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Star = self-gravitating ball of gas powered by 

thermonuclear fusion 



Star formation 

• Complicated, poorly understood 

• Happens in dense, dusty, cool, molecular clouds 

• Basic mechanism: Jeans-instability: a self-

gravitating gas sphere will collapse if 

        Ethermal     <   Egrav  

        M/m kT  <   G M²/R 

        M    >  Mjeans =(
𝑘𝑇

𝐺𝑚
)3/2 (

4𝜋𝜌

3
)−1/2 

                     = 1000 Msun  (
𝑇

10𝐾
)3/2 (

𝜌

10−24 𝑔/𝑐𝑚3
)−1/2 

 



Star formation 

• Time scale for initial collapse: free-fall time 

scale:     tff ~ 1/Gr 

Denser clumps will collapse faster than 

the rest  fragmentation 

 

• Collapse is 

– Resisted by magn.field, turbulence, rotation 

– Assisted by external pressure (SN shock, 

spiral arm)  



Basic problem of star formation 

How to get rid of angular momentum? 

 

 

 

 

Helpful: -- formation of planet system (?!) 

             -- stellar winds, bipolar molecular   

                outflows, jets 

M/Msun Radius V [km/s] M*R*V 

IS cloud >1 1pc = 3 E16 m <0.1 3 E 15 

Solar  rotation 1 7 E 8 m 2 1.5 E 9 

Jupiter orbit 0.001 7 E 11 m 13 9 E 9 

Saturn orbit 0.0003 14 E 11 m 10 4 E 9 



Time scales (Sun) 

• Free fall: 1 hr 

• Sound wave crossing time = response to pressure 

imbalance:   R/cs ~ 1hr  

• Kelvin-Helmholtz = lifetime of a collapsing star:  

Eg/L = GM²/RL ~107 yrs  shorter than age of Earth 

– gravitational contraction is NOT main energy source 

– if no other energy sources, star evolves with this timescale 

• Nuclear burning: ~1010 yrs  

            freefall = sound << KH << nuclear 

 Stars evolve in hydrostatic equilibrium 



Static stellar structure 

• Assumptions: 

– Single star 

– No magnetic fields 

– No rotation 

– No stellar winds 

• Conservation of Mass, Momentum, Energy 

Gravity only 

 Spherically symmetric (1D) 



Conservation of Mass 

Define mass coordinate: mass within sphere 

of radius r 

     𝑀𝑟 = 
4𝜋

3
 𝜌 𝑟′ 𝑑𝑟′
𝑟

0
 

{     conservation of nuclear species 

(abundance ei by mass)  and with reactions 

A+B C and rate coefficients RAB,C 

𝜀𝑖  𝜀𝑘𝑅𝑖𝑘,𝑙
𝑙𝑘

  =   𝜀𝑘𝜀𝑙𝑅𝑘𝑙,𝑖
𝑙𝑘

 

            consumption    =   synthesis   } 



Conservation of momentum 

Hydrostatic equilibrium: 
𝑑𝑝

𝑑𝑟
 = − 

𝐺𝑀𝑟𝜌

𝑟2
 

 

Pressure p = pthermal + pradiative  

                                          aT4/3 
 



Conservation of Energy 

• Energy production 
𝑑𝐿𝑟
𝑑𝑟

= 4𝜋 𝑟² 𝜌  𝑒 

• Energy transport 

– By radiation (interior is highly opaque  

diffusion approximation): 

           
𝑑𝑇

𝑑𝑟
= −

3

16𝜋𝜎𝑐
 
𝜌
𝑇3

 
𝐿𝑟

4𝜋𝑟²
 

 

Luminosity of sphere r 
Energy production rate 



Energy transport: convection 

• occurs when layers become dynamically 

unstable (Schwarzschild criterion for 

chem.homog.): if   
𝜕 ln 𝑇

𝜕 ln 𝑝
    <

𝜕 ln 𝑇

𝜕 ln 𝑝
   =  

𝛾−1

𝛾
 

     
𝑑𝑇

𝑑𝑟
= −

𝛾−1

𝛾
 
𝑇

𝑝
 
𝑑𝑝

𝑑𝑟
             with  𝛾 =  

𝑐𝑃

𝑐𝑉
 

• Convection is linked with transport of matter in the 

unstable regions: Mixing; hot uprising material can 

overshoot 

• Physically consistent description NOT available (use 

recipes obtained from numerical simulations … 

 

 

rad adiab. 

Ti >T 



Convection: simulation 



Stellar Structure equations 
• Properties of the material 

– Equation of state (EOS)                     p(r,T, e) 

– Opacity (LosAlamos, OPAL, ..)          (r,T, e) 

– Energy production                              e(r,T, e) 

• Boundary conditions 

– Centre: Mr(0) = 0,  Lr(0) = 0 

– Surface: T(R)  0,    p(R)  0     (= stellar atm.) 

• All these equation fully describe the internal 

structure of a star  

• Stellar evolution: sequence of static models with 

different composition due to nuclear processes 



Opacity ‘mountain’ 

…outer layers of sun 



Opacity ‘mountain’ 



Solar atmosphere model 

Kurucz 1979 



Models depend on mass 

• 100 Msun < M: radiation pressure  instabilities 

• 0.08 < M < 100: hydrogen burning in the centre: 

Main Sequence      rc = 2…103 g/cm3  <r> ~ 1 

• 0.001 < M < 0.08: e-- gas degenerate in centre: 

no hydrogen fusion (low T): brown dwarf          

                                        rc = 10 …103    <r> = 100 

• M < 0.001: e– degenerate, solid core, Jupiter-

like                                         rc ~10    <r> =  1 

 For comparison 

• White dwarf                      <r> ~106 

• Neutron star                     <r> ~ 1013 …1015 

• Black hole                        <r> ~ 1017 



MS stars: conditions at centre 

[g/cm3] 



Main sequence stars 

M > 1.5 Msun                   M < 1.5 Msun 

C 

C 
C 

C 

Convective core = always 

       well mixed 

Radiative envelope 

 

CNO cycle: strongly conc.  

      to centre 

 

M > 20 Msun radiation.pressure 

Radiative core  

 

Convective envelope  

     M<0.3 fully convective 

 

pp chains: low conc. to centre 

 

radiation pressure unimportant 



Main sequence (solar compos.) 

0.3       0.5            1               2             4                   10             20             40   Msun 

                       K0  G0       F0      A0                                B0  



Lifetime on the Main Sequence 

• 𝜏𝑀𝑆 = 
𝑀𝐻

𝑀𝐻 
 ∝  

𝑀∗

𝐿∗
∝ 

𝑀∗

𝑀∗
3 ∝ 𝑀∗

−2 

   more accurate (from Geneva models) 

    𝜏𝑀𝑆 = 

 

• Massive stars leave the main sequence earlier 

than less massive ones. Evolution after burnout 

is fast  the turn-off mass is a unique function 

of the age of a stellar population 

• Measures ages in absolute terms (nuclear rates) 

(3 + M-1.6 ) Myr                 > 

10 Gyr /M3                       < 
 for M      10 Msun 



Table of main sequence 

M/Msun tMS (Gyr) Log L Mv Teff B-V SpT 

0.15 -2.5 14.2 3020 1.80 M7 

0.25 -2.0 12.0 3311 1.60 M5 

0.4 -1.4 10.0 3715 1.48 M1 

0.6 -0.9 7.6 4365 1.18 K5 

0.8 25 -0.4 6.0 5011 0.88 K1 

0.9 15 -0.2 5.4 5370 0.76 G8 

1 10 0 4.9 5754 0.64 G2 

1.1 6.4 0.2 4.3 6166 0.56 F8 

1.2 4.5 0.4 3.7 6607 0.47 F6 

1.3 3.2 0.5 3.5 6918 0.42 F5 

1.4 2.5 0.7 3.0 7244 0.36 F2 

1.5 2.0 0.8 2.8 7586 0.30 F0 



Table of main sequence (II) 

M/Msun tMS (Gyr) Log L Mv Teff B-V SpT 

2 0.75 1.3 1.4 9550 0 A0 

3 0.25 2.1 -0.2 12600 -0.12 B7 

4 0.12 2.6 -0.6 15100 -0.17 B5 

6 0.05 3.2 -1.5 20000 -0.22 B3 

8 0.03 3.6 -2.2 22400 -0.25 B1 

10 0.02 3.9 -2.7 25000 -0.27 

15 0.01 4.4 -3.7 28000 -0.29 

20 0.008 4.7 -4.3 30200 -0.30 B0 

30 0.006 5.1 -5.1 32400 -0.31 O9.5 

40 0.004 5.4 -5.7 33900 -0.31 O9 

60 0.003 5.7 -6.2 38000 -0.32 O5 



CMD open cluster: Praesepe 

Haffner 1937 



CMD globular cluster 



CMD of clusters of different ages 

107 

108 

109 

1010 

After Eggen & Sandage 1962 



Situation at end of Main Sequence 

• Hydrogen exhausted in the centre 

• Hydrogen burns in a shell around He-core 

which eats itself outward 

• Gravity  contraction of core + expansion 

of envelope (found by numerical sims.) 



Solar evolution 

Maeder 1989 



Contraction of the core  

Consider homologous contraction of gas sphere 

(R,p,r,T with M=const): 

• 𝜌 ∝ 𝑀𝑅−3   𝜌 𝜌 = −3𝑅 𝑅  

•
𝑑𝑝

𝑑𝑟
= −

𝐺𝑚𝜌

𝑟2
  and  

𝑑𝑚

𝑑𝑟
= 4𝜋𝑟²𝜌 give  

𝑑𝑝

𝑑𝑚
= −

𝐺𝑚

4𝜋𝑟4
  

so  
𝑝

𝑀
≈

𝑀

𝑅4
   𝑝 𝑝 = −4𝑅 𝑅  

• general EOS  𝜌 ∝  𝑝𝛼  𝑇−𝛽 
𝜌 

𝜌
= 𝛼

𝑝 

𝑝
− 𝛽

𝑇 

𝑇
 

•   
𝑇 

𝑇
= −

4𝛼−3

𝛽

𝑅 

𝑅
 

 

 



Contraction of the core … 

• Perfect gas (a = b = 1): 

    
𝑇 

𝑇
= −

𝑅 

𝑅
   contractioncore heats up 

• Completely degenerate gas (non rel.)       

a = 3/5  0<b<<1:  

    
𝑇 

𝑇
= +

3

5𝛽

𝑅 

𝑅
  contractioncore cools down 

{This condition is already reached at some value of 

 ~ ln Ef/kT, long before complete degeneracy!} 



Behaviour of the central region: 

Core contraction 

yet degenerate? 

Core heats up 

Ignite next fusion 

process: H, He, C … 

Fusion in core 

Fuel exhaustion 

Protostellar cloud 

Core cools down 

Evolution ends 

yes 

no 

gets closer to degeneracy 



The H,He-burning processes 



Fusion processes beyond He 



Situation in the core 

Maeder 1989 

The smaller its mass,  

the closer a star is to 

degeneracy, the fewer 

burning phases it has: 

 

M < 0.08  no H burning 

M < 2       no He burn. 

M < 9       no CO burn. 



Massive stars (M >10 Msun) 

• Do all burning phases (H, He, … SiFe) 

• Onion-shell structure + shell sources 

Fe core          |           Si O                 |    CO    |               He          |     H …… 



Shell sources in M=25 Msun  



Massive stars: final fate 

After end of SiFe burning: 

• Collapse of Fe core                                  r ~1011 

• Collapse of envelope                                tFF ~0.04 s 

      kinetic energy 1051 erg 

• Bouncing of envelope at centre: shock wave thru 

envelope  compresssion  ignition of fusion reactions 

• = supernova explosion 

– Rapidly expanding envelope 

– Explosive nucleosynthesis in envelope 

– Collapse of core: neutron star/black hole  

 

0.3 s 



Explosive fusion 

before 

after 

Woosley+Weaver 1982 

56Ni  56Co  half-life 6d 



Light curve of SN1987A 

56Co  56Fe  half-life 77d 



Hayashi line/tracks 

• Locus in the HR diagram of all completely 

convective, hydrostatic stars of the same mass 

and composition 
• The low-T limit of 

hydrostatic stars: Any 

star cooler will evolve 

within ~100 d towards 

HL  stars can exist 

below HL for transitory 

phases only 

• Examples 

– Protostellar collapse 

– HL is limit for giants 

Hayashi 1961 



Protostellar evolution tracks 

Iben 1965 



Evolution after Main Sequence 



first HRDs 

ratio CaII K / Hd+Hz   

Plejades 

Hans Rosenberg 1910 

 

(Ph.D. Strasbourg 1902) 

Colour index  

 

Solar neighbourhood 

 

Hertzsprung 1922 Solar neighbourhood 

 

Russell 1914 



HRD and CMD solar nh’d 

Russell 1914 



HRD evolutionary tracks 

Maeder 1989 



HRD – CMD – HRD  

Theory 

10 Msun 

200 Myr 

10 Gyr 

Photometry Spectroscopy 



Evol.tracks & isochrones 



Evolution: massive stars 

• rapid evolution to the ‘right’ in the HRD 

• Further burning phases are short 

– He: ~10 … 20% of MS-lifetime 

– C: ~100 yrs 

• Strong stellar winds (driven by radiation pressure of 

hot+luminous stellar atmosph.) modify evolution strongly: 

    𝑀 ≈ 10−6 Msun/yr  tMS ~ 3..10 Myr  star loses 3 … 10 Msun 

• Rotation 

    



Evolution: massive stars 



Intermediate mass stars (3..8 Msun) 

• Core H exhaustion: core contracts & 

envelope expands 

• Shell H burning 

– convection zone comes down (1st dredge-up) 

– move to Hayashi line = RGB 

• Ascend on RGB 

– Mass loss (high L  radiatively driven wind) 

– At tip: core He-burning ignites 



Evolution of 7 Msun star 
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Stellar wind 



Evolution of 3 Msun star 

1
s
t 

d
re

d
g

e
-u

p
 

2
n

d
 d

re
d

g
e
-u

p
 

M
a
s
s
 l

o
s
s
, 
P

N
 e

je
c
ti

o
n

 



Intermediate mass stars (3..8 Msun) 

• Core expands & envelope contracts:       

Blue Loop 

• back to Hayashi line = AGB 

• Ascend on AGB 

– convection zone comes down (2nd dredge-up): 

brings down fresh hydrogen  reignition of H-

burning shell  

– mass loss 

– thermal pulses (TP) = instability of He-shell 

(shell flashes) 



Thermal pulses 

a
ft

e
r 

P
o
ls

 e
t 

a
l.
 2

0
0
1
 

3rd dredge-up 
Hot bottom burning 

(He,C) 



Thermal pulses  

(duration 10..100 yr, period 103..105 yr) 

P
o
ls

 e
t 
a
l.
 2

0
0
1
 



IMS evolutionary tracks 

Ignition of central He-burning 

 

Blue loops 



IMS evolution 

• Above ~5 Msun: Hot bottom burning: hot enough 

for CNO cycle  12C  14N 

• Final fate: 

– Short strong wind or expulsion of outer envelope  

planetary nebula 

– Remnant star (CO core + 10-3 Msun H envelope) 

contracts at constant luminosity (core mass-

luminosity relation)  T ~ 105 K and ionizes nebula 

– Shell sources extinguish after ~30000 yr 

– Remnant star (= white dwarf) cools out (t ~10 Gyr) 



Low mass stars (0.08 .. 3 Msun) 

• After core H exhaustion to Hayashi Line = RGB 

• Ascend on RGB: at the tip if MHe > 0.45 Msun 

ignition of He: 

– Degen.matter cannot compensate heat input by 

expansion  T increases  burning increases: 

thermonuclear runaway = core He-flash (timescale 

~hours) 

– T increases until degeneracy is overcome: He burns 

steadily 

– He-burning shell eats down into core (~105 yrs)  

core He-burning (Horizontal branch) 



Horizontal Branch stars 
• Position depends on chemical composition and 

on 2nd parameter (age, core mass …) 

 

 

 

 

 

 

 

• Exhaustion of core He supply  AGB (but 

without 2nd and 3rd dredge-ups) 

100 Lsun 

10                5  kK 

Z 
10-3 

10-5 

Red clump = 

metal-rich HB 

 



Problems & difficulties 

• Opacities:  

– need absorption cross sections from all levels 

of all ions of all elements (OPACITY Project) 

– Summation over all relevant levels 

• Energy production rates: 1982 rate for 
12C(a,g)14N increased by factor 3..5  

• Equation of state: difficult at high T and r 

(missing energy levels, atoms change 

structure due to vicinity of other atoms) 

 

 



• convection 

No physical theory available 

 

Use simple approaches (mixing  

length ‘theory’) and adjust their fudge 

parameters (mixing length l/Hp) 

 

Use formulae derived from numerical 

simulations of convection (now  

possible in 3D)  

l/Hp = 1.9 

l/Hp = 1.5 



Problems & difficulties 

• Stellar winds (recipes from observations or 

theory) 

• Dynamical phases (He-flash, TP, PN, SN) 

• Double stars (mass transfer, SN Ia) 



• Rotation 

• 3D models necessary; 

now possible 

• Large scale mixing 

effects (Meridional 

circulation, various 

instabilities, …) 

Meynet+Maeder 2002 



• Consequences of internal mixing 

– Slightly longer MS life times (20…30%)  

– Nucleosynthesis (‘primary N’ in very fast 

rotators … cf. later!)  

Meynet+Maeder 2002 

….. non-rotating 

___ rotating (300 km/s) 



Zero-metallicity stars (Pop. III) 

Marigo 2001 

No metals  

• Negligible radiation pressure 

     very massive stars >100 Msun 

• initally pp-chains, He3a sets in  

    before reaching RGB, CNO cycle,  

    convective core. 

• Hot centre+low opacity: high Teff 

 

 

• ‘normal’ lifetimes (L  M) 

ZAMS z=0.02 


