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What is a star 

stellare parameters





initial mass:  0.07 – 120 M
⊙

Luminosity:                                   10-2 – 106 L
⊙
                         

Radius:                                          0.01 –  1000 R
⊙
               

temperatur at surface ( ↔ T
eff

):    3000 – 100000 K  
temperatur in the core:                106 – 5 109 K
lifetime:                                        106 – 10 109 years                   

parameters

<  (approximately) 7 M
⊙
     low mass stars 

> (approximately) 7 M
⊙
      massive  stars



1000000

100000

100

0.01

45000K 10000 K 5000 K 3000 K
Surface temperature

1

Cepheids

Giants

main-sequence

sun

supergiants
Lu

m
in

os
ity

 Hertzsprung-Russel-Diagram

schematic



 Hertzsprung-Russel-Diagram

schematic

≿ 7 M
⊙
      

   massive stars

≾ 7 M
⊙
     

     low mass stars 
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Stellar radii in the HRD

sun

effective temperature (log scale)
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a)  low mass stars  0.08-0.26 M
⊙

b)  low mass stars up to 1.2 M
⊙

c)  low mass stars & massive stars above  1.2 M
⊙

d)  low mass stars & massive stars above  1.2 M
⊙ 

 with Rotation ! 

Innere Structure (main-sequence stars) 

d a b c

convective region radiative region

new !

0.08-0.26 M
⊙

0.26 – 1.2 M
⊙

> 1.2 M
⊙

> 1.2 M
⊙ 

rotating
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stellar structure 



stellar structure  Vogt – Russell theorem  

Vogt-Russell theorem:
 

the structure (radius, luminosity,etc.)  
of a star is uniquely 

determined by its mass (M) and the amount of 
chemical elements ↔ melaticity (Z) 

 (Vogt 1926, Russell 1927)

OKAY 



stellar structure  Vogt – Russell theorem  

OKAY but UPDATES
Mass loss ↔ stellar winds (dM/dt)

rotation (v
rot

) und magnetic field (B) are important !!! 

Vogt-Russell theorem:
 

the structure (radius, luminosity,etc.)  
of a star is uniquely 

determined by its mass (M) and the amount of 
chemical elements ↔ melaticity (Z) 

 (Vogt 1926, Russell 1927)



 mass continuity equation

m ≔ mass    A ≔ surface

assumption the star is a sphere  
→ sounds trivial but isn’t !
→ if a stars rotates fast it is an ellipsoid ! 

V = Adr   sphere ↔ A = 4πr2 

ρ =       → 

 dm
 dr =  4πr2ρ

M         dm
V       4πr2 dr

r

dm =  4πr2ρ dr

more commonly used version  



 hydrostatic equilibrium
F

TP
 from thermal pressure

F
G
 

 gravitation 

F
G
 = mg → dF

G 
= G                  

F
TP

 = AP → dF
TP 

= AdP    

m := mass   P:= pressure  A:= surface

balance of forces

dF = dm          =  -G            - AdP  → G             = -              dP

M dm
   r2
M dm
   r2

 d2r
 dt2

M dm
   r2
M dm
   r2

= 0

mit density ρ = m/V = dm /A dr → A= 1/ρ dm/dr 

M dm
   r2
M dm
   r2 ρ

1  dm
  dr

→ G             = -               dP

 dP
 dr

M dm
   r2
M dm
   r2 ρ

1  dm
  dr

                 g = G M
   r2 =  - ρg



energy equation

L ≔ Luminosity   ε ≔  energy generation rate

→  ε = ε
Nuklear

 + ε
Gravitation

dL = ε dm

Using the  mass continuity equation

 

 dL
 dr =  4πr2ρε

dm =  4πr2ρ dr

r



Stellar radii in the HRD
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explains radius
axis in HRD 

radius



energy transport equation

T := Temperature   
γ: c

p
/c

v 
adiabtic coefficient  κ = opazity 

 dT
rad

 dr
=  - 

convectiv

 3     κρ    Lr   
4ac  T3    4π r2

 dT
con

 dr
=  -  1-

    1  μm
H
  GM   

    γ    k            r2(      )

 dT
ad

 dr =  -  1-
    1  μm

H
  GM   

    γ    k            r2(      )

sometimes written not as convective but adiabatic

radiativ



energy transport equation

''what dominates where ?'' 
 

 dT
con

 dr

 dT
rad

 dr
> → transport by convection

 dT
con

 dr

 dT
rad

 dr
< → radiativ transport

convectiv

radiativ



stellar structure equations

 dP
 dr =  - ρg

 dm
 dr =  4πr2ρ

 dL
 dr =  4πr2ρε

 dT
 dr =  - 

 3     κρ    Lr   
4ac  T3    4π r2

 dT
 dr =  -  1-

    1  μm
H
  GM   

    γ    k            r2(      )

 mass continuity equation

 hydrostatic equilibrium

energy equation

energy transport equation



energyenergy  

generation



Hydrogen burning the PP-chain(s)

energy generation – nuclear burning process

4H  → He + 2e+ + ν
e
 + 2γ + ΔE

ΔE = 26.2 MeV          

ε  ∝  T4-6       

T ≈ 1.5 107 K  



energy generation – nuclear burning process

Hydrogen burning the CNO-cycle
4H  → He + 2e+ + 2ν

e
 + 3γ + ΔE

       → 2 He + 3e+ + 3ν
e
 + 5γ + ΔE

ΔE = 25 MeV          

ε  ∝  T15-16       

T  1.5 107 K  



Hydrogen burning the CNO-cycle

energy generation – nuclear burning process

4H  → He + 2e+ + 2ν
e
 + 3γ + ΔE

       → 2 He + 3e+ + 3ν
e
 + 5γ + ΔE

1.3 107 yrs

1.3 10-5 yrs   

↔ ~7min

2.6 106 yrs
3.2 108 yrs 

↔ 0.32 Gyrs

2.6 10-6 yrs
↔ ~1.3min

1.1 105 yrs

ΔE = 25 MeV          

ε  ∝  T15-16       

T  1.5 107 K  

reactiontime



Efficiency of  the pp and CNO process

CNO cycle versus pp-chain

T
CNO>PP

ε

T
sun core



burning phases and stellar lifetimes

H burning ↔ MS lifetime

    1 M
⊙
     

   10M
⊙
    

   50M
⊙
      

   80M
⊙
    

⊙
1 1010    years

⊙
3 107   years

⊙
6 105     years

  2 105   years

The duration of the H buring phase ↔ the by far longest 
buring process (= MS lifetime) for all stars and good total 
lifetime estimate. 
It is shorter for a higher stellar mass. 



Helium burning

Helium-burning or Triple-α 

3He  → C + γ + ΔE

ΔE = 7.3 MeV          ε  ∝  T30-40      
T  1.5 108 K  



CNO cycle versus pp-chain

T
CNO>PP

ε

T
sun core

Efficiency of  the pp and CNO 



Efficiency of  the pp CNO and Triple α process

PP ● CNO ● He ↔ Triple α burning



higher burning phases

Carbon-burning   C + He  → O + γ + ΔE   ΔE = 7.2 MeV       

Oxygen-burning O + He  → Ne + γ + ΔE   ΔE = 4.6 MeV      

Neon and Silicon burnings follow and create elements up to Iron.

                            

Massive Stars only !

for more details see the lecture on 



Duration of burning phases

The duration of the each buring phase 
is 

shorter for higher elements 
and  

faster for stars with higher mass 



Fusion versus Fission

FissionFusion

56 ↔ Fe

Iron has the highets binding energy per nucleon 
→ up to iron energy is set free in Fusion processes beyond
    in Fission (spallation) 

Neon and Silicon burnings follow and create elements up to Iron.



So what about gold und silver etc. ? 

If Fusion burning stops with Iron how 
are elements with a higher atomic number formed ?



So what about gold und silver etc. ? 



So what about gold und silver etc. ? 

If Fusion burning stops with Iron how 
are elements with a higher atomic number formed ?

Instead of nuclear fusion capturing a  proton or neutron leads to  
the fomation new elements 

There are 3 major process 

      

              
 ●  p-Prozess ↔ proton capture 

  ●  s-Prozess ↔ slow (s) neutron capture      

  ●  r-Prozess ↔  rapid (r) neutron capture         

              



 p-process 

p-process → p from  proton 

● by capturing protons the nucleus has a higher number of            
    protons → new element

● in most cases a photodesintegration↔ γ-process follows

        (Expample  Ne + γ  → O + He)

●  the higher the element ↔ the higher is the Coulomb Wall            
    and the process becomes more difficult

●  so far unusual elementes found with a  maxima at                        
    92Molybdenum  und 144Samarium 

          Occurs in: Oxygen burning  & Supernovae 



r-process

r-process → r from rapid

● by capturing neutrons the nucleus has a higher number of             
 neutrons / protons→ new element/isotope

● competing process here is a β decay

    β+  :  p + ΔE → n + e+ + ν                   β¯  : n →  p + e¯ + ν + ΔE 

        if           T
n-capture

 ≪ T
β-decay  

    no β decay occurs and the nucleus captures another neutron       
     ↔  atoms with higher neutron and mass number!  

● known mass number  A=130-190                                                      
   r process elements 80Se,81Br,84Kr,128Te,130Te,127I,192Os,193Ir,196Pl,198Pt 

          Occurs in: Supernovae



s-process

s-process → s from slow

● by capturing neutrons the nucleus has a higher number of              
neutrons / protons→ new element/isotope

● competing process here is a β decay

    β+  :  p + ΔE → n + e+ + ν                   β¯  : n →  p + e¯ + ν + ΔE 

        if           T
n-capture

 ≪ T
β-decay  

    a β decay occurs before another neutron is captured ↔  n            
    converted to p atoms with higher proton and mass number!  

● known mass number  A=bis 210                                                       
   s process elements 88Sr,138Ba,208Pb,89Y,90Zr,139La)

          Occurs in: Red Giants,  Red Supergiants & 
                           AGB  in shell burning region



Sternentwicklungsmodelle



Stellar evolution – models 

Solve the stellar structure equations in time

a) boundery conditions 

    für r → 0       M → 0 , L → 0
    für r → R

*   
    P → 0 , ρ → 0

b) use material functionen 

            P(ρ,T,Z)        
            κ(ρ,T,Z)        
            ε(ρ,T,Z)         

 dP
 dr =  - ρg dm

 dr =  4πr2ρ

 dL
 dr =  4πr2ρε

 dT
 dr =  - 

 3     κρ    Lr   
4ac  T3    4π r2

 dT
 dr =  -  1-

    1  μm
H
  GM   

    γ    k            r2(      )

equation of state  (most cases ideal Gas)
opacity  by free free and  e– scattering 
energy production (most cases power law) 



Input – Output 

Stellar structure equations 
+

material functionen 
+

energy production 

radius, temperature, luminosity
of a stars as function a of time

↕
Stellar evolution

Input

Output



Stellar evolution – models 

'' Solving the equation one integrates from the inside out as 
  well as from the ouside in hoping that the solutions meet 
  somewhere and are steady…

  In our first try in the1970ies we always got solutions that had 
  

  STARS WITH CENTRAL HOLES  !!! '' Prof. Rudolf Kippenhahn



Stellar evolution – models 

At the beginning 1965-1980



Stellar evolution – models 

early 1980ties   → 



Stellar evolution – models 

early 1980ties   → 

Problem SN 1987A

Progenitor star is Sk -69° 202 
and was Blue Supergiant !!

●  
  SN 1987A



Stellar evolution – models with mass loss !

Now in 1990

→ added stellar winds 
     mass loss !

→ explained SN1987 

→ by including mass loss the 
     models are able to explain a 
     blue spuergiants as final 
     phase before the supernova
     Since Stars change from the 
     red to the blue. 

●  
  SN 1987A



Stellar evolution – models with mass loss
AND ROTATION

Starting in 2000 

→ model now include Mass loss and Rotation !

rotating
non rotating



Stellar evolution – models with mass loss
AND ROTATION

Starting in 2000 

→ model now include Mass loss and Rotation 

First idea and
theoretical  
approaches 
already
1955

→ no chance 
to caculate with 
the Computers 
at that time
→ need 3D



Stellar evolution – models with mass loss
AND ROTATION & MAGNETIC FIELDS !

Modells 2010+

→ model now include Mass loss and Rotation and MAGNETIC FIELDS !



Stellar evolution – models with mass loss
AND ROTATION & MAGNETIC FIELDS !

Modells 2010+

→ model now include Mass loss and Rotation and MAGNETIC FIELDS !
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