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1 - Source of stellar energy: gravitational

ÅThe virial theorem describes enegetically the gravitational contraction:

K=-1/2 Ug

K internal energy

Ug= gravitational potential energy

For the Sun:

Ug~ 3G M2/(5R)  ~ 4· 10-10 (2 · 1030)2 / (7 · 108) J ~  2 · 1042 J

L ~ 1.3·103 4 /́DW ~ 3.8 ·1026 J/s

Ug/(2L) ~ 2.5 ·1015 s ~ 30 My (Kelvin-Helmholtz)

So, gravitation can account for a lifetime of the order of 10 My, 

consistent with the (wrong) estimate of Earthôs age (Lord Kelvinôs 

estimate)
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Increasing temperature

Credit: http://chandra.harvard.edu/graphics/edu/formal/variable_stars/HR_diagram.jpg
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V. Castellani ĂAstrofisica stellareñ Zanichelli, 1985
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Luminosity mass relation in MS



Stellar quiescent burning

hydrostatic equilibrium

heat transport

mass continuity

energy conservation
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The Observatory, Vol. 42, p. 371-376 (1919)
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2. Source of stellar energy: nuclear

ÅNuclear binding energy per nucleon isBE~ 8MeV 

Un= 1.9·1030/1.6·10-27 8 1.6·10-13 J ~  1.5·1045 J

Un/L ~ 100 Gy

But kT<< Uc

Uc=1.44 Z1Z2 /(R1+R2+Rn) MeV ~ Z1Z2 /(A1
1/3+A2

1/3) MeV

p+pin the Sun

Uc ~ 0.7 MeV                kT ~ 8.6 10-5 1 107 eV ~ 1 keV
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Mass gap A=5, 8
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Velocity-Distance Relation among Extra-Galactic Nebulae. 

Edwin Hubble PNAS 1929;15:168-173

©1929 by National Academy of Sciences



Hubbleôs law (1929)

V=Hd  con H=71±7 km s-1 Mpc-1

1 Mpc=3.1 1019 km    H-1=13.8 Gy

Hubble&HumasonApJ1931



But there was no 

way to ovecome 

the gap at A=5, 8
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Big Bang Nucleosynthesis 
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but stellar nucleosynthesis alone cannot account for the 

abundances of light elements



t=894±5 s

http://www.astro.ucla.edu/~wright/BBNS.html

Big Bang Nucleosynthesis revised

L. Gialanella 



since v has a distribution P(v)

if  v is the relative velocity 

Nuclear reactions in stars
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P(v) -> Maxwell Boltzmann distribution
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P(v) -> Maxwell Boltzmann distribution
e.g. p+p
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Gamow Peak

Maxwell -Boltzmann
Ṕ exp(-E/kT) Penetrability

Pś exp(-(Ec/E)1/2)
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Same temperature but larger coulomb barrier
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Gamow Peak

Maxwell -Boltzmann
´exp(-E/kT) Penetrability

Pś exp(-(Ec/E)1/2)
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Gamow Peak

Maxwell -Boltzmann
´exp(-E/kT)

Same Coulomb barrier but higher temperature
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Penetrability
Pś exp(-(Ec/E)1/2)



Since s is dominated by the penetrability of the coulomb barrier, it is
usual to factorize it out and define the S factor



Reaction E0(keV) Integral

p+p 5.9 7 10-6

4He+12C 56 5.9 10-56

16O+16O 237 2.5 10-237

Sun : T6 = 15

So, E0 = f(Z1, Z2, T): that is the reason for separate, 
subsequent burnings
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p + p ­ 2H + e+ + n[0.27 MeV] p + e- + p ­ 2H + n [1.44 MeV]

2H + p ­ 3He + g

3He + 3He ­ 4He + 2p          3He + 4He ­ 7Be + g                   3He + p ­ 4He + e+ + n

7Be + e-­ 7Li + n[0.81 MeV] 7Be + p ­ 8B + g

7Li + p ­ 8Be                                 8B ­ 8Be + e+ + n[6.80 MeV]

8Be ­ 2 4He 8Be ­ 2 4He

H burning (T6 10-60) 

99.75% 0.25%

86% 14%

99.89% 0.11%

CHAIN III

Qeff = 19.67 MeV

CHAIN II 

Qeff = 25.66 MeV

CHAIN I

Qeff = 26.20 MeV

CHAIN IV

Qeff = 16.84 MeV

pp chain

2· 10 - 5%
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Solar neutrino energy spectrum
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L. Gialanella M. Wiescheret al, ApJ 1989
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Hydrogen burning at high temperature and metallicity

CNO bi-cycle CNO cycle

pp chain

Energy generation for pp chain and CNO cycle

Result:

- H burning

- Enrichment in 14N
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Hot CNO (T9~0.1)
Stable

Radioactive
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Hot

Break out
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Hot NeNa and MgAl cycles (T9~0.1)
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+ other paths (e.g. 21Na(p,g)22Mg, 22Mg(p,g) 23Al, 23Mg(p,g) 24Al

->24Mg)
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26Al Comptel-Integral/SPI


