high temperature sensitivity of CNO cycle allows energy
generation larger than luminosity of the star

the envelope of the star expands

usually comparably short time scale

fast transition in HRD leads to Hertzsprung Gap

eventually cool envelope becomes convective

formation of red giant star

first dredge-up brings chemically processed material to the
surface of the star
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Evolution Through Core Contraction

Note:

Fast evolution too
cool Teff

⇒ few stars are found
in transition region

⇒ “Hertzprung Gap”
in HRD
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Kippenhahn Diagram, 8 M¯ Star
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8M¯ Star, Middle of Hydrogen Burning
s8           943   5.95684418875980E+14   c12(   1)= 1.0963E+12                                                         
 R = 3.1582E+11   Teff = 2.1255E+04  L = 1.4503E+37   Iter = 46                                                         
 Dc = 1.1532E+01   Tc = 3.1438E+07  Ln = 9.6725E+35   Jm = 1020   Etot = -4.557E+49                                 

0 1 2 3 4 5 6 7
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1

1
101
102
103
104
105
106
107
108

 Interior Mass (solar masses)

ρ 
(g

/c
c)

   
S

 (
er

g/
g/

s)
   

P
 (

E
+

10
 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

Lν

Lν

Lν
Lν Lν

Lν Lν

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!,,,I,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,........................................................................................................................................................................................................................................................................................................................................,,...

105

106

107

108

109

 T
 (K

)   R
 (E

+
7 cm

)   

T T T T T T T T

0 1 2 3 4 5 6 7
.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 HHe He

He He He He He He

C C C C

N N

N N

N

O O O O O O

Ne Ne Ne Ne Ne Ne Ne NeFe Fe Fe Fe Fe Fe Fe FeIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!,,,I,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,........................................................................................................................................................................................................................................................................................................................................,,...

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 33: The Red Giant Phase



Recap
Low-Mass and Intermediate-Mass Stars

Core Helium Ignition
The Herzsprung Gap
Evolution of a 8 M¯ Star

8M¯ Star, End of Hydrogen Burning
s8          1322   9.47787951705359E+14    h1(   1)= 1.3832E+11                                                         
 R = 4.5030E+11   Teff = 1.9282E+04  L = 1.9971E+37   Iter = 14                                                         
 Dc = 2.3362E+01   Tc = 4.0291E+07  Ln = 1.3901E+36   Jm = 1019   Etot = -3.976E+49                                 
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8M¯ Star, Beginning of Helium Burning
s8          2359   9.67754168864123E+14   c12(   1)= 2.6557E+10                                                         
 R = 1.0474E+13   Teff = 4.1531E+03  L = 2.3255E+37   Iter = 14                                                         
 Dc = 4.9855E+03   Tc = 1.3490E+08  Ln = 1.5050E+36   Jm = 1012   Etot = -1.809E+49                                 
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8M¯ Star, Middle of Helium Burning
s8          3247   1.06453440579333E+15   o16(   1)= 3.2478E+11                                                         
 R = 8.0061E+12   Teff = 4.3354E+03  L = 1.6134E+37   Iter = 57                                                         
 Dc = 3.1979E+03   Tc = 1.5515E+08  Ln = 7.0870E+35   Jm = 1005   Etot = -2.705E+49                                 
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Evolution of a 8 M¯ Star

8M¯ Star, End of Helium Burning
s8          5163   1.18489561003138E+15   he4(   1)= 2.2429E+10                                                         
 R = 8.5041E+12   Teff = 4.5264E+03  L = 2.1629E+37   Iter = 40                                                         
 Dc = 5.4003E+03   Tc = 2.2181E+08  Ln = 6.7171E+35   Jm = 997   Etot = -4.032E+49                                   

0 1 2 3 4 5 6 7
10-1110-1010-910-810-710-610-510-410-310-210-11
101102103104105106107108

 Interior Mass (solar masses)ρ 
(g

/c
c)

   
S

 (
E

+
1 

er
g/

g/
s)

   
P

 (
E

+
13

 e
rg

/c
c)

ρ
ρ

ρ
ρ ρ ρ ρ

ρ

P
P

P
P

P
P

P
P

S

S

Lν

Lν

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIi,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,............::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::.........................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.................

104

105

106

107

108

109

 T
 (K

)   R
 (E

+
8 cm

)   

T
T

T
T T T T

T

R R R
R

0 1 2 3 4 5 6 7
.001

.01

.1

1

E
le

m
en

ta
l M

as
s 

F
ra

ct
io

n

H H H H H H

He

He

He He He He He HeC

C C C C C C

N

N N N N N N

O

O O O O O O

Ne

Ne Ne Ne Ne Ne Ne NeFe Fe Fe Fe Fe Fe Fe FeIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIi,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,............::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::.........................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!.................

Stars and Stellar Evolution - Fall 2008 - Alexander Heger Lecture 33: The Red Giant Phase



Recap
Low-Mass and Intermediate-Mass Stars
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Evolution of a 8 M¯ Star

8M¯ Star, Tc = 5×108 K
s8          5589   1.19096683403654E+15   dtd( 541)= 9.0611E+09                                                         
 R = 2.4645E+13   Teff = 3.6900E+03  L = 8.0232E+37   Iter = 33                                                         
 Dc = 1.2726E+06   Tc = 5.0057E+08  Ln = 7.3898E+37   Jm = 1033   Etot = -8.385E+49                                 
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Recap
Low-Mass and Intermediate-Mass Stars

Core Helium Ignition
The Herzsprung Gap
Evolution of a 8 M¯ Star

8M¯ Star, Last Model Computed
s8        100000   1.19166354235356E+15   c12( 444)= 3.7474E+05                                                         
 R = 4.1793E+13   Teff = 3.4181E+03  L = 1.6987E+38   Iter = 3                                                          
 Dc = 8.8445E+07   Tc = 2.3328E+08  Ln = 5.2559E+38   Jm = 1426   Etot = -2.697E+50                                 
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Low-Mass and Intermediate-Mass Stars

Core Helium Ignition
The Herzsprung Gap
Evolution of a 8 M¯ Star

Kippenhahn Diagram, 8 M¯ Star, He Ignition
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Core Helium Ignition
The Herzsprung Gap
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