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1. What is nuclear astrophysics?
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1. What is nuclear astrophysics S
Why stars shine?
What are the stars made of?

Are stars moving or changing? |
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1 - Sourceof stellar energygravitational

A The virial theorem describes enegetically the gravitational contraction:
K=-1/2 U,

K internal energy
Ug= gravitational potential energy

For the Sun:

U,~ 3G M%(5R) ~410%° (2-10°9)2/(7-10°) J ~ 2. 10%
L~1.3:104"/DW ~3.8:10°%J/s
U/(2L) ~ 2.5-10%s ~30 My (Kelvin-Helmholtz)

So, gravitation can account for a lifetime of the order of 10 My,
consistent with the (wrong) e
estimate)
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Luminosity mass relation in MS
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Stellar quiescensurning

hydrostatic equilibrium

heat transport
masscontinuity

energy conservation
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The Sowrces of Stellar Energy.

Waewos comes the store of energy which 15 continually radiated
into space by the Bun and stars? The answer usually given is
that by the gradual shrinkage of the star great quantities of
gravitational energy are converted into heat, which replaces the

The Observatory, Vol. 42, p. 3316 (1919)
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2. Source of stellar energy: nuclear

ANuclear binding energy per nucleorBE~ 8MeV
U=19101.610%" 8 1.610%* J~ 1.5-18°J

U /L ~ 100Gy

ButkT<< U,

U.=1.44 ZZ, [(RARAR ) MeV ~ Z,Z,, I(AV3+A,13) MeV

p+pin the Sun

U.~ 0.7 MeV KT ~8.6 1 1 10 eV ~ 1keV
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Zur Quantentheorie des Atomkernes.
Von G. Gamow, z. Zt. in Gottingen.

Mit 5 Abbildungen. (Eingegangen am 2. August 1928.)

Es wird der Versuch gemacht, die Prozesse der a-Ausstrahlung auf Grund d
Wellenmechanik nidher zu untersuchen und den experimentell festgesteliten Z
sammenhang zwischen Zerfallskonstante und Energie der «-Partikel theoretisch :

erhalten.
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PruysicAaAL REVIEW

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

{Received September 7, 1938}

§6. TripLE CoLLISIONS OF ALPHA-PARTICLES

In the preceding section, we have shown that
collisions with protons alone lead practically
always to the formation of a-particles. In order
that heavier nuclei be formed, use must there-
fore certainly be made of the a-particles them-
selves. However, collisions of an e-particle with
one other particle, proton or alpha, do not lead
to stable nuclei. Therefore we must assume
triple collisions, of which three types are con-
ceivable:

He!+2H = Be¢, (31)
2He*+H =B, (32)
3Het=C, (33)
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The considerations of the last two sections
show that there is no way in which nuclei heavier
than helium can be produced permanently in
the interior of stars under present conditions.

Mass gap A=5, 8



Velocity-Distance Relation among Extra-Galactic Nebulae.
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Fiz. 5—The velocity-distance relation. The circles represent mean values for clus-
ters or groups of nebulae. The dots near the origin represent individuwal nebulae, which,

together with the groups indicated by the lowest two circles, were uzed in the first
formulation of the velocitv-distance relation.
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Big BangNucleosynthesis

The Origin of Chemical Elements

R. A, ALPHER*

Applied Physics Laboratory, The Johns Hopkins University,
Silver Spring, Maryland

AND
H. BETHE q
Cornell University, Ithaca, New Vork
AND

G. GaMow
The George Washington University, Washington, D. C. Z | onsenD
February 18, 1948
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REVIEWS OF
MODERN PHYSICS

Vorume 29, Numser 4 OcTtoser, 1957

Synthesis of the Elements in Stars”

E. Marcarer Bursibce, . K. Buremnce, Wirriam A. Fowrer, anp F, HovLe

Kellogg Radiation Laboraiory, California I'nstitute of Technology, and
M ount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Instifute of Technology, Pasadena, California

but stellar nucleosynthesis alone cannot account for the
abundances of light elements
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_ Big BangNucleosynthesis revised
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Nuclear reactions in stars

X+a

If vis the relative velocity

Y =N, ,Nyov

since v has a distribution P(v)

Y = f N,NyoP(v)vdv = N, Ny (ov)
0
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P(v) -> Maxwell Boltzmann distribution

8 % F E
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P(v) -> Maxwell Boltzmann distribution

e.g.p+p
Maxwell -Boltzmann
P exptE/KT) Penetrability
P, exp¢(E/E)Y9
Gamow Peak
%
g

energy
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Same temperature but larger coulomb barrier
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Same Coulomb barrier but higher temperature
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Sinces is dominated by the penetrability of the coulomb barrier, it is
usual to factorize it out and define the S factor

()= P (E)



So,E,=1(Z,, Z,, T): that Is the reason for separate,
subsequent burnings

Sun:Tg=15

Reaction Ey(keV) Integral
p+p 5.9 7 106
‘He+1C 56 5.9 10°°
160+150 237 2.51072%7
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H burning (T, 10-60)
pp chain

p+p- 2H+e*+ n[0.27 MeV] p+e +p- 2H+ n[l44 MeV]

1 99.75% 0.25% |

H+p- SHe+ ¢

| 86% 14%| 2 10‘?%

3He + 3He - “He + 2p He +“He - "Be+ ¢ SHe +p- “He+ e*+ n
|99.89% | 0.110/<|)

‘Be+e- ‘Li+ n[0.81Mev] ‘Be+p- 8B+ g

Li+p- ©Be 8B- 8Be + €'+ n [6.80 MeV]
8Be - 2 “4He 8Be - 2 “He
CHAIN | CHAIN Il CHAIN Il CHAIN IV

Q: =26.20MeV |[|Qy = 25.66 MeV Qq =19.67MeV | |Q = 16.84 MeV
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Solar neutrino energy spectrum

1gm

1k

e

10#

"

Lo

e

Bahecall=Serenelli 2005

Neutring Spectrum (+1a)

ol = s

Neutrinoe Energy in MeV



HOT PROTON-PROTON CHAINS

(a,7)

:2) (a.p)

JHI{p,e"u}zH

= J_ M. Wiescheret al,ApJ 1989




Hydrogen burning at high temperature and metallicity
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— Cold Stable
Hot CNO (T4~0.1) o
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Hot NeNaandMgAl cycles (,~0.1)

(P.g ) (P.9 )
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->24Mg)
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