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Supernovae 
The field of the 
supernova SN1987A 
before 23 February 1987. 
 
This picture shows a 
small area of sky in the 
Large Magellanic Cloud, 
the nearby dwarf  
companion galaxy to  
our own Galaxy. 
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§  Stars with masses above eight solar masses undergo gravitational collapse. 
§  Once the core of the star becomes constituted primarily of iron, further compression 
of the core does not ignite nuclear fusion and the star is unable to thermodynamically 
support its outer envelope.  
§ As the surrounding matter falls inward under gravity, the temperature of the core 
rises and iron dissociates into α particles and nucleons. 
§  Electron capture on protons becomes heavily favored and electron neutrinos are 
produced as the core gets neutronized (a process known as neutronization).  
§  When the core reaches densities above 1012 g/cm3, neutrinos become trapped (in 
the so-called neutrinosphere).  
§  The collapse continues until 3 − 4 times nuclear density is reached, after which the 
inner core rebounds, sending a shock-wave across the outer core and into the mantle.  
§  This shock-wave loses energy as it heats the matter it traverses and incites further  
electron-capture on the free protons left in the wake of the shock.  
§  During the few milliseconds in which the shock-wave travels from the inner core to 
the neutrinosphere, electron neutrinos are released in a pulse. This neutronization 
burst carries away approximately 1051 ergs of energy. 





§  99% of the binding energy Eb, of the protoneutron star is released in the 
following ∼ 10 seconds primarily via β-decay (providing a source of 
electron antineutrinos), νe, anti-νe and e+e− annihilation and nucleon 
bremsstrahlung (sources for all flavors of neutrinos including νµ, anti-νµ, νt 
and anti-νt ), in addition to electron capture. 
 Schematic 

illustration of a SN 
explosion. The 
dense Fe core 
collapses in a 
fraction of a 
second and gets 
neutronized 
(lower-left). The 
inner core 
rebounds and 
gives rise to a 
shock-wave 
(lower-right). The 
protoneutron star 
cools by the 
emission of 
neutrinos. 
 
 





















Pre supernovae 
 Evolutionary stages of a 25 MSUN star:   

        Stage          Temperature (K)  Duration of stage 

    Hydrogen burning      4 x 107               7 x 106 years 

    Helium burning          2 x 108               5 x 105years 

    Carbon burning          6 x 108                  600 years 

    Neon burning           1.2 x 109                    1 year 

    Oxygen burning        1.5 x 109                 6 months 

    Silicon burning         2.7 x 109                   1 day 

    Core collapse           5.4 x 109                  1/4 second 
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 Recorded explosions visible to naked eye: 
      Year (A.D.)                      Where observed                         Brightness 
            185                                      Chinese                         Brighter than Venus 
            369                                      Chinese                    Brighter than Mars or Jupiter 
          1006           China, Japan, Korea, Europe, Arabia         Brighter than Venus 
          1054                          China, SW India, Arabia               Brighter than Venus 
          1572                                        Tycho                         Nearly as bright as Venus 
          1604                                        Kepler                            Brighter than Jupiter 
          1987                                Ian Shelton (Chile) 

SN1987A 



Core collapse 



Explosion 

•  Collapse and re-bound(1-4) creates a 
shock wave(5) propagating outward from 
center of core(6) , meeting in falling 
outer core material   

•  Shock stalls due to neutrino escape & 
nuclear dissociation 

•  Deleptonisation of the core creates 
intensive neutrino flux (99% of energy)  

•  Neutrino interactions behind the shock 
reheat the shock and drive it outwards(7) 

•  Measuring 56Fe(νe ,e- ) 56Co  provides 
valuable data to guide shock formation 
models. 

•  Other cross sections, 28Si, should also 
play an important role.
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Neutrinos to the rescue 



Antineutrino 
Luminosity 



The SN neutrino signal 



8.6 The SN1987A 

Neutrino cross sections: 

Distance: 52 kpc (LMC) 



Introduction: Core collapse of type-II SN 

Supernovae explode in Nature, but non 
in computers (J. Beacom, ν2002) 

enpe ν+→+−

νν +→+ +− ee

•  Neutronization, ~10 ms  
•  1051 erg, νe only 

•  Thermalization: ~10 s 
•  3×1053 erg 
•  Lνe(t) ≈ Lanti-νe(t) ≈ Lνx(t)  

Detection: mainly through  ++→+ enpeν

∼300 events/kt (@GC) 



The SN1987A: how many events? 
1- Energy released 2.5 1053 erg  
2- Average νe energy ≈ 16 MeV = 2.5 10-5 erg 
3- Nsource= (1/6) × 2.5 1053/ (2.5 10-5)= 1.7 1057   νe   

4-  LMC Distance :                   D=52 kpc = 1.6 1023 cm 
5- Fluency at Earth:                F = NSource/4πD2  = 0.5 1010  cm-2 
6- Targets in 1 Kt water:         Nt = 0.7 1032 protons 
7- cross section:                      σ(antiνe+p) ~ 2x10-41 cm2    

8- Ne+ = F (cm-2)× σ (cm2)× Nt (kt-1)= 0.5 1010 ×  2x10-41× 0.7 1032   

                          = 7 positrons/kt 
9 – M(Kam II) = 2.1 kt, efficiency ε~ 80% 
10 – Events in Kam II = 7 x 2.1 x ε ~ 12 events 

For a SN @ Galactic Center (8.5 kpc) :  
N events= 7x(52/8.5)2 =  260 e+/kt 



The detectors 



The SN1987A 



Energy from SN1987a 



•  The observation of supernova neutrinos should bring a better 
understanding of the core collapse mechanism from the feature of the 
time and energy spectra, and constraints the supernova models.  
•  Moreover, an estimation of the neutrino masses could be done in the 
following manner. The velocity of a particle of energy E and mass m, 
with E >> m, is given by (with c = 1):  

v =  
p 

 =  
( E2 –m2)½ 

 ≈ 1 -  
m2 

. 
E       E 2E

• Thus, for a supernova at distance d, the delay of a neutrino due to its mass 
is, expressed in the proper units:  

Δt[s] ≈0.05  
m[eV]

2 
 d[kpc] . 

E[MeV]

•  Therefore, neutrinos of different energies released at the same instant 
should show a spread in their arrival time.  

Neutrino mass from SN 



Experiments 



Neutrino Astrophysics 
•  The only SN seen with neutrino was SN1987a 
•   Small experiments, small statistics 
•  Qualitative agreement with the SN models 
•  Wait for the next near SN with the new larger 

experiments (SK, SNO, Borexino, LVD…) 
•  à neutrino properties (mass, livetime, magnetic 

moment) from astrophysics 
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Problem of extrapolation in nuclear astrophysics 
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low-energy tail 
of broad  

resonance 
EG 

Most of the 
reactions of 
astrophysical 
interest  happen via 
radiative capture. 
14N(p,γ)15O , 
12C(α,γ)16C... 
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LUNA  (Laboratory Underground for Nuclear Astrophysics) 

3He(3He,2p)4He 
C. Casella et al.: Nucl. Phys. A706 (2002) 203-216 

d(p,γ)3He 

50 kV accelerator @ Gran Sasso – Italy                 (1400 m rock -> 106 shielding factor) 

At lowest energy: σ ~ 20 fb  à  1 event/month At lowest energy: σ ~ 9 pb à  50 counts/day 

R. Bonetti et al.: Phys. Rev. Lett. 82 (1999) 5205 

No extrapolation needed! 

































The Crab in Multi-Wavelengths Photons 

Infrared Optical X-ray Radio 
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The 2002 Nobel Prize for the Solar 
Neutrino Physics 

Raymond Davis Jr.  
http://nobelprize.org/nobel_prizes/physics/laureates/2002/davis-lecture.pdf 

http://nobelprize.org/nobel_prizes/physics/laureates/2002/koshiba-lecture.pdf 
Masatoshi Koshiba 
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NUCLEUS 

GAS  

FLARE CORONA 

The Standard Solar Model 
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The Standard Solar Model 



The Standard Solar Model 

•  J. Bahcall: The main author of the SSM 
•  The standard solar model is derived 

from the conservation laws and energy 
transport equations of physics, applied 
to a spherically symmetric gas (plasma) 
sphere  

•  Constrained by the luminosity, radius, 
age and composition of the Sun  

• Inputs for the Standard Solar Model 
– Mass 
– Age 
– Luminosity 
– Radius 

• No free parameters 
• Tested by helioseismology 
• Fusion ⇒ neutrinos 

http://www.sns.ias.edu/~jnb/ 

John Bahcall 
1934–2005  

Nota: Leggere l’articolo (tradotto anche in italiano) 
http://www.sns.ias.edu/~jnb/Papers/Popular/Nobelmuseum/italianmystery.pdf 



The predictions of the SSM 

•  Most of the neutrinos produced in the sun come from the first step of the pp 
chain. 
•  Their energy is so low (<0.425 MeV) à very difficult to detect.  
•  A rare side branch of the pp chain produces the "boron-8" neutrinos with a 
maximum energy of roughly 15 MeV 
•  These are the easiest neutrinos to observe, because the neutrino cross 
section increases with energy. 
• A very rare interaction in the pp chain produces the "hep" neutrinos, the 
highest energy neutrinos produced in any detectable quantity by our sun.  
•  All of the interactions described above produce neutrinos with a spectrum of 
energies. The inverse beta decay of Be7 produces mono-energetic neutrinos 
at either roughly 0.9 or 0.4 MeV. 



ν from the Sun: the proton cycle 



Differential νe flux                    
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Neutrino Emission 



Experimental Techniques 

Example: 71Ga + ν → 71Ge + e 

1- elastic scattering  

 νe +e → νe +e 

(Z,A) + νe → e +(Z+1,A) 

No free neutrons in nature: 

Two detection techniques for the solar neutrinos: 

2- Neutron capture 
 νe +n → e +p 

SK 

3- The SNO way:  
-  νe +d → e +p+p 
-  νx +d → νx +n+p 
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Solar Neutrino Detectors 

  
•  Neutrino Absorption Experiments  

– 37Cl 
– 71Ga 

•  Neutrino Scattering Experiments 
– SuperKamiokande 

•  Direct Counting experiments 
– SNO 


