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discoveries	  have	  been	  coming	  fast	  and	  thick	  
and,	  for	  neutrinos,	  this	  is	  all	  Beyond	  Standard	  Model	  physics	  

Neutrino/Nuclear	  Astrophysics	  is	  right	  in	  the	  middle	  of	  all	  this	  

	  	  	  	  Neutrino	  
	  	  	  	  Nuclear	  	  
Astrophysics	  

	  	  Neutrino	  	  
Experiment	  

Astronomy	  
-‐CMB	  
-‐op8cal	  AO/30m	  
-‐high	  energy	  
-‐LIGO	  mergers	  



	  VERY	  EXCITING	  future	  .	  .	  .	  	  because	  the	  advent	  of	  .	  .	  .	  	  

(1)	  comprehensive	  cosmic	  microwave	  background	  (CMB)	  
	  	  	  	  	  	  observa8ons	  	  
	  	  	  	  	  	  (e.g.,	  high	  precision	  baryon	  number	  and	  	  
	  	  	  	  	  	  	  	  cosmological	  parameter	  measurements,	  Neff,	  4He,	  ν	  mass	  limits)	  

(2)	  10-‐meter	  class,	  adap8ve	  op8cs,	  and	  orbi8ng	  telescopes	  
	  	  	  	  	  	  (e.g.,	  precision	  determina8ons	  of	  deuterium	  abundance,	  
	  	  	  	  	  	  	  	  dark	  energy/maWer	  content,	  structure	  history	  etc.)	  	  	  

(3)	  Laboratory	  neutrino	  mass/mixing	  measurements	  –	  Will	  LBNE	  be	  among	  them?	  	  

is	  se[ng	  up	  a	  nearly	  over-‐determined	  situa8on	  where	  new	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Beyond	  Standard	  Model	  neutrino	  physics	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  likely	  must	  show	  itself!	  	  



At	  Stake	  .	  .	  .	  	  

Fundamental	  neutrino	  physics	  (mass,	  origin	  of	  mass)	  

Origin	  of	  the	  elements;	  Origin	  of	  structure	  



We know the mass-squared differences: 

We do not know the absolute masses or the mass hierarchy: 



4	  parameters	  

P-‐Maki-‐Nakagawa-‐Sakata	  matrix	  



The	  basic	  picture	  of	  collapse	  of	  a	  stellar	  core	  
to	  a	  neutron	  star	  with	  aWendant	  prodigious	  neutrino	  produc8on	  
	  is	  absolutely	  se;led	  science,	  confirmed	  by	  the	  SN1987a	  	  
observa8ons	  of	  neutrinos.	  NOT	  MODEL	  DEPENDENT	  

What	  remains	  to	  be	  understood	  is	  how	  these	  neutrinos	  affect	  
the	  explosion/dynamics	  and	  nucleosynthesis.	  

Since	  neutrino	  flavor	  affects	  how	  these	  par8cles	  interact	  in	  maWer	  
we	  have	  no	  choice	  but	  to	  calculate	  neutrino	  flavor	  histories.	  



Calculating neutrino flavor transformation in the core collapse 
supernova environment is a vexing problem, 
but one whose solution may lie at the heart of many aspects of 
the nuclear physics of stellar collapse. 

neutron	  star	  

high	  density	  EOS,	  
neutrino	  interac8ons	  

neutrino	  
SN	  burst	  
detec8on	  	  
at	  earth	  

neutrino	  
	  hea8ng,	  
nucleo-‐	  
synthesis	  

neutrino	  flavor	  oscilla8ons	  

We	  need	  the	  fluxes	  and	  energy	  spectra	  of	  each	  flavor/type	  of	  neutrino	  
at	  all	  epochs	  and	  at	  all	  radii.	  

neutrino-‐nucleus	  interac8ons	  



Calcula8ng	  neutrino	  flavor	  evolu8on	  
	  	  	  	  	  	  	  	  is	  not	  an	  op8onal	  exercise.	  

-‐	  measured	  neutrino	  flavor	  mixing	  parameters	  

-‐	  neutrinos	  carry	  most	  of	  the	  energy/entropy	  	  
	  	  and	  the	  way	  this	  is	  transported,	  deposited,	  and	  	  
	  	  (may	  be)	  detected	  is	  flavor-‐dependent	  



Neutrino	  Flavor	  Oscilla8ons	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  Medium	  



Quantum	  KineCc	  EquaCons	  

Schroedinger-‐like	  

@	  low	  density	  where	  	  
neutrinos	  propagate	  coherently	  

Boltzmann	  equa8on	  

@	  high	  density	  where	  
inelas8c	  scaWering	  dominates	  

A.	  Vlasenko,	  V.	  Cirigliano,	  G.	  Fuller	  2012	  



The	  advent	  of	  supercomputers	  has	  allowed	  us	  in	  the	  last	  few	  years	  
to	  follow	  neutrino	  flavor	  transforma8on	  in	  core	  collapse	  supernovae,	  
including	  the	  first	  self-‐consistent	  treatment	  of	  nonlinearity	  stemming	  
from	  neutrino-‐neutrino	  forward	  scaWering.	  

The	  results	  are	  startling.	  Despite	  the	  small	  measured	  	  
neutrino	  mass-‐squared	  differences,	  collecCve	  neutrino	  	  
flavor	  transforma8on	  can	  take	  place	  deep	  in	  the	  supernova	  envelope	  

Pushing	  the	  fronCer	  of	  high	  performance	  compuCng	  
	  	  	  	  	  with	  a	  unique	  new	  kind	  of	  transport	  problem	  
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consequences of neutrino mass and quantum coherence in supernovae	

H. Duan, G. M. Fuller, J. Carlson, Y.-Z. Qian, Phys. Rev. Lett. 97, 241101 (2006) astro-ph/0606616	
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Spectral Swap 



Toward	  Quantum	  Kine8cs	  

i.e.,	  what	  effect	  does	  direc8on-‐changing	  scaWering	  	  
have	  on	  the	  neutrino	  flavor	  transforma8on	  







the	  Halo	  converts	  the	  	  
neutrino	  flavor	  evoluCon	  problem	  
from	  an	  iniAal	  value	  problem	  into	  
a	  boundary	  value	  problem	  	  
(quantum	  flavor	  informa8on	  coming	  down	  from	  above)	  

and	  moreover	  couples	  in	  nuclear	  composiCon	  
in	  a	  completely	  new	  way	  



Detec8ng	  a	  Classic	  Swap	  
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consequences of neutrino mass and quantum coherence in supernovae	

H. Duan, G. M. Fuller, J. Carlson, Y.-Z. Qian, Phys. Rev. Lett. 97, 241101 (2006) astro-ph/0606616	
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Spectral Swap 
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Charged current capture on 40Ar :  
Minimum Gamow-Teller Threshold: 3.8 MeV to first 1+ state 

Gamow-Teller resonance:  excitation energy EGT ~ 4.46 to 6 MeV 
           GT-Res Threshold:     ~ 6 to 8 MeV 

Neutral current excitation of 40Ar :  

Minimum allowed weak threshold: to first 0+ excited state at 2.12 MeV 

sensitive to neutrino energy!
- electron flavor only!

from all flavors-!
normalizes flux!



Fermi resonance 
(IAS) 

Gamow-Teller resonance Charged current capture 
gives final state electron 
and lots of nuclear de-excitation photons 

Neutral current excitation gives 
lots of de-excitation photons 

10	  MeV	  -‐	  A.	  Hayes	  

Carlson	  
group	  at	  LANL	  



10	  kT	  Liquid	  Argon	  Detector	  

Supernova	  at	  10	  kpc	  

Total	  number	  of	  electron	  events	  =	  233	  

8	  in	  first	  10	  ms	  

150 	  between	  10	  ms	  and	  2	  s	  

75	  aler	  2	  s	  

David	  Cline,	  G.M.F.,	  Kevin	  Lee,	  Tom	  Skelton	  (2012)	  	  




