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• 1920: A.S. Eddington; Rep. Brit. Ass. Adv. Sci.; (Cardiff):

“What is possible in the Cavendish Laboratory cannot be too difficult in the 

Sun”.

• 1948: Gamow; Physical Review: tutti gli elementi prodotti durante la 

nucleosintesi primordiale.

• 1957: E.M. Burbidge, G.R. Burbidge, W.A. Fowler and F. Hoyle; 

Review of Modern Physics: “Synthesis of the Elements in Stars”.

• 1964: R. Davis Jr; Physical Review Letters: 

Breve storia dell’astrofisicaBreve storia dell’astrofisica--nuclearenucleare

Rivelazione di neutrini solari nella minieara di Homestake.

• oggi è noto che tutti gli eventi nell’Universo hanno lasciato dietro di loro 
una traccia nucleare.

Lo scopo dell’Astrofisica-nucleare è la comprensione dei processi nucleari che 
avvengono in ambiente astrofisico:

� Big Bang nucleosintesi;

� Nucleosintesi Galattica;

� Nuclesosintesi stellare e generazione di energia.



M
�
=1.989*1033 g

M ~ 0.5 - 40 M
�

R =6.9599*1010 cm

Luminosità versus TemperatureLuminosità versus Temperature
Hertzsprung-Russel (HR) Diagram
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~   95% delle stelle nella MAIN SEQUENCE
⇒ massima probilità di osservazione



2. tempo scala di     
Kelvin-Helmotz ~4.4·107 y

tempo scala biologico >108y
radioattività delle rocce ~ 109 y

Quanto tempo vivono le stelleQuanto tempo vivono le stelle

1. tempo di caduta libera ~ 26 min
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QQ--valore di una reazionevalore di una reazione

a+b→c+d

Q=(Ma+Mb-Mc-Md)c2

>0 esoenergetica

<0 endoenergetica

Energia di legame al variare di A

Q > 0 Q < 0

Q > 0processi nucleari spontanei:

fusione fino al Fe

fissione oltre il Fe



Le reazioni nucleari nelle stelle Le reazioni nucleari nelle stelle 
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T ~ 15x106 K    ⇒ E = kT ~ 1 keV
EC = 550 keV

Durante le combustioni quiescenti:
kT << Ec
Le reazione avvengono per TUNNEL 
EFFECT

Esempio z1=p and z2=p (nel Sole) 

EFFECT

reaction
Coulomb 

barrier (MeV)

E0

(keV)

p + p 0.55 5.9

α + 12C 3.43 56

16O + 16O 14.07 237

Maxwell-
Boltzmann
distribution Tunneling 

through 
Coulomb 
barrier

Gamow peak



Vita e “morte” di una stellaVita e “morte” di una stella
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L’Astrofisica Nucleare ha 
l’ambizione di spiegare l’origine di 
tutti gli elementi nell’universo.

L’origine degli elementiL’origine degli elementi
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Ogni molecola del nostro corpo contiene materiale che è stato esposto alle enormi
temperature e pressioni presenti nel centro di una stella; dove ilferro presente nel nostro
sangue, l’ossigeno che noi respiriamo, ilcarbonio e l’azoto nei nostri tessuti e ilcalcio nelle
nostra ossa si sono originati.



p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

H burning H burning 
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pp chain

22··1010 --55 %%

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

8Be → 2 4He 8Be → 2 4He

CHAIN IIICHAIN III
QQeffeff = 19.67 MeV= 19.67 MeV

CHAIN II CHAIN II 
QQeffeff = 25.66 MeV= 25.66 MeV

CHAIN ICHAIN I
QQeff eff = 26.20 MeV= 26.20 MeV

CHAIN IVCHAIN IV
QQeffeff = 16.84 MeV= 16.84 MeV

4p → 4He + 2e+ + 2νννννννν
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αα++α α →→ 88Be + Be + α α →→ 1212C + C + α α →→ 1616OO101088 < T< TC C < 3.5*10< 3.5*1088

Le Le altrealtre combustionicombustioni
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Problematiche Problematiche Problematiche Problematiche 
sperimentalisperimentali



Il problema dell’estrapolazione alle basse energie
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Un esempio…..
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p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν
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Solar neutrinoSolar neutrino

LUNALUNA

Solar neutrinoSolar neutrino



R

0.7

Convective envelope
Radiativecore

Atmosphere

0.3

NuclearNuclear reactions reactions 

R

0.7

Convective envelope
Radiativecore

Atmosphere

R

0.7

R

0.7

R

0.7

Convective envelope
Radiativecore

Atmosphere

Convective envelope
Radiativecore

Convective envelope
Radiativecore

AtmosphereAtmosphere

0.3

NuclearNuclear reactions reactions 

0.30.3

NuclearNuclear reactions reactions 

13N           → 13C  + e+ + νννννννν
15O           → 15N + e+ + νννννννν
17F            → 17O + e+ + νννννννν

CNO 
cycle

Where Neutrinos are generatedWhere Neutrinos are generated

p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]

pp-chain

Nuclear reactions 
and

Neutrino production

NuclearNuclear reactions reactions 
andand

Neutrino productionNeutrino production

Nuclear reactions 
and

Neutrino production

NuclearNuclear reactions reactions 
andand

Neutrino productionNeutrino production

Nuclear reactions 
and

Neutrino production

NuclearNuclear reactions reactions 
andand

Neutrino productionNeutrino production

CHAIN IIICHAIN III
QQeffeff == 19.67 19.67 MeVMeV

CHAIN II CHAIN II 
QQeffeff == 25.66 25.66 MeVMeV

CHAIN ICHAIN I
QQeffeff = 26.20 = 26.20 MeVMeV

CHAIN IVCHAIN IV
QQeffeff == 16.84 16.84 MeVMeV

p + p → H + e + νννννννν [0.27 MeV] p + e + p → H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

8Be → 2 4He 8Be → 2 4He

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

CHAIN IIICHAIN III
QQeffeff == 19.67 19.67 MeVMeV

CHAIN II CHAIN II 
QQeffeff == 25.66 25.66 MeVMeV

CHAIN ICHAIN I
QQeffeff = 26.20 = 26.20 MeVMeV

CHAIN IVCHAIN IV
QQeffeff == 16.84 16.84 MeVMeV

p + p → H + e + νννννννν [0.27 MeV] p + e + p → H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

8Be → 2 4He 8Be → 2 4He

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

p + p → H + e + νννννννν [0.27 MeV] p + e + p → H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

8Be → 2 4He 8Be → 2 4He

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%



The solution of solar neutrino problem is The solution of solar neutrino problem is 
not in the uncertainty of SSMnot in the uncertainty of SSM

2. 2. 77Be/Be/88BB anomaly:anomaly:
incompatibility incompatibility 

Kamiokande/Homestake Kamiokande/Homestake 
experimentsexperiments

3. MISSING 3. MISSING 77BeBe NEUTRINO:NEUTRINO:
Using data from Using data from GaGa and and 

SK experimentsSK experiments
7373pp pp + 5+ 58B8B > 75  > 75  

1. MISSING NEUTRINO:1. MISSING NEUTRINO:
in Ga experimentsin Ga experiments

(75 (75 ±± 8) SNU measured 8) SNU measured 
vs (129 vs (129 ±± 3) SNU expected 3) SNU expected 

The solar neutrino problemThe solar neutrino problem
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SS--factor of 3He(3He,p)4Hefactor of 3He(3He,p)4He

Possible solution before SNO and Possible solution before SNO and 
KamlandKamland

p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

p + p → 2H + e+ + νννννννν [0.27 MeV] p + e- + p → 2H + ν ν ν ν ν ν ν ν [1.44 MeV]

2H + p → 3He + γ

3He + 3He → 4He + 2p          3He + 4He → 7Be + γ                   3He + p → 4He + e+ + νννννννν

7Be + e- → 7Li + νννννννν [0.81 MeV] 7Be + p → 8B + γ

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

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

99.75%99.75% 0.25%0.25%

86%86% 14%14%

99.89%99.89% 0.11%0.11%

22·· 1010 -- 55%%

0

2

4

6

8

10

12

14

16

18

20

10 100 1000
E [keV]

S
-
fa

ct
or

 [
M
e
V
 b

]

[DW71]

[KR87]

LUNA 99

LUNA 98

Cross section of 3He(3He,2p)4He measured 
at solar energies

Phys. Rev. C 57(1998)2700

First measurement of the 3He(3He,2p)4He 
cross section down to the lower edge 

of the solar Gamow peak Phys. 
Rev. Lett. 82(1999)5205

SS--factor of 3He(3He,p)4Hefactor of 3He(3He,p)4He

Gamow peak

8Be → 2 4He 8Be → 2 4He8Be → 2 4He 8Be → 2 4He

First LUNA resultFirst LUNA result



Age of Globular ClustersAge of Globular Clusters

1414N(p,N(p,γγ))1515OO

Age of Globular ClustersAge of Globular Clusters
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The Age of Globular The Age of Globular 
ClustersClusters
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Isochrones for Globular Clusters after LUNAIsochrones for Globular Clusters after LUNA
The age of the oldest Globular Clusters should be The age of the oldest Globular Clusters should be 

increased by about 0.7increased by about 0.7--1 Gyr1 Gyr

Imbriani et al. , Astronomy & Astrophysics, 420, 2004

V - I

The lower limit to the Age of the Universe, using the The lower limit to the Age of the Universe, using the 
Gratton et Gratton et al, al, 2003 result, becomes  14 2003 result, becomes  14 ±± 1 1 Gyr.Gyr.



Experimental cosmologyExperimental cosmology
Cosmic Concordance

Ωm~  0.3
Ωλ ~ 0.7

Ho = 70 km/s/Mpc 

Gyr
MpcsKm

tH oo 9.16
71 11 ====−−−−−−−−

Gyr7.12

Gyr6.10

Gyr4.8

Age of the Universe

WMAP + LCDM model + 
other measures (SNe Ia, 

Lyman-a forest……) 

13.7 13.7 ±±±±±±±± 0.2 Gyr0.2 Gyr
Spergel et al. 2003

Gyr7.6

Age of the Universe


