
Neutrinos and Supernovae 
•  Introduction, basic characteristics of a SN. 
•  Detection of SN neutrinos: How to determine, 
   for all three flavors, the flux and 

temperatures. 
•  Other issues: Oscillations, neutronization 

pulse. Mass determination by the time-of- 
   flight method. Pointing. 
•  Relic SN neutrinos. 

         Petr Vogel, Caltech 
       NNPSS-TSI-Lecture 3 



Supernovae are fascinating objects. Their study is very important in 
astrophysics, neutrino physics, and for the understanding of the r-
process nucleosynthesis. 
 The SN core collapse is one of the most violent events known.Its  
theoretical description is challenging and so far poorly understood. 

  The energy release, mostly in neutrinos, is so large that when averaged 
over > 100 years, the total neutrino energy per galaxy is comparable to the 
energy in light over the same time interval 

  SN represent probably the longest possible neutrino baseline. Observation 
of SN neutrino could give information about neutrino masses and mixing. 

  It is likely that after the SN collapse about half of all elements heavier 
than iron are formed in the r-process. There are many unresolved 
theoretical issues in the description of the r-process nucleosynthesis. 

However, the galactic SN neutrinos are observable for less than one minute 
per century. Large detectors are needed to observe them, and they must 
be operational continuosly for very long time.  

Note: Lsun= 3.8x1033 erg/s, Lgalaxy = 1044-45 erg/s, LSN = ~3x1053 erg    



Discovered by observing 44Ti, T1/2=60y 
decay lines. Must have been very close,  
yet no historical record. Probably wrong. 

Kepler!



Supernova Neutrino Detection 

IMB 

KamII 



Reminder 109K = 86 keV, central temperature in Sun = 16x106K 



Presupernova star M>8M 

Reminder: binding energy per nucleon has a maximum near Fe 





Supernovae Type II- core collapse of massive star  
See HW problem 
of Lars. 
I will not consider 
the situation when 
BH is formed 



Near onset of collapse... 

Nuclei responsible for electron capture during collapse 

Near onset Later 

Need theory (and even better experiment but that is essentially 
impossible) to properly describe electron capture rates in heavier  
nuclei with electron that have high EF. 





Back of the envelope estimates: 
1)  NS radius: nuclear radii = 1.2A1/3fm,  Vn= 7.2x10-39cm3. 
         NS mass ~ Msolar~ 2x1030 kg~1.2x1057Mp 

         => VNS~8x1018cm3, RNS ~ 13 km 
2)  Mean free path: λ=1/ρσ, ρ=0.14x1039cm-3, 
      σel~GF

2cA
2/π (hc)2Eν

2 ~ 1.7x10-41cm2, 
      cA=1.27/2, and for Eν = 50 MeV, λ~4.3 m 
3)  Diffusion time: τ ~ (R/λ)2 λ/c ~ 13 s 

4) Assume thermal equilibrium =>`equal luminosity rule’,  
     Lν ~ LSN/6 ~ a few x 1051 erg/s on average  
5) `Temperature hierarchy ‘: νµ and ντ have only neutral 

currents, they decouple deeper in the star and have 
higher temperature. Also, νe interact with neutrons, 
hence have shorter λ than νe and lowest temperature. 

See HW problem 
of Lars 



Supernova Neutrino Emission 







Which SN neutrino signal could be detected and why? 

  Electron antineutrinos νe and neutrinos νe can be detected by the charged 
current reactions. If the energy of the created e+ or e- is measured, it is 
possible to determine both flux (Lν/Eν) and temperature of these flavors. 
  All neutrino flavors can be detected by the neutral current (together). But 
there is no spectral information in that signal in general. 
  The luminosities Lν and average energies <Eν> depend on the emission 
process, and on oscillations at or near the SN, on the way to Earth, and 
possibly propagating through Earth. 
  Given the uncertainties of the emission in SN, it seems to be difficult to 
obtain significant and reliable information on the neutrino mass and mixing 
this way, but many ingenious proposals have been made. 
 In any case, the program for SN neutrino watch should contain, ideally, 
ways to determine six parameters (three luminosities and temperatures). 
This would significantly constrain the models of SN neutrino emission.  
  We will make estimates for a ‘standard’ SN 10 kpc away (half of the stars 
in our galaxy are within that distance) with total energy 3x1053 ergs, with 
equal luminosity in all six flavors, and with the temperature hierarchy 
explained earlier. 



This is a bit out of date 
slide. The working SN 
detectors now are 
SuperK, KamLAND, 
Borexino, MiniBoone, 
LVD and IceCube. 



Detecting electron antineutrinos νe is relatively easy: 
•  The reaction νe + p → e+ + n has a relatively large and well understood 
  (to 0.2% accuracy) cross section. 
•  νe energy is simply related to the positron energy, Eν ≈  Ee + Mn - Mp. 
  Thus by measuring the e+ energy one can easily deduce the νe energy. 
•   In SuperK there will be ~8000 events and in KamLAND (or SNO+) 
   several hundred. It should be possible to determine the νe flux 
   and temperature accurately, even their time dependence.  

Detecting electron neutrinos νe is more difficult: 
•  Only targets that contain neutrons (i.e. complex nuclei) can be used. 
•  The cross sections are substantially smaller and, with few exceptions 
  (deuternos, 12C → 12Ngs) their magnitude is based on calculations. 
•  There are no active suitable detectors now (few events in KamLAND 
  and Borexino). 
•  There are plans to develop lead based detectors. Numerous calculations 
   of the cross section exist. 
•  If the electrons from νe + APb → e- + ABi could be detected, one could 
  determine the νe temperature.  





How to detect νx (this is νµ and ντ and their antineutrinos)? 
         Clearly, only through the neutral current. 

The obvious requirements are: Sufficiently strong signal and the  
ability to distinguish it from the charged current events. 

  ν scattering on electrons, ν + e → ν + e.  
   All detectors will have such signal, but it is often weak and it is 
   difficult to separate the neutral and charged current events. 
  ν NC excitation in water, with detection of γ, ν +16O → X + ν + γ

λ ν NC deuteron disintegration, with neutron detection,(SNO) 
       ν + d → n + p + ν

  ν elastic scattering on protons, ν + p → ν + p, requires very low 
   threshold (KamLAND, Borexino). 
   ν NC excitation of a heavy nucleus (Pb) with the detection of  
   evaporated neutron (or multiple neutrons), ν +208Pb→207Pb + n + ν

     But the cross sections need be calculated (see Fuller,Haxton, 
       McLauglin, Phys.Rev.D59,085005 or Kolbe,Langanke, Phys.Rev C63, 
     025802, the results differ by a factor of two)






Detecting νx by inelastic scattering on 16O, followed by a nucleon  
emission and gamma radiation. All γ are between 5-10 MeV.  
There will be ~700 such events in SK.  
See Langanke, P.V., Kolbe, PRL 76,2629(1996)  



NC νe + p -> e+ + n
 T(νx) = 8 MeV 
T(νe) = 5 MeV 

T(νx) = 6.3 MeV 
T(νe) = 4 MeV 
with µ = 3T 



A=12 triad 

Qβ+= 16.32 MeV 

Qβ-= 13.37 MeV 
In KamLAND 
there will be 
52-58 events of 
this type 









,  Beacom, Farr, and Vogel, PRD 66) 033001 (2002) 



Measuring neutrino mass by TOF 
The time delay, with respect to massless particle, is 
Δt(E) = 0.514 (mν/Eν)2D, 
where m is in eV, E in MeV, D in 10 kpc, and Δt in sec. 

But there are no massless particles emitted by SN 
at the same time as neutrinos. Alternatively, we might 
look for a time delay between the charged current 
signal (i.e. νe) and the neutral current signal 
(dominated by νx). 
Alternatively, one might look for a broadening of 
the signal, and rearrangement according to the 
neutrino energy.  





<t>signal -<t>reference 
for several mass values 
Lower part shows the range 
of the deduced masses.  
The dashed lines are 10% 
and 90% CL. 
See, Beacom & P.V., 
Phys.Rev.D58,053010(1998) 



Locating supernova by its neutrino signal? 
(difficult and not very accurate) 







Luminosity and energy of the neutronization pulse. Note the smooth 
increase for νe and the peak structure for νe. 



Neutrino densities are so high that neutrino-neutrino interactions become 
Important. Theoretical treatment is challenging, but very interesting.  



Since there are two Δm2 values, there are two conversion densities. 
This for normal hierarchy. 
Inside the SN neutrinos 
are in flavor states, they 
emerge in mass eigenstates. 

Effect of earth on the 
e+ spectrum from νe + p 





About neutrino selfinteraction in SN: 
The selfinteraction strength  
µ = √2GF(Nν+Nν) is compared to the  
matter oscillation strength 
λ = √2GFNe as a function of distance 
above the SN 

Effect of selfinteraction: 
Original spectra are dashed, 
final full lines, note the change 
for ντ. Here for normal hierarchy 



Relic supernova neutrino flux 

•  Neutrinos emitted by the core collapse SN are moving freely and accumulate 
  continuously throughout the universe. 
•  When averaged over contributions of at least 108 (108 ~ 30 years/10 seconds) 
  galaxies form an isotropic and time independent flux. 
•  This flux is naturally cut-off by the redshift, E = Ein/(1 + z), and eventually 
  becomes unobservable. 
•  If it can be observed, it will provide information about the average SN rate 
  till z ~ 1, I.e. over a substantial part of the history of the universe. 
•  A crude estimate of the diffuse νe flux gives ‘a few’ νe/cm2 s resulting 
  in ~0.5 counts per kt per year. 
•  SuperKamiokande (Malek et al. PRL90, 0611001(2003)) gives an upper limit 
   of 1.2/cm2 s for energies above 19 MeV. This limit, background limited, 
  is approaching the prediction of various SN relic flux models. 



Back of the envelope estimate of the relic flux 

•  Typical SN has ~2x1057 Mp 
•  Number of emitted νe happens to be also 2x1057 

     ( 5x1052erg = 30x1057MeV, <E> ~ 15 MeV) 
•  Assume that SN cores contain ~1% of the mass 

of luminous stars, which in turn have  
     Ω*~0.005~ 25eV/cm3 

•  The νe  density is the ρν ~ Ω*/(100 Mp) ~  
    2.5x10-10ν/cm3 
•  The flux is  cρν ∼ 8ν/(cm2s) 



Relic Supernova Neutrinos 

Ando, Sato, and Totani, Astropart. Phys. 18, 307 (2003) 



Relative Spectra in SK 
(M. Malek) 

Expect 3-4 events 
in 22kt of water 
per year (SK) 



SRN Spectrum With GADZOOKS! 

Beacom and Vagins, hep-ph/0309300, PRL93,171101(2004) 
 Gd added to water to make νe detection unambiguous 

linear scale log scale 



Conclusions 
• Signals corresponding to the charged current reactions induced by 
 the νe and νe neutrinos, as well as the neutral current reactions 
 induced by all active neutrinos can be separately observed, even  
 though at the present time not all needed detectors exist. 
• Both luminosity and average energy of the νe component can be 
 accurately determined by SuperK, with important additional signals 
 in all existing detectors. 
•  It is more difficult to do the same for the νe component. In fact 
   no suitable detector for this exist at present. 
•  In liquid scintillator detectors with very low threshold the elastic 
   scattering on protons is observable. This contains, in principle, 
  spectroscopic information as well. 
•  It is difficult or impossible to use the time-of-flight to determine 
   sub-eV neutrino masses. The pointing with neutrinos is also crude. 
•  With even larger detectors one could observe the neutronization 
   relic SN neutrino flux, and perhaps extract oscillation parameters. 



SN neutrinos and the r-process nucleosynthesis 

Abundance of heavy elements in the solar system. Approximately equal 
amounts originate from the s-process (slow) and r-process (rapid). Note 
the shifted abundance peaks related to the magic numbers. 
The r-process requires exceptionally explosive conditions: 
ρ(n) ~ 1020-24 cm-3, T ~ 109 K,    t ~ 1 sec 



r-process in the SN neutrino driven wind. Since the νe have larger energy 
than the νe the wind will be neutron rich. Modeling realistic r-process 
abundance without forcing parameters is difficult. But this scenario 
of the r-process is still the most likely one. 


